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NOMENCLATURE

F o r c e s and Moments

Rqi - T o t a l  r e s i s t a n c e

Rw - Wave r e s i s t a n c e

E Wave p a t t e r n  r e s i s t a n c ewp

Hy - V iscous  r e s i s t a n c e

RI - I n t e r f e r e n c e  r e s i s t a n c e

Rf - F r i c t i o n a l  r e s i s t a n c e

Rf o - F l a t  p l a t e  f r i c t i o n  r e s i s t a n c e

Rf f - F r i c t i o n  form r e s i s t a n c e

RVP - V iscous  p r e s s u r e  r e s i s t a n c e
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FR - R e s u l t a n t  hydrodynamic  f o r c e
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sys tem
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c t - T o t a l  r e s i s t a n c e  c o e f f i c i e n t  = Ry/-^pSV2
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cz -  V e r t i c a l  f o r c e  c o e f f i c i e n t  = Z/g-pSV3

CM -  Trimming moment c o e f f i c i e n t  = M/-|-pSLV8
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c x -  Trim c o e f f i c i e n t  *= (sg  -  Sg) x 100/L

X -  Tan” 1 (5*An)

V e l o c i t y
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- Mean f lo w  v e l o c i t y  o v e r  h u l l

q - V e l o c i t y  o f  f l u i d  p a r t i c l e

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

t - V e l o c i t y  p o t e n t i a l ,  u  «* df j /dx,  v = 5 ^ /d y ,  w = dfJ/dz

h - V e l o c i t y  p o t e n t i a l  o f  a  s im p l e  s o u r c e

to - V e l o c i t y  p o t e n t i a l  due t o  s o u rc e s t and image s i n k s

U - V e l o c i t y  p o t e n t i a l  c o r r e s p o n d i n g to  l o c a l  wave s y s t e m
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F l u i d  P r o p e r t i e s  

p -  D e n s i t y

v -  K in e m a t ic  v i s c o s i t y

g -  A c c e l e r a t i o n  o f  g r a v i t y

p ( x , y , z )  -  L i n e a r i s e d  dynamic component  o f  p r e s s u r e

P -  U n ifo rm  p r e s s u r e  a c t i n g  on a  s t r e a m l i n e

Geometry

x , y , z  -  C o - o r d i n a t e  a x i s s s y s t e m  f o r  model

-  C o - o r d i n a t e  a x i s  sy s tem  f o r  f l u i d

p,  ^ , z -  C y l i n d r i c a l  c o - o r d i n a t e s  f o r  s e c t i o n  2*1*4*

F ( x , y , z , t ) .  -  E q u a t i o n  o f  b o u n d in g  s u r f a c e

- r | ( x , z ) ; j ;F(x ,z)  -  E q u a t i o n  o f  h u l l  s u r f a c e

5 ( x , y )  -  E q u a t i o n  o f  f r e e  s u r f a c e

l , m , n  -  D i r e c t i o n  c o s i n e s  o f  no rm a l

d / d n  -  Uormal d e r i v a t i v e

^  -  H u l l  wave s y s t e m  ( p a r t  5 )

-  Bulb  wave s y s t e m  ( p a r t  5 )

L -  L eng th  o f  h u l l

t -  Loca l  -g- l e n g t h  o f  w a t e r p l a n e s .  F o r  w a t e r p l a n e  0 -  5>

*= "gX

1 -  Length  o f  e q u i v a l e n t  s p h e r o i d
8

d* -  D i s t a n c e  o f  p o i n t  o f  a p p l i c a t i o n  o f  R^ below S*W*L,

h -  Tank d e p t h

S -  U n d e rw a te r  s u r f a c e  a r e a

£  -  Model o f f s e t  e r r o r  = ( o f f s e t  from r e f .  55) -  (m easu red
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B

f  -  D epth  o f  im m ers ion  o f  a x i s  o f  s p h e r o i d  and b u lb

fj -  B e a m - le n g th  r a t i o  o f  e q u i v a l e n t  s p h e r o i d  i

y -  R a t i o  o f  b u lb  d i s p l a c e m e n t  volume t o  d i s p l a c e m e n t  volume|

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

s -  Mean s i n k a g e



s_ -  Bow s i n k a g ea

Sg -  S t e r n  s i n k a g e

S6 . \̂ u^> sS». 6SS. S« « r -  SSA«> V  S*«- -  Pr0vins r i n g
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X - Trim a n g l e  ( d e f i n e d  as p o s i t i v e  f o r  a  bow up t r i m )

9 - Tan- 1 (Rw/ Z )

**U) - x cos  0 + y s i n  6

e - E l e m e n t a r y  wave a n g l e

- A ng les  d e f i n e d  i n  f i g u r e  A 1#

m - S o u r c e  s t r e n g t h

0 - S u r f a c e  s o u r c e  d e n s i t y

r - L en g th  o f  p o s i t i o n  v e c t o r  o f  s o u r c e

M a th e m a t i c s

-  B e s s e l  O p e r a t o r

[  f ( x , y )  f x-s>l/] -  Hanke l  T ra n s fo rm ,  o f  o r d e r  v* o f  t h e  f u n c t i o n  f ( x , y )

J ( i )  -  Zero  o r d e r  B e s s e l  f u n c t i o n  o f  t h e  F i r s t  Kindo '  7

( i )  Zero o r d e r  B e s s e l  f u n c t i o n  o f  t h e  Second Kindo

K  ( t )  -  Zero  o r d e r  m o d i f i e d  B e s s e l  f u n c t i o n

h ( t )  -  S t r u v e  f u n c t i o n  o f  z e r o  o r d e r

VCi) Gamma f u n c t i o n

-  F u n c t i o n  d e f i n e d  by e q u a t i o n  (B 20)

M d -  A m pl i tude  and p h a s e  o f  f r e e  wave f u n c t i o n s
1 1

-  A r b i t r a r y  p a r a m e t e r s  i n  S e c t i o n  2*1*4

A ( e ) , B ( e )  I n u i * s  h u l l  and b u lb  a m p l i t u d e  f u n c t i o n s

F , F  •  Wig ley*s  h u l l  and b u l b  a m p l i t u d e  f u n c t i o n s
l  s

o -  S t a n d a r d  e r r o r  o f  t h e  means

o -  C o r r e l a t i o n  c o e f f i c i e n tKc

H y d r o s t a t i c  t e rm s  and some g e o m e t r i c a l  c o e f f i c i e n t s  a r e  d e f i n e d  i n  

t a b l e  2 *



SUMMARY

A m a t h e m a t i c a l  model h a s  been  t e s t e d  i n  calm w a t e r  and t o t a l  

r e s i s t a n c e ,  t r i m  and v e r t i c a l  f o r c e s  measured* M easurements  a r e  

compared with  c a l c u l a t i o n s  made u s i n g  a l i n e a r i s e d  t h e o r y  and i t  

i s  c o n c lu d e d  t h a t  n e g l e c t  o f  n o n - l i n e a r i t i e s  c o n t r i b u t e s  more to  

the  poo r  agreement  be tween c a l c u l a t i o n  and measurement t h a n  t h e  

n e g l e c t  o f  v i s c o s i t y .

A r e l a t i o n  be tween  v e r t i c a l  f o r c e ,  wave r e s i s t a n c e  and f r i c t i o n  

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

r e l a t i o n  be tween  t r im m in g  moment, wave r e s i s t a n c e  and 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 .

In  o r d e r  to  t e s t  t h e s e  d e d u c t i o n s ,  a  l a r g e  ram b u lb  was d e s i g n e d  

to  modi fy  t h e  f lo w  o v e r  t h e  h u l l .  T o t a l  r e s i s t a n c e ,  wave p a t t e r n  

r e s i s t a n c e ,  s i n k a g e ,  t r i m  and v e r t i c a l  f o r c e s  were measured  a f t e r  

the  a d d i t i o n  o f  t h e  b u l b .  Th is  s econd  s e r i e s  o f  t e s t s  showed t h a t  

a  ram bow can m arked ly  a l t e r  t h e  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  and 

r u n n i n g  t r i m  of  a model .
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INTRODUCTION

The des ign,  o f  a  s h i p  must  be a compromise be tw een  s e v e r a l  

c o n f l i c t i n g  r e q u i r e m e n t s ,  most  o f  which a r e  i n i t i a l l y  d e t e r m i n e d  

by economic c o n s i d e r a t i o n s .

One i m p o r t a n t  r e q u i r e m e n t  i s  t h a t  th e  s h i p  s h o u l d  p a s s  t h ro u g h  

t h e  w a t e r  a t  a g i v e n  s p e e d ,  c a r r y i n g  a g i v e n  d e ad w e ig h t  w h i l e  

e x p e n d i n g  t h e  l e a s t  p o s s i b l e  e n e rg y  i n  o r d e r  to  do s o .  Th is  h a s  

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

m o t io n .  These f o r c e s ,  and t h e  f lov;  a s s o c i a t e d  w i th  them, l a r g e l y

g o v e r n  t h e  u n d e r w a t e r  shape  o f  t h e  h u l l  so t h a t  a  knowledge o f  t h e i r

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

The f i r s t  s y s t e m a t i c  s t u d y  o f  such  f o r c e s  was i n i t i a t e d  by 

W. F roude  i n  1869 ( l ) *  a l t h o u g h  work o f  t h i s  n a t u r e  had  been  

p e r fo rm e d  as e a r l y  as 1761 ( 2 ) .  F r o u d e ' s  work l a i d  t h e  f o u n d a t i o n s  

o f  modern t a n k  t e s t i n g  and many o f  h i s  i d e a s  and t e c h n i q u e s  have

re m a in e d  f u n d a m e n t a l l y  t h e  same to  t h e  p r e s e n t  d ay .

A f t e r  t h e  i n i t i a l  im p e tu s  g i v e n  by F roude ,  e m p i r i c i s m  in  s h i p  

h y d rodynam ics  became t h e  o n l y  means o f  p r e d i c t i n g  t h e  pow er ing  

r e q u i r e m e n t s  o f  f u l l - s i z e  s h i p s  f rom t h e  r e s u l t s  o f  t a n k  t e s t s  on 

g e o m e t r i c a l l y  s i m i l a r  models  ( g e o s i m s ) .  H u l l  forms were d e v e l o p e d  

on a  fc u t  and t r y *  b a s i s ,  which ,  w i t h  t h e  a d v e n t  o f  more r e f i n e d  

i n s t r u m e n t a t i o n  and equ ipm en t ,  has  r e s u l t e d  i n  modern t e s t  t a n k s  

b e i n g  l a r g e  and e x p e n s i v e  e s t a b l i s h m e n t s  d e a l i n g  w i th  l a r g e  volumes 

o f  work .

I t  i s  th u s  becoming i n c r e a s i n g l y  i m p o r t a n t  t o  d e v e lo p  a 

r e l i a b l e  t h e o r y  to  d e s c r i b e  t h e  m ot ion  o f  a  s h i p  t h r o u g h  w a t e r  t o  

s u p p le m e n t  and f i n a l l y ,  p e r h a p s ,  t o  s u p p l a n t  t a n k  t e s t s .  Such a  

t h e o r y  c o u l d  g u i d e  t h e  e x p e r i m e n t e r  tow ards  t h e  most  f r u i t f u l  a r e a s  

o f  r e s e a r c h ,  and ,  i n  some c a s e s ,  p r e d i c t  r e s u l t s  which would d e fy  

e m p i r i c a l  d e t e r m i n a t i o n .  The f o u n d a t i o n s  f o r  such  a  t h e o r y  must  be 

l a i d  on a  sound and c l e a r  knowledge  o f  t h e  f lo w  c o n d i t i o n s  (and  t h e  

f o r c e s  and moments a r i s i n g  t h e r e f r o m )  which o b t a i n  on a s h i p  h u l l  

a t  s t e a d y  speed  b o th  i n  s t i l l  w a t e r  and i n  waves .

* Numbers i n  p a r e n t h e s e s  r e f e r  to the  l i s t  o f  r e f e r e n c e s  on page  2 39 
e t  s e q .
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U n f o r t u n a t e l y  t h e  c o m p l e x i t y  o f  hydrodynam ics  i s  such  t h a t  

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

i n  m o t ion  does  n o t  y e t  e x i s t .  However,  an a p p r o x im a te  t h e o r y  

h a s  been  d e v e l o p e d  to  a f a i r l y  h i g h  d e g r e e  o v e r  t h e  l a s t  70 y e a r s ,  

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

c o n s i d e r a b l e  u s e  i n  t h e  d e s i g n  o f  h u l l  fo rm s .

When a  s h i p  ad v an c es  i n t o  u n d i s t u r b e d  deep w a t e r ,  o b s e r v a t i o n  

shows t h a t  t h e  r e s u l t a n t  f o r c e  and moment a c t i n g  on th e  s h i p  c a u s e  

( i )  a  r e s i s t a n c e  to  m ot ion ,

( i i )  a  b o d i l y  s e t t l i n g  o f  t h e  model ( s i n k a g e )  and 

( i i i )  a  r o t a t i o n  a b o u t  a  t r a n s v e r s e  a x i s  ( t r i m ) .

To d a t e ,  t h e o r e t i c a l  s t u d i e s  have  c o n c e n t r a t e d  on t h e  

r e s i s t a n c e  t o  m o t io n  c l o s e l y  a s s o c i a t e d  w i t h  t h e  p r o d u c t i o n  o f  

waves and v i s c o u s  f o r c e s ,  w hereas  l i t t l e  i n t e r e s t  h a s  been  shown 

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

The f o l l o w i n g  i n v e s t i g a t i o n  c o n c e n t r a t e s  on t h e  v e r t i c a l  

f o r c e  a c t i n g  on a  m a t h e m a t i c a l  mode l .  I n  P a r t  2 an a t t e m p t  i s  

made to  r e c o n c i l e  c a l c u l a t i o n  w i th  o b s e r v a t i o n ,  and t h e  r e l a t i o n  

o f  t h e  v e r t i c a l  f o r c e  to  a s m a l l  b u t  i m p o r t a n t  component  o f  t h e  

t o t a l  r e s i s t a n c e  i s  d e d u ce d .  In  P a r t  3> c o n c l u s i o n s  o b t a i n e d  i n  

P a r t  2 a r e  u s e d  i n  th e  d e s i g n  o f  a  b u lb o u s  bow.



1• HISTORICAL BACKGROUND

1 . 1  FUNDAMENTAL HYDRODYNAMICS

T h e o r e t i c a l  s h i p  hyd rodynam ics ,  f o r  th e  s t e a d y  s t a t e ,  u s e s  

c o n c e p t s  f u n d a m e n ta l  t o  a l l  t h e o r e t i c a l  h y d ro d y n a m ic s .

The work o f  t h e  Swiss  m a t h e m a t i c i a n  E u l e r ,  p u b l i s h e d  i n  1755>

( 3 ) p r o v i d e d  t h e  b a s i c  e q u a t i o n s  g o v e r n i n g  f l u i d  m o t io n ,  b a s e d  on 

h i s  own i n v e s t i g a t i o n s  and e a r l i e r  work o f  B e r n o u l l i  and d ' A l e m b e r t ,  

I n  t h i s  work, E u l e r  e n u n c i a t e d  c o n c e p t s  b a s i c  to  t h e  t h e o r y  l a t e r  

d e v e l o p e d  to  d e s c r i b e  t h e  s t e a d y  mot ion  o f  a body i n  u n d i s t u r b e d  

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

v o r t e x  were i n t r o d u c e d  by him, as were t h e  c o n c e p t s  o f  t h e  s t r e a m  

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

A f t e r  E u l e r ,  many m a t h e m a t i c i a n s  a p p l i e d  th e m s e lv e s  to  t h e  

a n a l y t i c a l  s t u d y  o f  hydrodynam ics  and n o t a b l e  advances  were made 

by L ag ra n g e ,  who e x t e n d e d  some o f  E u l e r ' s  c o n c e p t s ,  Green,  who 

was t h e  f i r s t  to  u s e  t h e  word ' p o t e n t i a l '  ( a l t h o u g h  t h i s  i d e a  

had  been  u s e d  by b o th  E u l e r  and d 'A l e m b e r t )  and S t o k e s  who 

f o r m a l i s e d  t h e  e q u a t i o n s  o f  v i s c o u s  f l u i d  mot ion  (The N a v i e r - S t o k e s  

e q u a t i o n s )  and overcame th e  famous d 'A l e m b e r t  p a r a d o x  i n  h i s  s o l u t i o n  

f o r  t h e  d r a g  o f  a s p h e r e  i n  s low  m ot ion  th ro u g h  a f l u i d .

The s t a r t i n g  p o i n t  f o r  th e  a n a l y t i c a l  s t u d y  o f  wave mot ion  i s  

i n  famous memoirs by Cauchy and P o i s s o n  ( 4 ) to  t h e  Royal  Academy o f  

S c i e n c e s  in. 1816 .  Cauchy was a b l e  to  o b t a i n  t h e  v e l o c i t y  p o t e n t i a l  

o f  t w o - d i m e n s i o n a l  wave mot ion  making e x t e n s i v e  u s e  o f  t h e  ' p e r f e c t '  

f l u i d  p o t e n t i a l  f l o w  c o n c e p t s  and a F o u r i e r  T rans fo rm  s o l u t i o n  o f  

L a p l a c e ' s  E q u a t i o n .

Wave t h e o r y  was e x t e n d e d  by t h e  work o f  S t o k e s ,  R a y l e i g h ,  Green 

and o t h e r s ,  b u t  i t  was i n  1887 t h a t  Lord K e l v i n  ( 5 ) f i r s t  gave a 

s a t i s f a c t o r y  m a th e m a t i c a l  model o f  t h e  c h a r a c t e r i s t i c  t h r e e -  

d i m e n s i o n a l  wave d i s t u r b a n c e  which f o l l o w s  a moving o b j e c t  on the  

f r e e  s u r f a c e  o f  a f l u i d .  By c o n s i d e r i n g  t h e  moving o b j e c t  to be so 

s m a l l  t h a t  i t  c o u l d  be r e p l a c e d  by a p o i n t  im p u ls e  ( o r  p o i n t  p r e s s u r e  

d i s t u r b a n c e )  K e l v i n  o b t a i n e d  an e x p r e s s i o n  f o r  th e  t h r e e - d i m e n s i o n a l
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s u r f a c e  e l e v a t i o n  u s i n g  a F o u r i e r  T ra n s fo rm  s o l u t i o n  o f  

L a p l a c e ' s  E q u a t i o n .  N um er ic a l  e v a l u a t i o n  o f  t h i s  e x p r e s s i o n  

was t r o u b l e s o m e  due t o  th e  m u l t i p l i c i t y  o f  z e r o s  o f  th e  

i n t e g r a n d  so K e l v i n  u s e d  an a p p r o x im a te  method,  known as 

t h e  Method o f  S t a t i o n a r y  P h a s e ,  f o r  i t s  d e t e r m i n a t i o n .

The u s e  made by Rankine i n  1 8 6 j  (6 ,  7) o f  d i s c r e t e  s o u r c e s  

and s i n k s  showed how s t r e a m l i n e  forms c o u ld  be g e n e r a t e d  i n  

two d im e n s io n s ,  t h i s  i d e a  b e i n g  d e v e l o p e d . b y  T a y l o r  i n  1894 ( 8 ) .  

T a y l o r  e x t e n d e d  t h e  s o u r c e - s i n k  p a i r  c o n c e p t  to  t h a t  o f  a  

d i s t r i b u t i o n  o f  s o u r c e s  and s i n k s  a l o n g  a l i n e ,  and was th u s  

a b l e  to  g e n e r a t e  s t r e a m l i n e  fo rms c l o s e l y  r e s e m b l i n g  s h i p  

w a t e r l i n e s .

No s u r v e y  o f  a n a l y t i c a l  h y d r o d y n a m i c s , however  b r i e f ,  i s  

co m p le te  w i t h o u t  m en t ion  o f  t h e  work o f  S i r  H orace  Lamb. His 

s u b s t a n t i a l  c o n t r i b u t i o n s  to  th e  s t u d y  o f  hydrodynamics  

c u l m i n a t e d  i n  h i s  book 'H y d ro d y n a m ic s 1 (9 )  f i r s t  p u b l i s h e d  i n  

1879 .  Many d ev e lo p m en ts  i n  a n a l y t i c a l  s h i p  hydrodynamics  have  

stemmed f rom t h i s  work and we s h a l l  o f t e n  have  r e c o u r s e  to  i t  

i n  t h e  f o l l o w i n g  i n v e s t i g a t i o n .

I t  i s  a g a i n s t  t h i s  backg round  o f  g e n e r a l  hydrodynam ics  

t h a t  wave r e s i s t a n c e  t h e o r y  mus t  be  p l a c e d .  Many o f  the  

c o n c e p t s  u s e d  a r e  w e l l -know n,  b u t  t h e  c o m p l e x i t y  o f  t h e  s u b j e c t  

i s  such  t h a t ,  i n  s p i t e  o f  t h e  e x e r t i o n s  o f  many em inen t  

m a t h e m a t i c i a n s ,  i t  s t i l l  r em a in s  i n  many ways an i n a d e q u a t e  

and i n c o m p l e t e  t h e o r y .



1 . 2  WAVE RESISTANCE THEORY.

1 . 2 . 1  E a r l y  Work

The t h e o r e t i c a l  s t u d y  o f  t h e  f l u i d  f lo w  p a s t  a  s h i p  and t h e  

f o r c e s  and moments r e s u l t i n g  t h e r e f r o m  has  a l o n g  h i s t o r y  b e g i n n i n g  

w i t h  a n o t a b l e  p a p e r  by J . H .  M ic h e l l  i n  1898 ( 1 0 ) .  D e a l i n g  o n ly  

w i t h  t h e  s t e a d y  s t a t e  c a s e ,  M ic h e l l  o b t a i n e d  a v e l o c i t y  p o t e n t i a l  

u s i n g  a  F o u r i e r  a n a l y s i s ,  r e p r e s e n t i n g  t h e  h u l l  s u r f a c e  as a  

F o u r i e r  S e r i e s .  The r e s u l t a n t  t r i g o n o m e t r i c  p o t e n t i a l  was u s e d  

t o  g i v e  t h e  h o r i z o n t a l  component o f  t h e  r e s u l t a n t  f o r c e  a c t i n g  on 

t h e  s h i p  -  t h e  wave r e s i s t a n c e .  The r e s u l t a n t  e x p r e s s i o n s  were 

cumbersome, b u t  a t  t h a t  t im e  i t  a p p e a r e d  t h a t  th e  wave r e s i s t a n c e  

v a l u e  c a l c u l a t e d  migh t  a g r e e  q u i t e  w e l l  w i t h  t h e  measured  v a l u e .

G u i l l o t o n ,  i n  an e x a m in a t io n  o f  M i c h e l l ' s  p a p e r  ( 1 1 ) ,  p o i n t s  

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

t h e  mos t  s i g n i f i c a n t  i s  th e  c h o i c e  o f  a r b i t r a r y  te rms  i n  t h e  

p o t e n t i a l  which make th e  s u r f a c e  waves t r a i l  a f t  o f  t h e  h u l l .

( i t  i s  u n f o r t u n a t e  t h a t  t h e  m a th e m a t i c a l  s o l u t i o n  g i v e s  waves ahead  

as  w e l l  as  a s t e r n  o f  t h e  s h i p . )

M i c h e l l ' s  work i s  f u n d a m e n ta l  to  t h e  t h e o r y  o f  wave r e s i s t a n c e  

and,  a p a r t  from H a v e l o c k ' s  c o n c e p t  o f  e l e m e n t a r y  waves,  h a s  n o t  been  

f u n d a m e n t a l l y  improved to  th e  p r e s e n t  day .  His method o f  

c a l c u l a t i n g  p r e s s u r e s  o v e r  th e  h u l l  and t h e n  i n t e g r a t i n g  them to  

o b t a i n  t h e  wave r e s i s t a n c e  i s  u s e d  i n  t h e  f o l l o w i n g  i n v e s t i g a t i o n  

and i s  a t t r a c t i v e  f o r  many r e a s o n s ,  n o t  l e a s t  o f  which i s  th e  

s i m p l i c i t y  o f  t h e  b a s i c  c o n c e p t .

Deve lopm ents  and improvements o f  t h i s  b a s i c  t h e o r y  were made 

by S i r  Thomas H ave lock  i n  a n o t a b l e  s e r i e s  o f  p a p e r s  (1 2 )  b e g i n n i n g  

i n  1908 w i t h  s t u d i e s  o f  g roups  o f  waves i n  d i s p e r s i v e  m e d ia ,  

p r o g r e s s i n g  to  s h i p  wave r e s i s t a n c e ,  h e a v i n g  and p i t c h i n g  f o r c e s  on 

submerged b o d i e s ,  and e n d in g  i n  1958 w i th  a p a p e r  on t h e  e f f e c t  o f  

t h e  s p e e d  o f  advance  on t h e  damping o f  heave  and p i t c h .
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Of t h e  many c o n c e p t s  i n t r o d u c e d  by H ave lock ,  p e r h a p s  t h e  most 

i m p o r t a n t  were h i s  u s e  o f  s o u r c e s  and s i n k s  to  r e p r e s e n t  t h e  body, 

t h u s  g e n e r a l i s i n g  M i c h e l l ' s  t h e o r y ,  and h i s  d e t e r m i n a t i o n  o f  wave 

r e s i s t a n c e  from t h e  en e rg y  i n  t h e  f r e e  wave s y s tem  t r a i l i n g  a f t  o f  

t h e  h u l l .  ( T h i s  l a t t e r  i d e a ,  c o u p le d  w i th  a  s u g g e s t i o n  o f  h i s  i n  

1952 ( 1 3 )  h a s  l e d  to  t h e  p r e s e n t - d a y  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  

wave r e s i s t a n c e . )  H a v e l o c k ' s  e l e g a n t  r e s u l t s  and l u c i d  e x p l a n a t i o n s  

u n d o u b t e d l y  have done much to  b r i n g  t h e  r a t h e r  a b s t r a c t  w o r ld  o f  

wave r e s i s t a n c e  t h e o r y  and t h e  p r a c t i c a l  world  o f  s h i p  d e s i g n  c l o s e r  

t o g e t h e r .

I n  p a r a l l e l  w i t h  H a v e l o c k ' s  e a r l y  work was t h e  work o f  Lamb 

( 1 4 , 1 5 ) i n  which  he c a l c u l a t e d  t h e  wave r e s i s t a n c e  f rom t h e  r a t e  

o f  d i s s i p a t i o n  o f  ene rgy  by a c e r t a i n  i n t e g r a l  t a k e n  o v e r  t h e  f r e e  

s u r f a c e .  T h i s  app ro ac h  was improved by H ave lock  i n  1927 (12 ,  p . 279)#

W ig ley ,  i n  1931 (16,  17) was t h e  f i r s t  t o  s y s t e m a t i c a l l y  s t u d y  

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

T h i s  l e d  to  a l o n g  s e r i e s  o f  p a p e r s  by him u s i n g ,  i n  t h e  main ,  th e  

t h e o r i e s  o f  H ave lock  i n  which c a l c u l a t i o n  and e x p e r i m e n t  were compared .  

F o r  some y e a r s  p r e v i o u s  to  t h i s  c a l c u l a t i o n s  had been  r e s t r i c t e d  to  

m a t h e m a t i c a l  h u l l  fo rms b e a r i n g  o n ly  a s l i g h t  r e s e m b l a n c e  to  s h i p  

f o r m s .  Wigley t e s t e d  t h e s e  m a t h e m a t i c a l  forms and found  t h a t  

a g re e m e n t  be tween  t h e  c a l c u l a t e d  wave r e s i s t a n c e  and t h a t  deduced  

e m p i r i c a l l y  was p o o r  e x c e p t  a t  h i g h  s p e e d s .  T h i s  l e d  to  renewed 

e f f o r t s  b o th  by H ave lock  and Wigley and by Weinblum who, i n  1932

( 1 8 ) ,  t e s t e d  m a th e m a t i c a l  forms b e a r i n g  some r e s e m b l a n c e  t o  no rm al  

h u l l  s h a p e s .

Hogner  s t u d i e d  ' f l a t '  s h i p s  (a s  d i s t i n c t  from ' t h i n '  s h i p s )  and 

p r o p o s e d  an ' i n t e r p o l a t i o n  f o r m u l a '  t o  d e t e r m i n e  t h e  wave r e s i s t a n c e

( 1 9 ) .  T h i s  f o r m u l a  was s t u d i e d  by H ave lock  who compared i t  w i th  h i s  

own f i n d i n g s  (12 ,  p . 374, 375)* Hogner a l s o  s t u d i e d  t h e  wave p a t t e r n  

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

K e l v i n ' s  due to  a  s p e c i a l  t r e a t m e n t  o f  t h e  ' c u s p '  r e g i o n .  ( 2 0 ) .
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An e n t i r e l y  o r i g i n a l  a p p ro ac h  t o  -the wave r e s i s t a n c e  p rob lem 

began  i n  1939 (21)  when G u i l l o t o n  a t t e m p t e d  t o  d e t e r m i n e  t h e  s t r e a m  

f lo w  a ro u n d  a  h u l l  form by a g e o m e t r i c a l  method.  D i v i d i n g  t h e  

h u l l  i n t o  e l e m e n t a r y  wedges, h e  c a l c u l a t e d  wave p r o f i l e s  and wave 

r e s i s t a n c e  f rom t h e  known e l e m e n t a r y  v a l u e s  deduced f o r  each  wedge 

f rom M i c h e l l * s  t h e o r y  and th e n  invoked  t h e  p r i n c i p l e  o f  l i n e a r  

s u p e r p o s i t i o n .  A l though  n e i t h e r  as m a t h e m a t i c a l l y  e l e g e n t  n o r  as  

r i g o r o u s  as t h e  work o f  Havelock and h i s  c o n t e m p o r a r i e s  G u i l l o t o n 1s 

method gave  good r e s u l t s  and p r e s e n t - d a y  a p p l i c a t i o n s  o f  h i s  t h e o r y  

( 2 2 )  show e n c o u r a g i n g  ag reem en t  be tween  c a l c u l a t i o n  and exper im en t#

A l though  much o f  G u i l l o t o n * s  work i s  d ev o ted  to  th e  c a l c u l a t i o n  

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

s i d e  o f  t h e  h u l l ,  i t  was t h e  c o n c e p t  o f  e l e m e n t a r y  f r e e  waves due 

t o  H av e lo c k  (12 ,  p # 377-397) t h a t  l a i d  t h e  f o u n d a t i o n s  o f  a method 

f o r  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  wave r e s i s t a n c e .  Have lock  

c o n s i d e r e d  t h e  wave p a t t e r n  o f  a  s h i p  to  be composed o f  an i n f i n i t e  

number o f  e l e m e n t a r y  waves augmenting  and c a n c e l l i n g  each o t h e r  to  

form t h e  c h a r a c t e r i s t i c  t r a n s v e r s e  and d i v e r g i n g  waves .  By 

c o n s i d e r a t i o n  o f  t h e  r a t e  o f  i n c r e a s e  o f  en e rg y  i n  a c o n t r o l  r e g i o n  

s u r r o u n d i n g  th e  s h i p ,  an e x c e e d i n g l y  s im p le  and e l e g a n t  e x p r e s s i o n  

f o r  wave r e s i s t a n c e  was deduced .

I t  was t h e n  p o s s i b l e  to  d i s c e r n  two a p p ro a c h e s  t o  t h e  wave 

r e s i s t a n c e  p rob lem s  The c a l c u l a t i o n  o f  wave r e s i s t a n c e  from a 

knowledge  o f  t h e  h u l l  shape  o n l y ,  and t h e  c a l c u l a t i o n  o f  wave 

r e s i s t a n c e  from a knov/ledge o f  t h e  f r e e  wave p a t t e r n  to  t h e  r e a r  

o f  t h e  h u l l .  These  two a p p ro a c h e s  e x i s t  to d a y ,  a l t h o u g h  th e  l a t t e r  

i s  a t  p r e s e n t  more p o p u l a r  due to  i t s  a p p l i c a b i l i t y  to  th e  

e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  wave r e s i s t a n c e .  I t  i s  t h e  fo rm e r  

a p p ro a c h  t h a t  i s  u s e d  i n  th e  f o l l o w i n g  i n v e s t i g a t i o n .

1 . 2 . 2  Bulbous  Bows and Minimum R e s i s t a n c e  Forms

A par t  from i t s  i n t r i n s i c  m a t h e m a t i c a l  i n t e r e s t ,  wave r e s i s t a n c e  

t h e o r y  h a s  a t  l e a s t  one i m p o r t a n t  p r a c t i c a l  a p p l i c a t i o n  -  th e
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a n a l y s i s  o f  t h e  a c t i o n  o f  bu lbous  bows.

B e g i n n in g  i n  1935 w i th  t h e  work o f  Wigley (2 3 )  t h e  t h e o r y  

h a s  added  m a t e r i a l l y  to  o u r  knowledge  o f  t h e  a c t i o n  o f  t h e  bu lbous  

bow c o n s i d e r e d  as a  w a v e - c a n c e l l i n g  d e v i c e .  Wig ley*s i n i t i a l  work 

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

p o i n t  d o u b l e t s  ( t o  r e p r e s e n t  a  s p h e r i c a l  b u l b )  and a l i n e  s o u r c e  

( t o  r e p r e s e n t  an e l l i p s o i d a l  b u l b ) .  H avelock*s  f r e e  wave t h e o r y  

was u s e d  e x c l u s i v e l y ,  and Wigley was a b l e  t o  d e m o n s t r a t e  t h a t  t h e  

wave r e s i s t a n c e  o f  th e  h u l l / b u l b  c o n f i g u r a t i o n  c o n s i s t e d  o f  a  

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

and an ' i n t e r f e r e n c e '  r e s i s t a n c e  due to  th e  b u l b .  I t  was t h e  s i g n  

o f  t h i s  i n t e r f e r e n c e  r e s i s t a n c e  which d e t e rm in e d  t h e  b e n e f i c i a l  o r  

o t h e r w i s e  e f f e c t  o f  t h e  bu lb  on t h e  t o t a l  r e s i s t a n c e .

In  J a p a n  i n  t h e  l a t e  1 9 5 0 ' s  I n u i  a t t e m p t e d  to  c a n c e l  t h e  f r e e  

wave s y s t e m  (24 )  u s i n g ,  once  a g a i n ,  H a v e l o c k ' s  e l e m e n t a r y  wave 

t h e o r y .  T h es e  'w a v e l e s s  h u l l  f o r m s '  ( i n u i ' s  t e rm )  were g e n e r a t e d  

f rom known s o u r c e - s i n k  d i s t r i b u t i o n s ,  th u s  c o r r e c t l y  s a t i s f y i n g  one 

o f  t h e  b ounda ry  c o n d i t i o n s  o f  t h e  p rob lem  i . e . ,  t h a t  a t  t h e  h u l l  

s u r f a c e  (2 5 ,  2 6 ) .  I n u i ' s  work has  had a p ro fo u n d  e f f e c t  on th e  h u l l  

s h a p e s  o f  many J a p a n e s e  s h i p s  and has  u n d o u b te d ly  l e d  to  t h e  a d o p t i o n  

o f  l a r g e r  b u lb o u s  bows.

I n u i ' s  i d e a s  were e x t e n d e d  by P i e n  ( 2 7 ) ,  who u s e d  l i n e  

d i s t r i b u t i o n s  o f  d o u b l e t s  and s o u r c e s  to c a n c e l  waves ,  w hereas  

I n u i  u s e d  p o i n t  d o u b l e t s  e x c l u s i v e l y .  Though g e n e r a t e d  by s t r e a m l i n e  

i n t e g r a t i o n ,  P i e n ' s  h u l l  forms were n o t  o f  ex t rem e s hape  and d i d  n o t  

u s e  e x c e e d i n g l y  l a r g e  b u l b s ;  the y  a l s o  showed v e r y  l a r g e  r e s i s t a n c e  

r e d u c t i o n s  o v e r  c o n v e n t i o n a l  h u l l  fo rms  ( 2 8 ) .

The g e n e r a l  i d e a  o f  a  h u l l  o f  minimum r e s i s t a n c e  was t a k e n  up 

by  o t h e r  J a p a n e s e  w o rk e r s ,  among whom Maruo has  made th e  most 

s i g n i f i c a n t  c o n t r i b u t i o n s  (29 ,  3 0 ) .  U s ing  t h e  C a l c u l u s  o f  V a r i a t i o n s  

and W einb ium 's  ^e lementa ry  s h i p  i d e a  ( i . e .  a  h u l l  s u r f a c e  w i t h  

e q u a t i o n  y -  f  (X(x) Z ( z ) )  w i th  no c o u p l i n g  be tween  t h e  x and z
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t e r m s )  he s o u g h t  X(x) such  t h a t  t h e  wave r e s i s t a n c e  was a minimum 

f o r  a  g i v e n  Z ( z ) .  The r e s u l t a n t  w a t e r l i n e  shapes  were  s i m i l a r  to  

t h o s e  o b t a i n e d  by Karp ,  K o t ik  and Lurye f o r  v e r t i c a l  s t r u t s  o f  

i n f i n i t e  d r a f t  ( j l )  and by Weinblum, Wustrau and V o s s e r s  ( 3 2 ) .

1 . 2 . 3  H ig h e r  O r d e r  T h e o r i e s

The a d v e n t  o f  t h e  h i g h - s p e e d  d i g i t a l  compute r  d i d  much to  

r e l i e v e  w o rk e r s  i n  t h i s  s u b j e c t  o f  t h e  v a s t  amount o f  t e d i o u s  

c a l c u l a t i o n  and i t  soon  became a p p a r e n t  t h a t  e f f o r t s  s h o u l d  be 

d i r e c t e d  to w ard  m i n i m i s i n g  d e f i c i e n c i e s  in  t h e  t h e o r y .

Wave r e s i s t a n c e  t h e o r y  i s  f u n d a m e n t a l l y  d e f i c i e n t  i n  two ways:

I t  i s  a  1 p e r f e c t  f l u i d 1 t h e o r y  and th u s  e n t i r e l y  n e g l e c t s  v i s c o u s  

e f f e c t s ;  i t  i s  a l s o  a l i n e a r i s e d  t h e o r y .  The m a t h e m a t i c a l  p rob lem  

i n v o l v e s  a s o l u t i o n  o f  L a p l a c e ' s  E q u a t io n  w i th  n o n - l i n e a r  boundary  

c o n d i t i o n s .  I n  o r d e r  to  make t h i s  t r a c t a b l e  a n a l y t i c a l l y ,  M ic h e l l  

and H a v e lo c k  ' l i n e a r i s e d '  t h e  boundary  c o n d i t i o n s  ( s e e  s e c t i o n  2 . 1 . 3 )  

and  i n  e f f e c t  made i t  d i r e c t l y  a p p l i c a b l e  t o  s h i p s  o f  v e r y  s m a l l  

beam i n  r e l a t i o n  t o  th e  l e n g t h ,  making waves o f  i n f i n i t e s i m a l  h e i g h t .

P e t e r s  and S t o k e r  (3 3 )  made a s i g n i f i c a n t  s t e p  fo rw a rd  when t h e y  

i n t r o d u c e d  a c o m p l e t e l y  g e n e r a l  t h e o r y  i n  1954* U s ing  a p e r t u r b a t i o n  

method  th e y  o b t a i n e d  a s e r i e s  s o l u t i o n  to  t h e  p rob lem ,  o f  which  t h e  

M i c h e l l - H a v e l o c k  r e s u l t  was t h e  ' l i n e a r  t e r m '  o f  t h e  s e r i e s  and h i g h e r -  

o r d e r  a p p r o x i m a t i o n s  c o u l d  be  o b t a i n e d ,  a t  t h e  expense  o f  m a n i p u l a t i v e  

d i f f i c u l t i e s ,  by t a k i n g  more t e r m s .  T h i s  e x t e n s i o n  o f  t h e  t h e o r y  to  

h i g h e r  o r d e r s  h a s  been  a d o p te d  by Maruo i n  J a p a n  ( 3 4 ) ,  and by S i s o v  

( 5 5 ) i n  R u s s i a ,  who made u s e  o f  a  G r e e n ' s  F u n c t i o n  i n  h i s  d e r i v a t i o n  

o f  t h e  v e l o c i t y  p o t e n t i a l .  Wehausen ( 36 ) u s i n g  a  d i f f e r e n t  G r e e n ' s  

F u n c t i o n ,  d e v e lo p e d  a s e c o n d - o r d e r  term i n  t h e  e x p r e s s i o n  f o r  wave 

r e s i s t a n c e .  R e c e n t l y  Eggers  (37)  c o r r e c t e d  e r r o r s  i n  S i s o v ' s  p a p e r  

and i n  d e v i a t i n g  s l i g h t l y  from Wehausen 's  ap p ro a c h ,  p ro d u c e d  a s l i g h t l y  

s i m p l i f i e d  h i g h e r  o r d e r  t h e o r y .  A s e c o n d - o r d e r  t h e o r y  has  a l s o  been  

' d e v e l o p e d  by Bessho  ( 38 , 39, 40)  i n  J a p a n ,  a g a i n  u s i n g  a G r e e n ' s

F u n c t i o n  a p p r o a c h .

U s i n g  s l e n d e r  body t h e o r y ,  i . e . ,  c o n s i d e r i n g  a h u l l  form o f  s m a l l
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d r a f t  and beam compared to  l e n g t h ,  b u t  o f  r e a l i s t i c  b e a m / d r a f t  

r a t i o ,  V o s s e r s  p ro p o s e d  a  new f o r m u l a t i o n  o f  t h e  wave r e s i s t a n c e  1

p ro b le m  ( 4 1 ) .  T h i s  t h e o r y  was s u b s e q u e n t l y  s t u d i e d  and c o r r e c t e d  

by Tuck ( 4 2 ) and Maruo (43)» Tuck p r o p o s i n g  c e r t a i n  s e c o n d - o r d e r  |

c o r r e c t i o n s #  Lewison,  u s i n g  T u ck !s t h e o r y  to  f i r s t  and second  

o r d e r s ,  compared c a l c u l a t i o n  and e x p e r im e n t  f o r  a sem i—submerged 

a x i - s y m m e t r i c  body (44)*

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

d i s t r i b u t i o n  o f  a r b i t r a r y  t h r e e - d i m e n s i o n a l  b o d i e s ,  g i v e n  by 

S m i th  and  Hess (45)> l e d  B r e s l i n  and Eng to  i n v e s t i g a t e  i t s  

a p p l i c a t i o n  to  wave r e s i s t a n c e  c a l c u l a t i o n  ( 46 )* U s i n g  H a v e l o c k ’ s 

t h e o r y  i t  was found  t h a t  t h e  a c c u r a t e  s u r f a c e  s o u r c e  d i s t r i b u t i o n  

gav e  w orse  ag reem en t  w i th  e x p e r i m e n t a l  r e s u l t s  f o r  a  0 . 6 0  b lo c k  

c o e f f i c i e n t  S e r i e s  60 form th a n  t h e  c o r r e s p o n d i n g  ’ t h i n  s h i p 1 r e s u l t :

u s i n g  a  c e n t r e p l a n e  s u r f a c e  s o u r c e  d i s t r i b u t i o n *  '

H i g h e r  o r d e r  t h e o r i e s  can be advanced  to  a g r e a t e r  d e g re e  when j

submerged  b o d i e s  a r e  c o n s i d e r e d ,  and m e n t io n  may b e  made o f  t h e  work j

o f  H av e lo c k  ( r e f #  12,  p#420) ,  Bessho  (47> 48) and Tuck (49)*  The !

l a s t  p a p e r  c o n t a i n s  an e l e g a n t  e x t e n s i o n  o f  H a v e l o c k ’ s e a r l y  work 1

on a  submerged  tw o -d im e n s io n a l  c y l i n d e r  u s i n g  complex p o t e n t i a l s

and t h e  method o f  images#

1*2*4 .  Vave P a t t e r n  A n a ly s i s

With t h e  i n c r e a s e d  i n t e r e s t  i n  wave r e s i s t a n c e  t h e o r y  t h e r e

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

d e t e r m i n a t i o n .  Wave r e s i s t a n c e  i s  n o t o r i o u s l y  d i f f i c u l t  to d e f i n e

r i g o r o u s l y  and measure  a c c u r a t e l y ,  so t h a t  com p ar i so n  o f  h i g h e r

o r d e r  t h e o r i e s  w i th  ex p e r im en t  becomes d i f f i c u l t ,  i f  n o t

m e a n i n g l e s s ,  w i t h o u t  a  c l e a r  i d e a  o f  what e n t i t i e s  a r e  b e i n g

com pared .  I t  was s t a t e d  above t h a t  H a v e lo c k ’ s e l e m e n t a r y  f r e e

wave t h e o r y  has  been  used  e x t e n s i v e l y  i n  b o t n  t h e  e m p i r i c a l  and

a n a l y t i c a l  i n v e s t i g a t i o n  o f  bu lbous  bows.  The same e x p e r i m e n t a l

and a n a l y t i c a l  t e c h n i q u e s  a r e  u s e d  i n  t h e  com p ar i so n  o f  c a l c u l a t e d

and m easured  wave r e s i s t a n c e .  I n  f a c t  t h e  p ro b lem  o f  t h e



d e f i n i t i o n  o f  wave r e s i s t a n c e  seems to  hav e  been  r e s o l v e d  

s a t i s f a c t o r i l y  by such  wave p a t t e r n  a n a l y s i s *

I t  i s  cu s to m ary  t o  d e f i n e  wave r e s i s t a n c e  i n  t h i s  c a s e  by 

c o n s i d e r a t i o n s  o f  ene rg y  and momentum f l u x  and f rom measurement 

a f t  o f  t h e  model ,  e i t h e r  o f  t h e  wave p a t t e r n  i t s e l f ,  o r  o f  f o r c e s  

on a  v e r t i c a l  c y l i n d e r  ( 5 0 ) .
I

A g r e a t  d e a l  o f  work o f  t h i s  type  h a s  been  done i n  Europe ,  I
I

U .S .A .  and J a p a n .  R e f e r e n c e  51 c o n t a i n s  an e x t e n s i v e  b i b l i o g r a p h y  

d e a l i n g  w i th  p a p e r s  on wave p a t t e r n  a n a l y s i s .  We p r o p o s e  o n ly  to  

d w e l l  on one method,  how ever ,  t h a t  o f  E gge rs  ( 5 2 ) ,  e x p e r i m e n t a l l y  

v e r i f i e d  by Sharma (5 3 )  and Gadd and Hogben ( 5 4 )* E g g e r s  assumes 

an e x p r e s s i o n  f o r  t h e  f r e e  wave sys tem  a f t  o f  t h e  s h i p  which has
I

t h e  a m p l i t u d e  and p h a s e  as  two unknowns.  By m e a s u r i n g  t h e  wave

p r o f i l e  a t  two t r a n s v e r s e  o r  l o n g i t u d i n a l  v e r t i c a l  p l a n e s  ( 'E g g e r s  j
i

C u t s ' ) ,  a  F o u r i e r  a n a l y s i s  g i v e s  t h e  a m p l i t u d e s  and p h a s e s .  U s i n g  \
I

an assumed v e l o c i t y  p o t e n t i a l  i n  t h e  form o f  an i n f i n i t e  s e r i e s ,  j

E g g e rs  deduced  an e x p r e s s i o n  f o r  wave r e s i s t a n c e  i n v o l v i n g  t h e  j

above a m p l i t u d e s .  E g g e r s '  r e s u l t  i s  e n t i r e l y  g e n e r a l  and i s  |

a p p l i c a b l e  t o  r e s t r i c t e d  f l u i d  domains as w e l l  as  i n f i n i t e  dom a ins .  I

As measurem en ts  a r e  made w e l l  a f t  o f  t h e  model ,  v i s c o u s  wake e f f e c t s  {
i

a r e  m i n im i s e d ,  as  a r e  t h e  ' l o c a l  d i s t u r b a n c e *  e f f e c t s ,  t h e  o n ly  

l i m i t a t i o n s  b e i n g  t h a t  l i n e a r i s a t i o n s  a r e  a d o p te d  i n  t h e  d e r i v a t i o n  j
i

o f  t h e  wave r e s i s t a n c e  e x p r e s s i o n .

R e c e n t l y  Kobus (55)  has  examined E g g e r s '  r e l a t i o n s h i p  be tween  

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

f i e l d  ' l o c a l  d i s t u r b a n c e '  t e r m s .  A tw o - d im e n s io n a l  v e r t i c a l  s t r u t  

w i t h  a c r o s s  s e c t i o n  o b t a i n e d  by con fo rm a l  mapping o f  an o g iv e  i n  

an  unbounded  p l a n e  i n t o  a c h a n n e l  was t e s t e d .  I t  was c o n c l u d e d  t h a t  

wave p r o f i l e s  downstream from a body canno t  be p r e d i c t e d  i n  more

t h a n  a q u a l i t a t i v e  manner.

Ward (5 0 )  measured  f o r c e s  i n  two p e r p e n d i c u l a r  d i r e c t i o n s  on 

a  v e r t i c a l  c y l i n d e r  i n  th e  wave p a t t e r n .  U s ing  a s i m p l e  and 

e l e g a n t  r e l a t i o n  be tween t h e s e  f o r c e s  and t h e  e n e rg y  i n  t h e  wave 

p a t t e r n ,  h e  c a l c u l a t e d  t h e  wave r e s i s t a n c e .  E g g e r s '  and V a r d ' s  

methods  were  compared ( 5 1 ) and good agreement  was found  be tween
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t h e  wave r e s i s t a n c e  measured  f o r  a  m a th e m a t i c a l  model  "by bo th  methods* 

1 .2 * 5  O t h e r  E x p e r i m e n t a l  Methods

S h i p  h u l l  p r e s s u r e  measurements  by L a u te  ( 5 6 ) ,  Hogben (57)* 

Townsin (5 8 )  and Conn and F e rg u s o n  (59)» e n a b l e d  t h e  h o r i z o n t a l  

p r e s s u r e  r e s i s t a n c e  o f  h u l l  forms o v e r  a r a n g e . o f  s p e e d s  to be 

d e d u c e d .  The r e l a t i o n s h i p  o f  t h i s  p r e s s u r e  r e s i s t a n c e  to  wave 

r e s i s t a n c e  m easu red  as d e t a i l e d  i n  s e c t i o n  1 . 2 . 4 *  i s  n o t  t o o  c l e a r ,  

b u t  such  m easurem en ts  hav e  been  o f  g r e a t  v a l u e  i n  d e m o n s t r a t i n g  th e  

u n d u l a t o r y  n a t u r e  o f  t h e  deduced v i s c o u s  r e s i s t a n c e  w i th  speed#

T h i s  h a s  been  c o n f i r m e d  by p i t o t  t r a v e r s e  s u r v e y s  o f  t h e  v i s c o u s  

wake by Landweber and Wu ( 60 ) and Townsin ( 6 l ) .

A f u r t h e r  i n v e s t i g a t i o n  p e r t i n e n t  to  t h i s  work i s  t h a t  o f  

S t e e l e  and P e a r c e  ( 62 ) who measured  t h e  d i s t r i b u t i o n  o f  s k i n  f r i c t i o n  

o v e r  a  model o f  a  h i g h - s p e e d  l i n e r .  I n v e s t i g a t i o n s  o f  t h i s  ty p e  

b o t h  s u p p lem en t  and complement th e  wave r e s i s t a n c e  i n v e s t i g a t i o n s  

m e n t i o n e d  above .



1 . 5  VISCOSITY EFFECTS.

I t  was s t a t e d  i n  s e c t i o n  1 . 2 . 5  t h a t  a d e f i c i e n c y  o f  wave 

r e s i s t a n c e  t h e o r y  i s  i t s  co m p le te  n e g l e c t  o f  v i s c o s i t y  e f f e c t s .

Some a t t e m p t s  to  overcome t h i s ,  b o th  o f  a  s e m i - e m p i r i c a l  and 

t h e o r e t i c a l  n a t u r e ,  have  been  made.

1 .5 * 1  S e m i - e m p i r i c a l  v i s c o s i t y  c o r r e c t i o n s

H a v e lo c k  i n  1955 (12 ,  p . 598) d i  s c u s s e d  t h e  r e d u c t i o n  i n  

s t e r n  wave-making  due to  t h e  v i s c o u s  f low  reg im e  by u s i n g  a 

1 r e d u c i n g  f a c t o r 1 o v e r  t h e  a f t  body o f  t h e  fo rm .  He o b t a i n e d  

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

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

t h e  wave r e s i s t a n c e  o f  a  model g o in g  ahead was d i f f e r e n t  t o  t h a t  

g o i n g  a s t e r n ,  a  r e s u l t  n o t  g iv e n  by ’p e r f e c t '  f l u i d  r e a s o n i n g .

Wigley  i n  1958 ( 65) u s e d  H a v e l o c k ’ s i d e a  and e x t e n d e d  i t  t o  

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

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

f l a t - p l a t e  f r i c t i o n  r e s i s t a n c e ,  as w e l l  as  t h e  t h e o r e t i c a l  wave 

r e s i s t a n c e  o f  t h e  bow a l o n e ,  he  found  a g e n e r a l  e x p r e s s i o n  f o r  

t h e  r e d u c i n g  f a c t o r .  I t  was found  t h a t  an improvement was 

o b t a i n e d  i n  th e  agreement  be tw een  c a l c u l a t e d  and m easured  

r e s i s t a n c e  c u rv e s  i n  a l l  c a s e s  a t  low Froude  num bers .  The 

m e asu re d  d i f f e r e n c e  o f  r e s i s t a n c e  o f  an u n s y m m e t r i c a l  model when 

moving i n  o p p o s i t e  d i r e c t i o n s  was w e l l  r e p r o d u c e d  by t h e  c a l c u l a t e d  

r e s u l t s .

I t  i s  wor th  n o t i n g  t h a t  Wigley  was i n  f a c t  m e a s u r i n g  t h e  

component  Of r e s i s t a n c e  known as ’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  

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

t h e  i n t e r d e p e n d e n c e  s t u d y  p e r fo rm e d  by S h e a r e r ,  C ross  and I .ackenby 

( 6 4 , 6 5 ) .  Wigley  a l s o  measured  t o t a l  form r e s i s t a n c e  and compared 

h i s  r e s u l t s  w i t h  t h o s e  o f  Horn ( 66 ) .

Wigley  a g a i n  d e m o n s t r a t e d  h i s  v i s c o s i t y  c o r r e c t i o n  i n  1942 

( 6 7 ) and a p p l i e d  i t  t o  a  d i f f e r e n t  f a m i l y  o f  h u l l s .  I n  g e n e r a l  

t h e  c o n c l u s i o n s  were t h e  same as t h o s e  o f  h i s  p r e v i o u s  e x p e r i m e n t s  

e x c e p t  t h a t  d i s c r e p a n c i e s  be tween measurement  and c a l c u l a t i o n  a t
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h i g h  s p e e d s  were a t t r i b u t e d  to  t h e  c h a n g i n g  a t t i t u d e  o f  th e  

m ode l .

G u i l l o t o n  i n  1952 ( 68) p ro p o s e d  a c o r r e c t i o n  r e s e m b l i n g  t h a t  

o f  H o rn ’ s i n v o l v i n g  m easured  s i n k a g e  and t r i m  which r e s u l t e d  i n  

an a d j u s t m e n t  to  t h e  c a l c u l a t e d  f r i c t i o n a l  r e s i s t a n c e .

Emerson e x t e n d e d  W i g l e y ' s  app ro ac h  by a d o p t i n g  h i s  o r i g i n a l  

i d e a  o f  d e d u c i n g  two c o r r e c t i o n  f a c t o r s ,  i n d e p e n d e n t  o f  each  

o t h e r  ( 69 ) .  One f a c t o r  r e p r e s e n t e d  th e  v i s c o u s  damping o f  t h e  

wave s y s t e m  w h i l e  t h e  o t h e r  r e p r e s e n t e d  t h e  r e d u c t i o n  i n  t h e  

e f f e c t i v e  s l o p e  o f  t h e  a f t e r - b o d y  l i n e s  due t o  t h e  f o r m a t i o n  o f  

a  b ounda ry  l a y e r .  Very good ag reem en t  be tween  m easured  and 

c a l c u l a t e d  r e s i s t a n c e s  was o b t a i n e d  by Emerson i n  t h i s  manner#

By r e - i n t e r p r e t i n g  t h e  work o f  H ave lock  and W ig ley ,  I n u i  

p r o p o s e d  an e l a b o r a t e  s e t  o f  c o r r e c t i o n  f a c t o r s  (25 ,  P*205 -  2 1 5 ) .  

F i n i t e  h e i g h t  c o r r e c t i o n s  to  bow and s t e r n  waves were p ro p o s e d ,  

as  were  h u l l  s e l f - i n t e r f e r e n c e  c o r r e c t i o n s  and a p h a s e  s h i f t  

c o r r e c t i o n  due t o  v i s c o s i t y  and o t h e r  e f f e c t s .  These  v a r i o u s  

f a c t o r s  were  d e r i v e d  from e x p e r i m e n t s  on s t r e a m l i n e  forms  ( a s  

d i s t i n c t  f rom t h e  m a th e m a t ic a l  models  o f  W igley) and co m p le te  

ag re e m e n t  o v e r  t h e  whole speed  r a n g e  was o b t a i n e d  be tw een  c a l c u l a t e d  

wave r e s i s t a n c e  and a  r e s i d u a r y  r e s i s t a n c e .

Sharma,  i n  an e x t e n s i v e  i n v e s t i g a t i o n  ( 5 3 ) ,  r e - t e s t e d  one o f  

I n u i ' s  form s  and a g a i n  deduced c o r r e c t i o n  f a c t o r s .  U n s a t i s f i e d  

w i t h  I n u i ’ s p h a s e - s h i f t  c o r r e c t i o n ,  he  p ro p o s e d  some improvements  

o f  h i s  own and i n t r o d u c e d  a s e p a r a t i o n  c o r r e c t i o n  to  t h e  s t e r n  wave 

s y s t e m .  Th i s  l a s t  f a c t o r ,  p rompted  by o b s e r v a t i o n ,  was an a t t e m p t  

t o  t a k e  i n t o  a c c o u n t  t h e  f i n i t e  beam o f  t h e  mode l .  I n  s p i t e  o f  

some s c a t t e r ,  Sharma was a b l e  to  draw f a i r  c u r v e s  t h r o u g h  h i s  

c o r r e c t i o n  f a c t o r s  f o r  a  r a n g e  o f  F ro u d e  Numbers and s u b s e q u e n t  

t e s t i n g  w i t h  wave p a t t e r n  a n a l y s i s  ( 5 l )  showed t h e i r  g e n e r a l  

v a l i d i t y  f o r  t h i s  p a r t i c u l a r  model .

A d i f f e r e n t  app roach  has  r e c e n t l y  been  t r i e d  by B r e s l i n  and 

Eng ( 7 0 ) .  R e g a r d i n g  t h e  d e c i s i v e  e f f e c t  o f  v i s c o s i t y  a s  s temming 

f ro m  t h e  d i f f e r e n c e  be tw een  th e  measured  p r e s s u r e  d i s t r i b u t i o n  a t



t h e  s t e r n  and t h a t  p r e d i c t e d  by i n v i s c i d - f l o w  t h e o r y ,  t h e y  found 

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

T h i s  p r o c e d u r e  was a p p l i e d  to  a s t r u t - l i k e  model  w i t h  a s y m m e t r i c a l  

g e n e r a l i s e d  Joukow sk i  c r o s s - s e c t i o n  o f  which  t h e  p r e s s u r e  

d i s t r i b u t i o n  i n  an i n f i n i t e  f l u i d  was known b o th  from c a l c u l a t i o n  

and m easu re m en t .  The s tu d y  d id  n o t  s u p p o r t  t h e  a u t h o r s 1 b a s i c  

p o s t u l a t e .  I t  was conc luded  t h a t  t h e  p r e s s u r e  d e f i c i e n c y  a t  t h e  

s t e r n  o f  th e  body had l i t t l e  o r  no e f f e c t  i n  t h e  d e t e r m i n a t i o n  o f  

wave r e s i s t a n c e .

1 .5*2  T h e o r e t i c a l  Approach

Many c o m p l e x i t i e s  a r i s e  when v i s c o u s  e f f e c t s  a r e  c o n s i d e r e d  

t h e o r e t i c a l l y  and on ly  an a p p ro x im a te  a n a l y t i c a l  ap p ro a c h  to  th e  

p ro b le m  h a s  been  a t t e m p t e d .

H ave loc k  i n  1948 (12 ,  p*528) i n v e s t i g a t e d  t h e  e f f e c t  on 

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

n e a r  t h e  s t e r n .  Th i s  m o d i f i c a t i o n ,  assumed to  r e p r e s e n t  t h e  e f f e c t  

o f  t h e  boundary  l a y e r ,  had  a marked e f f e c t  i n  r e d u c i n g  t h e  

m a g n i tu d e  o f  t h e  wave r e s i s t a n c e .  I t  was an i m p o r t a n t  a p p l i c a t i o n  

o f  t h e  t h e o r y ,  f o r  i t  showed how a s m a l l  m o d i f i c a t i o n  to  th e  h u l l  

fo rm can  h a v e  a c o m p a r a t i v e l y  l a r g e  'damping* e f f e c t  on t h e  

r e s i s t a n c e  c u r v e .  I n c i d e n t a l l y ,  t h i s  a s p e c t  ha s  been  e x p l o i t e d  by 

G u i l l o t o n  i n  h i s  l a t e s t  work on wave r e s i s t a n c e  ( 7 l ) «

A more f u n d a m e n ta l  app roach  was t h a t  a d o p te d  by S r e t e n s k y  (72)  

i n  1957* B e g in n in g  w i th  th e  l i n e a r i s e d  form o f  t h e  N a v i e r - S t o k e s  

e q u a t i o n s  ( O s e e n ' s  e q u a t i o n s )  and c o n s i d e r i n g  p r e s s u r e  d i s t r i b u t i o n s  

o v e r  t h e  f r e e  s u r f a c e ,  he p ro c e e d e d  i n  a manner s i m i l a r  to  H a v e l o c k ' s  

e a r l y  work on p r e s s u r e  d i s t u r b a n c e s  ( 12 , p . 94 -  118) and o b t a i n e d  

an e l a b o r a t e  e x p r e s s i o n  f o r  wave r e s i s t a n c e ,  s i m i l a r  to  t h e  M i c h e l l -  

H a v e lo c k  r e s u l t .  E x p r e s s io n s  were o b t a i n e d  f o r  v a r i o u s  p r e s s u r e  

d i s t r i b u t i o n s  b u t  no n u m e r i c a l  r e s u l t s  o r  e x p e r i m e n t a l  com par isons  

were g i v e n .  I n  t h e  d i s c u s s i o n  G r a f f  s t a t e d  t h a t  such  an ap p ro a c h
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was u s e d  a t  t h e  D u i s b e r g  Tank and good agreement had  been  found  

be tw een  t h e o r e t i c a l  c a l c u l a t i o n  and model  r e s u l t s .

Wu and M e s s i c k  a l s o  d e v e lo p e d  a  l i n e a r i s e d  t h e o r y  t o  

i n v e s t i g a t e  t h e  v i s c o u s  e f f e c t s  on tw o - d i m e n s i o n a l  waves 

g e n e r a t e d  by a  s y s t e m  o f  e x t e r n a l  d i s t u r b a n c e s  ( 7 5 ) •  T h i s  work 

was c o n t i n u e d  by Cumberbatch  f o r  t h e  p a r t i c u l a r  c a s e  o f  a  s h i p  

wave s y s t e m  (74)*  E x t e n d i n g  t h e  s t u d y  t o  t h e  t h r e e  d i m e n s i o n a l  

c a s e  he  found  t h a t  t h e  damping o f  t h e  t r a n s v e r s e  waves v a r i e d  

l i t t l e  f rom  t h e  t w o - d i m e n s i o n a l  v a l u e  and t h e  i n f i n i t e  wave 

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

o b t a i n e d .

Work on t h i s  s u b j e c t  h a s  a l s o  been  done r e c e n t l y  by Wigley (7 5 )  

and Wu ( 7 6 )  b u t  t h e  p ro b le m s  o f  f u l l y  t u r b u l e n t  f lo w  and s e p a r a t i o n  

c a n n o t  as  y e t  be  t a k e n  i n t o  a c c o u n t .  Due to t h e  c o m p l e x i t y  o f  

t h e  a n a l y t i c a l  t r e a t m e n t ,  an e n t i r e l y  n u m e r i c a l ,  f i n i t e  d i f f e r e n c e  

scheme f o r  two d i m e n s i o n a l  f lo w s  has  been  d e v e l o p e d  (77 )*  By 

u s i n g  f i n i t e  d i f f e r e n c e  form s  o f  t h e  co m p le te  N a v i e r - S t o k e s  

e q u a t i o n s  and w i t h  t h e  a i d  o f  a  h i g h - s p e e d  d i g i t a l  com pute r ,  

s o l u t i o n s  t o  b a s i c  f l u i d  f l o w  p ro b le m s  have  been  a c h i e v e d ,  showing 

f a r  b e t t e r  a g re e m e n t  w i t h  o b s e r v a t i o n s  t h a n  t h o s e  o b t a i n e d  by a 

p u r e l y  a n a l y t i c a l  a p p r o a c h .



1*4 VERTICAL forces  and trimming moments

1 . 4 , 1  V e r t i c a l  F o r c e s  and Form R e s i s t a n c e .

Due t o  c o m p u t a t i o n a l  p rob lem s  and t h e  a b s e n c e  o f  any o b v io u s  

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

t h e  same e x t e n t  as  wave r e s i s t a n c e .  E a r l y  s t u d i e s  on submerged  

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

and t h e i r  r e l a t i o n s h i p  t o  wave r e s i s t a n c e .

I t  was n o t  u n t i l  1932 t h a t  a p r a c t i c a l  u s e  o f  t h e s e  f o r c e s  

and t h e  a s s o c i a t e d  change  i n  t h e  p o s i t i o n  o f  t h e  model a p p e a re d ,  

when Horn  (66  and 78) s u g g e s t e d  a c o n n e c t i o n  be tw een  mean s i n k a g e  

and form r e s i s t a n c e .  H ave lock  i n  1939 (12 ,  p . 45®) c a l c u l a t e d  t h e  

v e r t i c a l  f o r c e  and h e n c e  t h e  mean s i n k a g e  f o r  an e l l i p s o i d  a t  low 

s p e e d s  and deduced  t h e  form r e s i s t a n c e  f rom an a p p l i c a t i o n  o f  

Horn*s e x p r e s s i o n .  The c a l c u l a t e d  v a l u e s  o f  form r e s i s t a n c e  showed 

an e n c o u r a g i n g  ag re e m e n t  w i th  o b s e r v e d  v a l u e s  so t h a t  H ave lock  

r e t u r n e d  t o  t h i s  p rob lem  (1 2 ,  p . 609)  and o b t a i n e d  an i n t e r e s t i n g  

r e l a t i o n  be tw ee n  t h e  form r e s i s t a n c e  o f  a  s p h e r o i d  and i t s  v i r t u a l  

i n e r t i a  c o e f f i c i e n t  f o r  a x i a l  m o t i o n .  A s t u d y  was a l s o  made o f  

t h e  e f f e c t  o f  t a n k  b o u n d a ry  e f f e c t  o r  * b lockage*  f o r  t h e  same 

s p h e r o i d .

S a u n d e r s  p o i n t e d  o u t  t h e  e f f e c t  o f  t r i m  on r e s i s t a n c e  (7 9 )  

and H ave lock  c a l c u l a t e d  t h e  t r i m m i n g  moment f o r  a  s im p l e ,  s y m m e t r i c a l  

form ( 1 2 .  p . 5 2 0 ) .  I t  became a p p a r e n t  t h a t  mean s i n k a g e  and t r i m  

were o f  some i m p o r t a n c e  i n  s t u d i e s  o f  t h e  p h y s i c s  o f  s h i p  

r e s i s t a n c e  and i t  i s  p e r t i n e n t  to  r e v i e w  some o f  t h e  t h e o r e t i c a l  

s t u d i e s  made f o r  b o t h  t h e  submerged and f l o a t i n g  b o d i e s .

1 . 4 . 2 .  Submerged B od ie s

The v e r t i c a l  f o r c e  on a c y l i n d e r  submerged i n  a  u n i f o r m  s t r e a m  

was c a l c u l a t e d  by H ave lock  i n  1928 ( 1 2 .  p . 297) u s i n g  t h e  method o f  

s u c c e s s i v e  images to  o b t a i n  t h e  v e l o c i t y  p o t e n t i a l  and B l a s i u s *  

Theorem to  o b t a i n  t h e  f o r c e .  The v e r t i c a l  f o r c e  c o e f f i c i e n t  was a 

p o s i t i v e  c o n s t a n t  a t  low s p e e d s ,  w hereas  i t  had t h e  same n u m e r i c a l  

v a l u e ,  b u t  o p p o s i t e  s i g n ,  a t  h i g h  s p e e d s .  A more c o m p le te  s o l u t i o n
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was g i v e n  by th e  satne a u t h o r  i n  1936 (12,  p . 4 2 0 )  when the  

c o n d i t i o n  a t  t h e  s u r f a c e  o f  t h e  c y l i n d e r  was f u l f i l l e d  e x a c t l y .  

Bessho (47)  a-ttd Tuck (4 9 )  s t u d i e d  t h e  same p rob lem  and a t t e m p t e d  

a  s o l u t i o n  u s i n g  a  n o n - l i n e a r  f r e e  s u r f a c e  c o n d i t i o n ,  th e  l a t t e r  

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

f r e e  s u r f a c e  n o n - l i n e a r i t i e s ,  a  c o n c l u s i o n  n o t  r e a c h e d  by Bessho 

due t o  e r r o r s  i n  h i s  a n a l y s i s .

H av e lo c k  e x t e n d e d  h i s  s t u d i e s  to  submerged s p h e r o i d s  and 

e l l i p s o i d s  g i v i n g  e x p r e s s i o n s  f o r  wave r e s i s t a n c e ,  v e r t i c a l  f o r c e  

and moments ( e . g .  12,  p . 5 7 5 )«  But no n u m e r i c a l  examples  were g i v e n  

and i t  was l e f t  t o  Wig ley  to  p r o v i d e  t h e s e  i n  an i m p o r t a n t  p a p e r  

( 8 0 ) .  C a l c u l a t i n g  t h e s e  f o r c e s  and moments on a  submerged s p h e r o i d  

f o r  a  r a n g e  o f  F ro u d e  Numbers and im m ers io n s ,  he  showed t h a t  t h e  

v e r t i c a l  f o r c e  a c t e d  upwards  a t  low Proude  Numbers,  r i s i n g  t o  a 

maximum and d e c r e a s i n g  u n t i l  i t  a c t e d  downwards a t  h i g h  F roude  

Numbers .  T h i s  was co m p a ra b le  to  t h e  e a r l i e r  f i n d i n g s  o f  H ave lock  

f o r  t h e  submerged c y l i n d e r .  S i m i l a r  r e s u l t s  were o b t a i n e d  by 

Bessho  ( 4 7 )  t o  a  h i g h e r  d e g r e e  o f  a p p r o x i m a t i o n  and Pond (8 1 )  who 

c o n s i d e r e d  t h e  c a s e  o f  a  R an k in e  o v o i d .

V e r t i c a l  f o r c e s  on a submerged  r e c t a n g u l a r  c y l i n d e r  i n  t i m e -  

d e p e n d e n t  f l o w  have  been  c a l c u l a t e d  n u m e r i c a l l y  f o r  low R e y n o l d ’ s 

Numbers by Har low  and Promm (8 2 )  who o b t a i n e d  v e r y  good a g ree m en t  

be tw een  c a l c u l a t e d  and m e asu re d  r e s u l t s .

S e v e r a l  o f  t h e  above  s t u d i e s  have  c o n s i d e r e d  n o t  o n ly  t h e  

v e r t i c a l  f o r c e  a c t i n g  on t h e  body b u t  a l s o  t h e  t r i m m i n g  moment.

A c o m p a r i s o n  o f  v a r i o u s  methods o f  com put ing  t r im m ing  moment f o r  

a  submerged  p r o l a t e  s p h e r o i d  was made by K i n o s h i t a ,  Abe and 

Okada i n  J a p a n  ( 8 3 )*

1 .4 * 3  F l o a t i n g  B o d ie s

As s t a t e d  e a r l i e r ,  H ave lock  c o n s i d e r e d  t h e  s i n k a g e  o f  an 

e l l i p s o i d  and o b t a i n e d  e x p r e s s i o n s  v a l i d  o n ly  f o r  t h e  low s p e e d  

r e g im e .  He a l s o  deduced  an e x p r e s s i o n  f o r  t h e  v e r t i c a l  f o r c e s  

a c t i n g  on two d o u b l e t s  a b r e a s t  o f  each  o t h e r  i n  a  u n i f o r m  s t r e a m  

(12 ,  p . 417)  b u t  no n u m e r i c a l  r e s u l t s  were g i v e n .



Trim a t  h i g h  s p e e d s  was a l s o  c a l c u l a t e d  by Have lock  i n  1946 

(1 2 ,  p . 520) f o r  a  s im p l e  s y m m e t r i c a l  f l o a t i n g  body .  He deduced  

p r e s s u r e s  o v e r  t h e  h u l l  from s o u r c e - s i n k  t h e o r y  and gave  e x p r e s s i o n s
1

f o r  t h e  t r im m in g  moment due to  t h e  waves t r a i l i n g  a f t  o f  t h e  fo rm.

I t  was found  t h a t  t h e  o r d e r  o f  ag reem en t  be tween  c a l c u l a t i o n  and , 

o b s e r v a t i o n  was much th e  same as t h a t  be tween  c a l c u l a t e d  and m easured  

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

When h i g h e r  o r d e r  t h e o r i e s  o f  wave r e s i s t a n c e  a r e  c o n s i d e r e d ,  ! 

a  knowledge  o f  mean s i n k a g e  and t r i m  i s  i m p o r t a n t  and i t  was w i th  

t h i s  i n  mind t h a t  Bessho  s t u d i e d  v e r t i c a l  f o r c e s  and t r im m ing  

moments f o r  f l o a t i n g  b o d i e s  ( 8 4 )# U s i n g  a  l i n e a r i s e d  t h e o r y  and 

L a g a l l y ' s  Theorem (85)  he  c a l c u l a t e d  wave r e s i s t a n c e ,  v e r t i c a l  f o r c e  

and t r im m in g  moment f o r  a  s im p l e  m a t h e m a t i c a l  form  and c o n c lu d e d  t h a t  

f a l s e  r e s u l t s  c o u l d  be o b t a i n e d  w i t h  t h e  i n j u d i c i a l  u s e  o f  L a g a l l y ' s  

Theorem. Wave r e s i s t a n c e  v a l u e s  c o i n c i d e d  when d e r i v e d  by b o t h  

L a g a l l y ' s  Theorem and l i n e a r i s e d  t h e o r y  b u t  t h e  same wan n o t  t r u e  

o f  t h e  v e r t i c a l  f o r c e  and t h e  t r i m m i n g  moment.

The h i g h e r  o r d e r  t h e o r i e s  o f  Wehausen (37)  and S i s o v  (35 )  g iv e  

e x p r e s s i o n s  f o r  v e r t i c a l  f o r c e  and t r im m ing  moment, Wehausen showing 

t h a t  s e c o n d - o r d e r  c o r r e c t i o n s  i n v o l v e  s i n k a g e  and t r i m ;  S t o k e r  (8 6 )  

a l s o  d e r i v e d  an e x p r e s s i o n  f o r  v e r t i c a l  f o r c e  and t r im m in g  moment 

b u t  i n  l i n e a r i s e d  fo rm .

D i r e c t  measurement o f  t h e  v e r t i c a l  f o r c e  c a u s i n g  mean s i n k a g e  

and t h e  moment c a u s i n g  t r i m  was p e r f o r m e d  by Lewison ( 4 4 ) f o r  a  

sem i - su b m erg ed  body .  Compari sons  were  made be tween  t h e o r e t i c a l  

p r e d i c t i o n s  ( u s i n g  G u i l l o t o n ' s  method) and ' e q u i v a l e n t *  f o r c e s  and 

moments d e r i v e d  f rom m easu red  mean s i n k a g e  and t r i m .  P a i r  ag ree m en t  

was o b t a i n e d  be tw een  measurement and c a l c u l a t i o n  f o r  v e r t i c a l  f o r c e  

i n  s p i t e  o f  some s c a t t e r  i n  t h e  r e s u l t s ,  b u t  p o o r  ag ree m en t  was

o b t a i n e d  f o r  t h e  t r im m in g  moments.

R e c e n t l y  Tuck ( 8 7 ) s t u d i e d  mean s i n k a g e  and t r i m  i n  s h a l l o w

w a t e r  o f  f i n i t e  w i d t h ,  t h i s  b e i n g  r e l e v a n t  to  i n v e s t i g a t i o n s  o f  b o th  

b l o c k a g e  and s q u a t t i n g .  A p l o t t i n g  was g i v e n  which showed a u n iq u e  

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

o f  b lo c k a g e  on s i n k a g e  and t r i m  to  be o b t a i n e d .  I t  was n o t e d  t h a t  

t h e  e f f e c t  o f  f i n i t e  w id th  was f a r  more s e r i o u s  f o r  s i n k a g e  th a n  f o r
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I n  r e t r o s p e c t ,  i t  i s  s e e n  t h a t  t h e o r e t i c a l  s t e a d y - s t a t e  

s h i p  h y d rodynam ics  c o n s i s t s  a lm o s t  e x c l u s i v e l y  o f  t h e  s t u d y  o f  

wave r e s i s t a n c e  o f  s i m p l e  m a t h e m a t i c a l  f o r m s .  I n  g e n e r a l  po o r  

a g re e m e n t  be tw een  c a l c u l a t e d  and measured  r e s u l t s  has  r e s u l t e d  

f rom u s i n g  an ' a b  i n i t i o 1 a p p r o a c h ,  G u i l l o t o n ' s  method showing 

most  p r o m i s e  i n  t h i s  r e s p e c t .  Work w i th  e m p i r i c a l  c o r r e c t i o n  

f a c t o r s  h a s ,  on t h e  w hole ,  been  u n s a t i s f a c t o r y  and e f f o r t s  have  

b e e n  made to  d e v e l o p  a  c o n s i s t e n t  h i g h e r - o r d e r  t h e o r y .

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

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

o f  wave-making  and v i s c o u s  r e s i s t a n c e  h a s  been  shown e m p i r i c a l l y .

A c o n n e c t i o n  be tw e e n  fo rm  r e s i s t a n c e  and mean s i n k a g e  h a s  been  

p r o p o s e d  j a  few  t h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  o f  t h e  

v e r t i c a l  f o r c e s  and moments a c t i n g  on a  f l o a t i n g  body have  been  

p e r f o r m e d .

I t  i s  a g a i n s t  t h i s  b a c k g ro u n d  t h a t  t h e  f o l l o w i n g  

i n v e s t i g a t i o n  i s  s e t .
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HYDRODYNAMIC FORC

2 . 1  BASIC THEORY

The t h e o r e t i c a l  a p p ro ac h  which fo l l o v / s  i s  due to  Havelock

( 1 2 ,  p 520 -  5 2 7 . )  A s i m p l i f i e d  p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e

h u l l  i s  c a l c u l a t e d  and t h e  r e s u l t a n t  h o r i z o n t a l  and v e r t i c a l
\

hydrodynam ic  f o r c e s  and a t r im m ing  moment a r e  o b t a i n e d .  I t  i s  

p e r t i n e n t  t o  t h e  d i s c u s s i o n  to  d e r i v e  th e  e x p r e s s i o n s  ab i n i t i o  

which w i l l  be done a f t e r  some p r e l i m i n a r y  d e f i n i t i o n s .

2 . 1 . 1  D e f i n i t i o n s  

Axis  Sys tem

The E u l e r i a n  e q u a t i o n s  o f  m o t io n  a r e  u s e d  t h r o u g h o u t .

B e f o r e  t h e  p rob lem  c an  be  s t a t e d  m a t h e m a t i c a l l y  an a x i s  

s y s t e m  must  be  d e f i n e d  r e l a t i v e  t o  w hich  a l l  m easurem en ts  may 

be r e f e r r e d .  I t  i s  u s u a l  to  assume t h a t  t h e  a x i s  s y s t e m  i s  

f i x e d  w i t h i n  t h e  s h i p  w i th  t h e  o r i g i n  i n  t h e  u n d i s t u r b e d  f r e e  

s u r f a c e  o f  t h e  w a t e r  on t h e  c e n t r e l i n e  a m i d s h i p s .  Axis oz i s  

d i r e c t e d  v e r t i c a l l y  upw ard ,  ox f o r w a r d  p a r a l l e l  to  t h e  d i r e c t i o n  

o f  m o t ion  and oy i s  d i r e c t e d  to  one s i d e  as shown below

1

MODEL A X IS  SYSTEM

FIG. 1
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The f r e e  s u r f a c e  i s  d e f i n e d  a s  a  s u r f a c e  i n  t h e  f l u i d  

a c r o s s  which t h e r e  i s  a  marked d e n s i t y  d i s c o n t i n u i t y .  I t  i s  

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

t h e  p r e s s u r e  i s  c o n s t a n t  ( u s u a l l y  a t m o s p h e r i c ) .

Wave R e s i s t a n c e  Rw i n  t h e  f o l l o w i n g  a n a l y s i s  i s  d e f i n e d  

as  t h e  r e s i s t a n c e  e x p e r i e n c e d  by a  body moving a t  c o n s t a n t  

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

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

which m a n i f e s t  t h e m s e lv e s  as waves on t h e  f r e e  s u r f a c e .

The v e r t i c a l  hydrodynam ic  f o r c e  Z i s  d e f i n e d  as the  

v e r t i c a l  component  o f  t h e  p r e s s u r e  f o r c e s  a c t i n g  on th e  h u l l .

F o r  e q u i l i b r i u m  be tw ee n  t h e  f o r c e s  a c t i n g ,  t h e  h u l l  t a k e s  

up  a new a t t i t u d e  i n v o l v i n g *

( a )  Mean S in k a g e  s d e f i n e d  as t h e  v e r t i c a l  movement o f  t h e  

m i d s h i p s  p o s i t i o n  r e l a t i v e  to  a r e f e r e n c e  a x i s  s y s t e m  o x ' j o y ' j o z * .

(b )  Tr im X d e f i n e d  as t h e  a n g l e  t h r o u g h  which t h e  a x i s  ox 

moves r e l a t i v e  t o  a r e f e r e n c e  s y s t e m  ox*,  o y 1, o z ' .  I t  i s  

d e f i n e d  as n e g a t i v e  i f  t h e  bow s i n k s  lo w e r  t h a n  t h e  s t e r n .

The r e s u l t a n t  f o r c e  F^,  i s  d e f i n e d  as t h e  v e c t o r  sum o f  R^ and

Z ___________

Ffe c J&j1 +    ( 2 . 1 . 1 a )

and i s  assumed to  a c t  a t  an a n g l e  ^  t o  t h e  oz a x i s  where 

ta n  \jj =■   ( 2 . 1 . 1 b )

w

FIG. 2
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T h e re  a r e  two v e l o c i t i e s  t o  be  c o n s id e r e d *

( i )  The s t e a d y  v e l o c i t y  o f  t h e  s h i p  i t s e l f  d e n o t e d  by V.

( i i )  F l u i d  v e l o c i t i e s  i n  each  o f  t h e  d i r e c t i o n s  ox,  oy,  oz,  

in d u c e d  by th e  m o t ion  o f  t h e  s h i p .  These  p e r t u r b a t i o n  v e l o c i t i e s  

a r e  t e rm e d  u ,  v and w r e s p e c t i v e l y *

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

i s

s- ( V  + 4t) + • • • # • •  ( 2 . 1 . 2 )

The f l u i d  m o t io n  i s  assumed to be i r r o t a t i o n a l . T h i s  w i l l  be 

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

assumed to  occupy  t h e  f r a l f  s p a c e  z<o and t o  be a p e r f e c t  f l u i d  i . e .  

i t  i s  i n c o m p r e s s i b l e ,  homogeneous and i n v i s c i d .

The s h o r t c o m i n g s  o f  t h e  above  d e f i n i t i o n s  and a s s u m p t io n s  w i l l  

be d i s c u s s e d  be low .

2 . 1 . 2 .  S t a t e m e n t  o f  t h e  P roblem

The p ro b lem  may be  f o r m u l a t e d  m a t h e m a t i c a l l y  as t h e  s o l u t i o n  o f  

an e l l i p t i c  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  (L a p l a c e * s  E q u a t i o n )  s u b j e c t  

t o  n o n - l i n e a r  b ounda ry  c o n d i t i o n s .  . T h i s  p rob lem  h a s  p ro v e d  i n t r a c t a b l e  

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

V i r t u a l l y  no a t t e m p t  h a s  been  made t o  s o l v e  t h e  p rob lem  u s i n g  

n u m e r i c a l  methods  e x c l u s i v e l y  e . g .  f i n i t e  d i f f e r e n c e  t e c h n i q u e s ,  and 

a  c o m b i n a t i o n  o f  a n a l y t i c a l  and n u m e r i c a l  me thods h a s  been  employed 

be low .

L a p l a c e * s  E q u a t i o n

A f u n d a m e n t a l  r e s u l t  o f  c l a s s i c a l  hydrodynam ics  i s  t h a t  t h e  

P r i n c i p l e  o f  C o n t i n u i t y  s h a l l  h o ld  w i t h i n  t h e  f l u i d .
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T h i s  i m p l i e s  t h a t

( i )  The mass o f  f l u i d  i s  c o n s e r v e d ,

( i i )  The f low  i s  c o n t in u o u s #

F o r  a  f l u i d  o f  c o n s t a n t  d e n s i t y ,  t h i s  may be  s t a t e d  

m a t h e m a t i c a l l y  as

+  ^ o
dx- ty If   C2 *1 *})

We h a v e  assumed t h e  f lo w  t o  be i r r o t a t i o n a l  and t h i s  l e a d s

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

f l o w .  (8 8 ,  p 6 7 ) . Thus

,  v =  >£ ,  - w  =  M . c p  i

i*. '  i j    12 . 1 . 4 ;

S u b s t i t u t i n g  e q u a t i o n s  (2#1#4)  i n t o  ( 2 . 1 # 3 )  we have  

#4 + = o
•Sst1 ^  S31   ( 2 . 1 . 5)

T h i s  e l l i p t i c a l  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n ,  known as 

L a p l a c e ' s  e q u a t i o n  i s  f u n d a m e n ta l  t o  many s t e a d y - s t a t e  f l u i d  prob lems 

Boundary  and R a d i a t i o n  C o n d i t i o n s #

The boundary  c o n d i t i o n s  can  be d e f i n e d  i n  t h r e e  d i s t i n c t  

r e g i o n s  s

a )  On t h e  u n d e r w a t e r  h u l l  s u r f a c e #

b) On t h e  f r e e  s u r f a c e .

c )  At b o u n d a r i e s  an i n f i n i t e  d i s t a n c e  f rom  t h e  body.

At any f i x e d  boundary  w i t h i n  t h e  f l u i d  (we assume t h e  f r e e

s u r f a c e  to  a c t  as such  a boundary )  th e  no rm al  v e l o c i t y  mus t  be z e r o ,  

i . e . ,  A Neumann boundary  v a l u e  p rob lem  e x i s t s .
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I f  F ( x , y , z , t )  = o i s  t h e  equa t ion ,  o f  t h e  b o u n d in g  s u r f a c e ,  

t h e n  a t  e v e ry  p o i n t  o f  i t ,  the  m a t e r i a l  d e r i v a t i v e  o f  F must  

v a n i s h  (9> p 6 - 7 )  i * e -

CbF * + Jib <̂ F + jj + uo ^F = o / n , s \~r~” ■”  r -  «««•##
bJb It 'foe  ̂ h

I f  t h e  u n d e r w a t e r  h u l l  s u r f a c e  i s  r e p r e s e n t e d  by an e q u a t i o n  

o f  t h e  form

j  • > ( > .  ^

,,ft* ^  = J  “

( 2 . 1 . 7 )

s u b s t i t u t i o n  o f  e q u a t i o n  ( 2 . 1 . 7 )  i n t o  ( 2 . 1 . 6 )  g i v e s ,  

rem em ber ing  t h a t  t h e  m ot ion  i s  i n v a r i a n t  w i th  t im e ,

(V + juu) + -cl) |
dx-

=. o ( 2 . 1 . 8 a )

I n s e r t i n g  v a l u e s  from e q u a t i o n  ( 2 . 1 . 4 )  g i v e s  t h e  boundary  

c o n d i t i o n  ( a )  on t h e  u n d e r w a t e r  h u l l  s u r f a c e  as

l(v +  ~ I
>ac/  >x. ^

( 2 . 1 . 8 b )

I n  a s i m i l a r  manner we may d e a l  w i th  t h e  boundary  c o n d i t i o n  

a t  t h e  f r e e  s u r f a c e  i n  which c a s e  we assume

i  *

c A, , .............  C2 *1 ^ )

which  g i v e s

o r

( V+ m l ) M  + -CT -  - o j  -

Vic

f v  \  l i  +  ^  -  "bef

( 2 . 1 . 1 0 a )

( 2 . 1 . ICb)



-  2 6  -

On t h e  f r e e  s u r f a c e  n o t  o n ly  a r e  t h e  v e l o c i t i e s  t a n g e n t i a l  

b u t  t h e  p r e s s u r e  i s  c o n s t a n t .  I t  i s  t h u s  n e c e s s a r y  to  a p p ly  

B e r n o u l l i ' s  e q u a t i o n :

£. -cA4 + <?$ - 2  4 )Lt
t Z  J  j> 2    ( 2 . 1 . 1 1 )

The L .H .S .  o f  e q u a t i o n  ( 2 . 1 .  11) r e f e r s  t o  c o n d i t i o n s  on th e  

f r e e  s u r f a c e  a t  and a b a f t  t h e  h u l l  and t h e  R .B .S .  r e f e r s  t o  s t e a d y  

c o n d i t i o n s  a g r e a t  d i s t a n c e  ahead  o f  t h e  h u l l .  I n  t h i s  e q u a t i o n  P 

i s  t h e  u n i f o r m  p r e s s u r e  a c t i n g  on a s t r e a m l i n e ,  t h e  mass d e n s i t y  

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

b e i n g  assumed c o n s t a n t  t h r o u g h o u t  t h e  h a l f  s p a c e  z<o.

S u b s t i t u t i n g  e q u a t i o n  ( 2 . 1 . 2 )  i n t o  e q u a t i o n  ( 2 . 1 . 1 1 )  and r e 

a r r a n g i n g  g i v e s  an e x p r e s s i o n  f o r  t h e  s u r f a c e  e l e v a t i o n  :

 ( 2 a a 2 a )
3 o t j - s

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

i  * -  SL.*£ - 1. r 4 / ^ t +/̂Y]   ( 2 . 1 . 1 2 b )
3 ^  2 3  L U «./ U j /  I V

As b o th  e q u a t i o n s  ( 2 . 1 . 1 0 )  and ( 2 . 1 . 1 2 )  must  a p p ly  a t  t h e  f r e e  

s u r f a c e ,  z b {  t h e y  may be  combined i n t o  one e q u a t i o n ,  d e f i n i n g  what 

i s  u s u a l l y  known as t h e  F r e e  S u r f a c e  C o n d i t i o n :

a*? 3  L  >3
( 2 . 1 . 1 3 )

+M.&[ \
» /  V Sac. Sac? Sa itjix. S J J

+ I VI
{ s *  *<j Y  H  ^  $
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where

* 0 =  5 / v 2

C o n d i t i o n s  imposed upon t h e  s o l u t i o n  o f  e q u a t i o n  ( 2 . 1 * 5 )  a t  

t h e  b o u n d a r i e s  a t  x = -  00 a r e  known as t h e  R a d i a t i o n  C o n d i t i o n s .

We h a v e  assumed t h e  f l u i d  t o  occupy th e  h a l f  space  z<o and 

im p ly  t h a t  i t  i s  o t h e r w i s e  unbounded .  A l l  m ot ions  a t  x = i°®must  

v a n i s h  i f  t h e  f l o a t i n g  body i s  assumed to  advance  i n t o  u n d i s t u r b e d  

f l u i d .  T h i s  i m p l i e s  t h a t

^  ^  = °  . . . . . .  ( 2 . 1 . 14a)
X « - > + 0 0

S i m i l a r l y  t h e r e  mus t  be no v e r t i c a l  component  o f  f lo w  a  g r e a t  

d i s t a n c e  be low t h e  body o r

U  =  0  ftT Y  ~  00

The c o n d i t i o n  a t  x  = -® i s  more d i f f i c u l t  t o  impose as t h e  

p o s i t i o n  o f  t h e  f r e e  s u r f a c e  and t h e  ty p e  o f  m o t ion  a t  t h i s  p o i n t  

a r e  n o t  known i n  a d v a n c e .  We h a v e  assumed t h e  f l u i d  t o  be i n v i s c i d  

so  we c a n n o t  e x p e c t  a t t e n u a t i o n  o f  any mot ion  due to  v i s c o s i t y .

S t o k e r  ( 8 6 ,p 2 0 9 )  s t a t e s  t h a t  t h e  s t e a d y - s t a t e  p rob lem  p o s t u l a t e d  

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

v a r i a n t  f l o w s .

The s t e a d y  s t a t e  c a s e  i s  t h e n  t a k e n  t o  be t h e  l i m i t i n g  c a s e  as 

t  t e n d s  to  i n f i n i t y ,  t  b e i n g  t h e  t im e  v a r i a b l e .  He s t a t e s  t h a t  

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

r a d i a t i o n  c o n d i t i o n s .  T h i s  method was u s e d  by H av e lo c k  ( I 2 , p 5 6 4 )  who 

d e r i v e d  t h e  u s u a l  s t e a d y - s t a t e  r e s u l t  o b t a i n e d  w i th  t h e  g e n e r a l  

r a d i a t i o n  c o n d i t i o n *

<£ *  S o  U N I C E S
T   ( 2 . 1 . 14c)
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S t o k e r  ( 8 6 , p 5 9 )  f u r t h e r  adds  t h a t  a t  x » -® t h e  wave sys tem  

s h o u ld  behave  l i k e  p r o g r e s s i v e  waves moving away f rom t h e  i n i t i a l  

d i s t u r b a n c e .  Th i s  l e a d s  to  a  u n i q u e  s o l u t i o n  o f  t h e  p ro b lem .

The c o n d i t i o n  a t  x = i s  i m p o r t a n t  i f  an e n t i r e l y  n u m e r i c a l  

a p p ro a c h  i s  t o  be a d o p te d  f o r  t h e  s o l u t i o n  o f  L a p l a c e fs e q u a t i o n  

w i th  t h e  r e l e v a n t  boundary  c o n d i t i o n s .  A d i s c u s s i o n  o f  such  a  

p rob lem  i s  g i v e n  i n  r e f .  77 where p o t e n t i a l  f lo w  i s  d i s c a r d e d  and 

t h e  b a s i c  N a v i e r - S t o k e s  e q u a t i o n s  a r e  s o l v e d  making u s e  o f  th e  

e q u a t i o n  o f  c o n t i n u i t y  ( e q u a t i o n  ( 2 . 1 . 5) )  and b a s i c  v e l o c i t y / p r e s s u r e  

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

2 . 1 * 3  S o l u t i o n  by L i n e a r i s a t i o n

I n  s e c t i o n  2 . 1 . 2  t h e  c o n d i t i o n  o f  a  s h i p  a d v a n c in g  i n t o  

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

a p p r o x i m a t e  m a t h e m a t i c a l  m ode l .  W i th in  th e  l i m i t a t i o n s  o f  t h e  

a s s u m p t i o n s  o f  s e c t i o n  2 . 1 . 1  i t  was found  t h a t  t h e  f l o w  was s p e c i f i e d  

by L a p l a c e ’s E q u a t i o n  s u b j e c t  t o  n o n - l i n e a r  boundary  c o n d i t i o n s  g iv e n  

by e q u a t i o n s  ( 2 . 1 . 8 )  to  ( 2 . 1 . 1 4 ) .

Such  a  p rob lem  h a s  p ro v e d  i n t r a c t a b l e  a n a l y t i c a l l y  due to  t h e  

n o n - l i n e a r  n a t u r e  o f  t h e  b ounda ry  c o n d i t i o n s .  These o b v i a t e  t h e  u s e  

o f  s im p l e  s u p e r - p o s i t i o n  o f  s o l u t i o n s  and b r i n g  a d d i t i o n a l  p rob lem s  

c o n c e r n i n g  t h e  u n i q u e n e s s  o f  any s o l u t i o n  o b t a i n e d .

I t  i s  t h e r e f o r e  n e c e s s a r y  to s i m p l i f y  t h e  boundary  c o n d i t i o n s  by 

l i n e a r i s a t i o n .  S u p e r p o s i t i o n  o f  s o l u t i o n s  i s  the n  p o s s i b l e  and 

c o n v e n t i o n a l  l i n e a r  m a th e m a t ic s  may be u s e d .  A f t e r  l i n e a r i s a t i o n  ( i . e .  

t h e  n e g l e c t  o f  s q u a r e s  and h i g h e r  powers  o f  s m a l l  q u a n t i t i e s  s uch  as  

e t c . )  t h e  boundary  c o n d i t i o n s  become

( 2 . 1 . 1 5 )

f rom e q u a t i o n  ( 2 . 1 . 8 b )

+  VC© *• O
( 2 . 1 . 16)

f rom  e q u a t i o n  ( 2 *1 *1 3 )
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 ( 2 - i a 7 )
f rom e q u a t i o n  ( 2 . 1 . 1 2 b )

We have s t a t e d  t h a t  f o r  l i n e a r i s a t i o n  th e  s q u a r e s  and h i g h e r  

powers  o f  s m a l l  q u a n t i t i e s  may be n e g l e c t e d .  This  i m p l i e s  t h a t  

t h e  p e r t u r b a t i o n  v e l o c i t i e s  must  be s m a l l  and t h a t  t h e  s l o p e s

th e  body s u r f a c e  must  a l s o  be s m a l l ,  as must  t h e  

s u r f a c e  s l o p e s  a s / K  v s / * ?  o f  t h e  f r e e  s u r f a c e .

The f o l l o w i n g  s i m p l i f i c a t i o n s  a r e  made*

( i )  t h e  f r e e  s u r f a c e  c o n d i t i o n  i s  assumed to a c t  a t  z = o 

i n s t e a d  o f  z = "§.

( i i )  t h e  s u r f a c e  e l e v a t i o n  $ i s  assumed to be c a l c u l a b l e  

f rom a / A x .  a t  z = o i n s t e a d  o f  z e t «

( i i i )  I n  what f o l l o w s  i t  w i l l  become a p p a r e n t  t h a t  t h e  body 

s u r f a c e  c o n d i t i o n  i s  assumed to  a c t  a t  y = o i n s t e a d  

o f  y * t j ( x , z ) .

T hese  l a s t  c o n d i t i o n s  f o l l o w  from t h e  g e n e r a l  l i n e a r i s a t i o n .  

Whi le n o t  an e s s e n t i a l  p a r t  o f  t h e  l i n e a r i s a t i o n  i t s e l f ,  t h e y  

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

The r e s u l t  o f  l i n e a r i s a t i o n  i s  t h a t  from t h e  p h y s i c a l  

c o n d i t i o n s  we have  a r r i v e d  a t  a  m a t h e m a t i c a l  r e p r e s e n t a t i o n  i n  

which t h e  s h i p  i s  r e p l a c e d  by a body whose s u r f a c e  s l o p e s  a r e  

eve ryw here  s m a l l ,  a d v a n c in g  a t  c o n s t a n t  v e l o c i t y  i n t o  an i n v i s c i d  

f l u i d ,  making waves of  i n f i n i t e s i m a l  h e i g h t ,  ( s e e  f i g u r e  3 ) .  

C l e a r l y  t h i s  r e p r e s e n t a t i o n  d i v e r g e s  f rom r e a l i t y  i n  two m a jo r  

a s p e c t s .

( i )  V i s c o s i t y  i s  n e g l e c t e d .

( i i )  N o n - l i n e a r i t i e s ,  which may be s i g n i f i c a n t ,  a r e  assumed 

t o  be n e g l i g i b l e .
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FIG.  3
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G u i l l o t o n  h a s  e s t i m a t e d  t h e  m agn i tude  o f  p e r t u r b a t i o n  v e l o c i t i e s  

and t h e i r  c o n t r i b u t i o n  to  e q u a t i o n  ( 2 . 1 . 12 ) f o r  a  d e s t r o y e r  form ( l l ) # 

He found  t h a t  a t  a  s p e e d - l e n g t h  r a t i o  o f  1 .72  t h e  <nr t e rm  

c o n t r i b u t e d  some 26$ o f  t h e  te rm r e t a i n e d  a f t e r  l i n e a r i s a t i o n .  Th i s  

c a l c u l a t i o n  was p e r f o r m e d  a t  a  s t a t i o n  n e a r  t h e  bow where was o f

a p p r e c i a b l e  m a g n i tu d e .  S i m i l a r  i n v e s t i g a t i o n s  f o r  a  m a t h e m a t i c a l  

model  a r e  i n c l u d e d  i n  Appendix A.

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

u n f o r t u n a t e .

2 . 1 . 4  D e r i v a t i o n  o f  t h e  V e l o c i t y  P o t e n t i a l

With  t h e  p rob lem  s t a t e d  m a t h e m a t i c a l l y  i n  te rms o f  a  v e l o c i t y  

p o t e n t i a l  an e x p r e s s i o n  f o r  such  a  p o t e n t i a l  which s a t i s f i e s  L a p la c e * s  

E q u a t i o n  and t h e  v a r i o u s  l i n e a r i s e d  boundary  c o n d i t i o n s  must  be 

d e r i v e d .  We ad o p t  t h e  app roac h  o f  H ave loc k  as d e s c r i b e d  by Lunde ( 8 9 )9 

as sum ing  t h e  body to  be c a p a b l e  o f  r e p r e s e n t a t i o n  by some s u i t a b l e  

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

p a r t i c u l a r  c a s e  and show i t s  r e l a t i o n s h i p  t o  t h e  p o t e n t i a l  o f  a  s im p l e  

s o u r c e ;  t h i s  r e s u l t  w i l l  t h e n  be m o d i f i e d  to  f i t  t h e  f r e e  s u r f a c e  

c o n d i t i o n  and  t h e n  g e n e r a l i s e d  by i n t e g r a t i o n .

An a d v a n t a g e  a r i s i n g  from t h e  u s e  o f  s o u r c e  d i s t r i b u t i o n s  i s  t h a t  

t h e  body s u r f a c e  c o n d i t i o n s ,  g iv e n  by e q u a t i o n s  ( 2 . 1 . 8 ) and ( 2 . 1 . 15 ) 

a r e  a u t o m a t i c a l l y  s a t i s f i e d .  T h i s  i s  d i s c u s s e d  f u r t h e r  i n  s e c t i o n  2 . 2 .

We r e w r i t e  L a p l a c e * s  e q u a t i o n  i n  c y l i n d r i c a l  c o - o r d i n a t e s ,

}?</> +  j _  +• -i» • +• s  0   C 2. . l . i a )
Jax j» if) f)1 V  ii1

A X IS  SYSTEM (CYLINDRICAL CO-ORDINATES) F I G - A
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We d e f i n e  t h e  ' B e s s e l  O p e r a t o r '  Bv  as

^  + a V  ~    ( 2 . 1 . 1 9 )
Y  P ^  f

and a f t e r  u s i n g  a ' s e p a r a t i o n  o f  v a r i a b l e s 1 t e c h n i q u e  to  

o b t a i n  a s o l u t i o n  o f  e q u a t i o n  ( 2 . 1 . 1 8 )  as

}̂ f    ( 2 . 1 . 2 0 )
<f (f>. j )  -- ((• p  &

we f i n d  t h a t  e q u a t i o n  ( 2 . 1 . 1 8 )  r e d u c e s  to

■Z  ̂ CBv *■ (p,p
= 0    (2 . 1 .2 1 )

V - o

F o l l o w i n g  Sneddon (9 0 > p 2 9 l )  t h e  H anke l  T ran s fo rm  o f  ze ro  o r d e r  

( V - o  ) i s  i n t r o d u c e d .

= j  p ilp)<Lp = ^  .............  ( 2 . 1 . 2 2 )

We n o t e  i n  p a s s i n g  t h a t  i f  a  bounded f l u i d  had been  c o n s i d e r e d  

( e . g .  t h e  w a t e r  i n  a t e s t  t a n k )  i t  would have  been  a p p r o p r i a t e  to  

i n t r o d u c e  a  f i n i t e  t r a n s f o r m .  T h i s  h a s  been  done by E g g e r s  (52 )  

who c o n s i d e r e d  su c h  a r e s t r i c t e d  f l u i d  and added t h e  f u r t h e r  

boundary  c o n d i t i o n  :

- O fit j  * -  V 2-
b

where b = t a n k  b r e a d t h .

T h i s  a d d i t i o n a l  boundary  c o n d i t i o n  c a u s e s  an i n f i n i t e  sum 

( i n s t e a d  o f  an i n f i n i t e  i n t e g r a l )  t o  a p p e a r  i n  t h e  v e l o c i t y
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p o t e n t i a l  e x p r e s s i o n  due to i n f i n i t e  images r e f l e c t e d  i n  the  t a n k  

w a l l s  a t  y = -  b /2

R e t u r n i n g  t o  t h e  c a s e  u n d e r  c o n s i d e r a t i o n ,  on m u l t i p l y i n g  bo th  

s i d e s  o f  e q u a t i o n  ( 2 . 1 . 2 1 )  by p To t i p ) and i n t e g r a t i n g  f rom 0 t o  ®

we h a v e

et1 - — o  • • • . . . ( 2 . 1 . 2 3 )

where we have  u s e d  t h e  known r e s u l t  ( r e f .  90*p6 l ,  E q u a t io n  32)

J U 6 ^  l l

E q u a t i o n  ( 2 . 1 . 2 3 )  i s  now seen  to  be an o r d i n a r y  d i f f e r e n t i a l  

e q u a t i o n  i n  ^  . U s ing  t h e  well -known D - o p e r a t o r  method o f  s o l u t i o n  

and c o n s i d e r i n g  t h e  c a s e  where <f> a s  z - >  + «

<£, *  ACi )  e  * ................................................... ( 2 . 1 . 24a)
■b>0

and

X  « b C O  -e *  .............  ( 2 . 1 . 24b)

where A ( i )  and B ( l )  a r e  a r b i t r a r y  p a r a m e t e r s .

I n  what f o l l o w s  the  c a s e  z>o i s  c o n s i d e r e d  remember ing t h a t  

t h e  argument i s  v a l i d  f o r  z<o a l s o ,  r e s u l t i n g  i n  a s im p l e  change  o f  

s i g n  i n  th e  f i n a l  e x p r e s s i o n .

A pp ly ing  th e  Hankel  I n v e r s i o n  Theorem to  e q u a t i o n  ( 2 . 1 .2 4 a )  

g i v e s  ,

wf'd •  r Mtp di .............. ( 2 . 1 . 2 5 )

Th is  i s  a  g e n e r a l  s o l u t i o n  f o r  a v e l o c i t y  p o t e n t i a l  s a t i s f y i n g  

L a p l a c e ’ s E q u a t io n ,  c o n v e r g e n t  f o r  z>o,  i n  which  A ( t )  may be chosen  

t o  s u i t  the  p rob lem i n  hand .
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We wish t o  r e p r e s e n t  th e  "body by a c e r t a i n  d i s t r i b u t i o n  of  

s o u r c e s  and s i n k s .  I t  i s  w e l l  known (9>p57) t h a t  t h e  v e l o c i t y  

p o t e n t i a l  a t  t h e  o r i g i n  due to  a s im p le  s o u r c e  a t  r  i s

it-
t

. . . . . .  ( 2 . 1 . 26 )

where m i s  t h e  s o u r c e  s t r e n g t h .

I f  we t h e r e f o r e  choose Mi)- ***[ ^  (where m i s  some c o n s t a n t )  

and make u s e  o f  t h e  known r e s u l t  o f  I . i p s c h i t z  (91»P384)*

i.O,t)jt . 1 ____f
we h a v e ,  from e q u a t i o n  ( 2 . 1 . 25 )> as  px - a

( 2 . 1 . 26a)

4i * 4 i  (-Pi p -  Mo

e MK,

00
i* *  T ° t ip )  oLi

MO

JT

  ( 2 . 1 . 2 7 )

I t  i s  c o n v e n i e n t  to  r e p l a c e  JoCtj)') by i t s  i n t e g r a l  

r e p r e s e n t a t i o n *

K i p )  -    ( 2 . 1 . 2 8 )

(S ee  91»p20 and 52)

S u b s t i t u t i o n  o f  e q u a t i o n  ( 2 . 1 . 2 8 )  i n t o  ( 2 . 1 . 2 7 )  g i v e s :

/r 2*

P *  I r \oi&

—Tl

o i l
( 2 . 1 . 29)

U s ing  t h e  f a c t  t h a t

P C04 (-8 -  »f) -  pC04 9lO4<I' + p

a c  C  p o o  i f  ,  t j  r

e q u a t i o n  ( 2 . 1 . 2 9 ) becomes:
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= /M .
r*  . r00 -ta .

ct© :3r£ * •€. o i l .............  ( 2 . 1 . 5 0 a )

o r ,  i n  H a v e l o c k ’s n o t a t i o n :

4% - A>A, -  MA,

/f 2.X J

AU.

2.*

-is

p*

-71

ol0

Ot0
,e0

.£ V  s f i ,  oluc
V

( 2 . 1 . 5 0 b )

( 2 . 1 . 5 0 b )

where

Cj> s 0cCJ>A © +■ U «rf4K,0

E q u a t i o n s ( 2 . 1 . 5 0 )  r e p r e s e n t  t h e  v e l o c i t y  p o t e n t i a l  o f  a 

s im p l e  s o u r c e  i n  an unbounded f l u i d  w i t h o u t  a f r e e  s u r f a c e .  As 

soon  as a f r e e  s u r f a c e  i s  i n t r o d u c e d ,  some s o r t  o f  image sys tem  

i n  t h e  f r e e  s u r f a c e  must  e x i s t  (89)*  H ave lock  assumes t h i s  image 

s y s t e m  to  t a k e  an a r b i t r a r y  form end r e p r e s e n t s  i t  by t h e  f u n c t i o n  

F ( 0 , K ) .  T h i s  g i v e s  a  v e l o c i t y  p o t e n t i a l  f o r  t h e  f l u i d  m o t ion  o f

^  = AM,
2LK J

&9
1. <6

where we hav e  assumed t h e  s o u r c e  t o  be  s i t u a t e d  a t  t h e  p o i n t  

( 0 , 0 , - f )  and have  t a k e n  t h e  a p p r o p r i a t e  forms o f  e q u a t i o n  ( 2 . I . 5 0 ) .

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

o f  a t e rm  i n v o l v i n g  a s m a l l  ’f r i c t i o n a l '  f o r c e  p r o p o r t i o n a l  t o  the 

v e l o c i t y .  The r e s u l t i n g  ' f r i c t i o n 1 c o e f f i c i e n t ,  p,, i s  i n s e r t e d  

m e re ly  to  make t h e  a n a l y t i c a l  wave sys tem  t r a i l  a f t  o f  th e  body.

I t  i s  a  p u r e l y  a r t i f i c i a l  c o n c e p t ,  i s  d i s c a r d e d  once i t  h a s  s e r v e d  i t
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p u r p o s e  and i s  d i s c u s s e d  i n  more d e t a i l  i n  r e f e r e n c e s  9,

p . 398 -403 ;  51,  Appendix 1; 89, Appendix 1.

The v a l u e  o f  F ( 8 ,K ) ,  found a f t e r  s u b s t i t u t i n g  ( 2 . 1 . 3 1 a )  i n t o  

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

<f +■ ^  -  j j u  -  o

i s  g i v e n  by

F(©,O  - - mk C tc 4- vc0 A&C,X& + Jjju, jUjUb 'I ^ . . . . . .  (2 . 1*31b)
2* L vc -  vc0 4ecl e +Zju,A£t& J

S u b s t i t u t i o n  o f  ( 2 . 1 . 3 1 b )  i n t o  ( 2 . 1 . 3 1 a )  g i v e s  t h e  v e l o c i t y  

p o t e n t i a l  f o r  a  s o u r c e  a t  th e  p o i n t  ( o , o , - f ) :

<f>6 = Mk. f  d© f |  K+ŷMtle ++A4££e

^  J _ T  J d  2 X  J - i  J d  V C - ULoAu }6+JLj h U£&
0

which becomes,  a f t e r  w r i t i n g  F (0 ,K )  i n  t h e  form:

F  C © ,  l O  5 -  MK  J e T * ®  -  Mk. __ _ _ _ _ _ _ _ _ « - 0 M £ * e  f

tn 2* Ic-vCojJfiC.1© + 4/tiA££B

A  -  AM, -  AM, -  i C o ^ f  jOfifi1© Ot© [  ^
T4 "T —        ( 2 . 1 . 32b)

** 2.TC J»Tt **Ljms£8
where

x t + ^ x+ ; r*  • * l + j x +

This  p o t e n t i a l  i s  com ple ted  by th e  a d d i t i o n  o f  a  te rm

r e p r e s e n t i n g  t h e  u n i f o r m  s t r e a m ,  as shown by Lunde ( 89 ) .

The e x p r e s s i o n  g iv e n  by e q u a t i o n s  ( 2 . 1 . 3 2 )  has  been  d e r i v e d  

i n  some d e t a i l  as i t  i s  a  f u n d a m e n ta l  r e s u l t  o f  H ave lock*s  work 

and i s  t h e  f o u n d a t i o n  upon which t h e  f o l l o w i n g  a n a l y s i s  i s  b u i l t .

I t  i s  i m p o r t a n t  to  h a v e  a c l e a r  i d e a  o f  what  i t  r e p r e s e n t s ,  as  t e rm s  

which do n o t  c o n t r i b u t e  to  t h e  wave r e s i s t a n c e  a r e  i m p o r t a n t  when 

v e r t i c a l  f o r c e s  a r e  c o n s i d e r e d  ; l i m i t i n g  c a s e s ,  as  Ko -*• 0 

and Ko - >  ® a r e  a l s o  o f  im p o r t a n c e .
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2 . 1 , 4 a *  The l i m i t i n g  c a s e  as Ko o

As t h e  wave number Ko t e n d s  t o  z e r o ,  t h e  s p e e d  o f  advance 

t e n d s  to i n f i n i t y .  I t  i s  r e a d i l y  s een  from e q u a t i o n  ( 2 . 1 . 3 2 b )  

t h a t ,  as  Ko o, t h e  p o t e n t i a l  assumes t h e  form t

- A t  — At . . . . . .  ( 2 . 1 . 3 3 a )
r,

w hich  i s  im m e d i a t e l y  i n t e r p r e t e d  as t h e  p o t e n t i a l  o f  a s o u r c e  a t  

t h e  p o i n t  ( 0 , 0 , - f )  and an e q u a l  s i n k  (due  t o  t h e  n e g a t i v e  s i g n )  

a t  t h e  image p o i n t  ( 0 , 0 , f ) .

T h i s  i s  an example o f  th e  ’ i n v e r s e  image* o c c u r r e n c e  a t  a 

f r e e  s u r f a c e  a t  h ig h  s p e e d ,  ( s e e  r e f .  88, p . 25l ) *

I f  we c o n s i d e r  t h e  f r e e  s u r f a c e  c o n d i t i o n  g iv e n  by e q u a t i o n

( 2 . 1 . 1 6 )  we h a v e ,  as Ko —^  0 ,

-  q  t b j & x  M * -  C 6MSTAMT.

i . e . ,  t h e  f r e e  s u r f a c e  a c t s  as a  ’ r i g i d  w a l l 1 w i t h o u t  

g r a v i t a t i o n a l  e f f e c t s .

2 . 1 . 4 . b .  The l i m i t i n g  c a s e  as Ko °°

As Ko », V o and Lunde ( 89) h a s  shown t h a t  a  s e r i e s  

e x p a n s io n  o f  t h e  second te rm i n  e q u a t i o n  ( 2 . 1 . 3 2 a )  g i v e s ,  as  Ko -*>«,

+■ ^    ( 2 . 1 . 33b)

T h i s  i s  t h e  p o t e n t i a l  o f  a s o u r c e  a t  ( 0 , 0 , - f )  w i th  i t s  

c o r r e s p o n d i n g  image s o u r c e  a t  ( o , o , f ) .  S i m i l a r l y  t h e  f r e e  s u r f a c e  

c o n d i t i o n  g i v e s  as Ko ->-00.

^  * o

h

i n  which  c a s e  t h e  f r e e  s u r f a c e  i s  a c t i n g  s im p l y  as a r i g i d  

w a l l .  I f  t h e  s o u r c e  s t r e n g t h  m were g e n e r a l i s e d  to  a s u r f a c e  

s o u r c e  d i s t r i b u t i o n ,  e q u a t i o n  ( 2 . 1 . 33b) would r e p r e s e n t  t h e  p o t e n t i a l
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o f  a d o u b le  o r  r e f l e x  model .

I n s p e c t i o n  shows t h a t  t h e  p o t e n t i a l  has  f i n i t e  and u n e q u a l  

v a l u e s  a t  t h e  two l i m i t i n g  v a l u e s  o f  Ko. This  o b s e r v a t i o n  w i l l  be 

o f  s i g n i f i c a n c e  l a t e r  i n  th e  a n a l y s i s .

We may now a t t e m p t  a p h y s i c a l  i n t e r p r e t a t i o n  o f  e q u a t i o n  ( 2 . 1 . 3 2 ) .  

T a k in g  e q u a t i o n  ( 2 . 1 . 3 2 b )  as an example,  the  f i r s t  two te rms  r e p r e s e n t  

t h e  p o t e n t i a l  o f  a s o u r c e ,  ( o r ,  i n  t h e  g e n e r a l  c a s e ,  a body) and i t s  

r e f l e c t i o n  i n  t h e  f r e e  s u r f a c e ,  assumed t o  rem a in  p l a n e .  The wave 

m o t ion  c a u s e d  by t h i s  body i s  r e p r e s e n t e d  by t h e  t h i r d  te rm ,  which i s  

composed o f  bo th  monotonic  and o s c i l l a t o r y  p a r t s .

I t  i s  i m p o r t a n t  to  remember t h a t  f o r  a com ple te  s o l u t i o n  o f  th e  

p ro b le m ,  we s h o u ld  a p p ly  t h e  method o f  images and add to  t h i s  p o t e n t i a l  a  

t e rm  r e p r e s e n t i n g  th e  i n f l u e n c e  o f  th e  s h i p  on t h e  wave m o t i o n .  This  

would r e q u i r e  t h e  a d d i t i o n  o f  f u r t h e r  te rm s  to  m a i n t a i n  t h e  boundary  

c o n d i t i o n s  and would g i v e  a p o t e n t i a l  i n  t h e  form o f  an i n f i n i t e  

s e r i e s .  H ave lock  has  p u r s u e d  t h i s  method f o r  a submerged c i r c u l a r  

c y l i n d e r ,  as  s t a t e d  above ,  and i t  i s  p e r t i n e n t  to any d i s c u s s i o n s  o f  

t o t a l  o r  p a r t i a l  n o n - l i n e a r  t r e a t m e n t s .

2 . 1 . 5  C a l c u l a t i o n s  o f  P r e s s u r e s .  F o rce s  and Moments

Prom B e r n o u l l i ' s  E q u a t io n  t h e  t o t a l  p r e s s u r e  i n  t h e  f l u i d  i s  g i v e n

We may now c a l c u l a t e  t h e  l i n e a r i s e d  p r e s s u r e  d i s t r i b u t i o n  o v e r  

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

t h e  wave r e s i s t a n c e ,  t h e  v e r t i c a l  f o r c e  and th e  t r im m ing  moment :

by

Z

L i n e a r i s i n g  t h e  dynamic p r e s s u r e  te rm g i v e s
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( 2 . 1 . 3 5 a )

JT P u ‘$‘ p  Ky cU ( 2 . 1 . 35b)

0 4 0 0 4 ( 2 . 1 . 3 5 o )

The c a l c u l a t i o n  o f  th e  l i n e a r i s e d  p r e s s u r e  from e q u a t i o n s  

( 2 . 1 . 52b) and ( 2 . 1 . 5 4 )  i s  now c o n s i d e r e d .

Lunde h a s  shown ( 89 ) t h a t  a f t e r  i n t e g r a t i o n  o v e r  s u i t a b l e  

c o n t o u r s ,  t h e  t h i r d  te rm o f  e q u a t i o n  ( 2 . 1 . 52b) d e g e n e r a t e s  i n t o  

m ono ton ic  and o s c i l l a t o r y  t e rm s .  F o l lo w in g  Bessho ( 84 ) we d e n o te  

t h e s e  t e rm s  as  fo l l o w s *

^  i s  t h e . p o t e n t i a l  due to  th e  monotonic te rm

p o t e n t i a l  due to t h e  o s c i l l a t o r y  t e rm .

We assume t h a t  t h e  s im p le  s o u r c e  s t r e n g t h  m may be  g e n e r a l i s e d  

to  a s u r f a c e  s o u r c e  d i s t r i b u t i o n  o f  d e n s i t y  CT *

( 2 . 1 . 36)

where p o t e n t i a l  due t o  t h e  s o u r c e  and image s i n k

4/lA ,5  J  ( T  c ( , S

D e f i n i n g  a p r e s s u r e  c o e f f i c i e n t  Cp as

( 2 . 1 . 37)

( 2 . 1 . 3 8 a )

and n o t i n g  i n  p a s s i n g  t h a t  t h e  dynamic p r e s s u r e  head

i s  g i v e n  by
( 2 . 1 . 5 8 b )

we may w r i t e ,  f rom e q u a t i o n s  ( 2 . 1 . 56 ) and (2 .1 .5 8 a . )
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ToT ( 2 . 1 . 3 9 )

where

CP0

°pe

'PW

p r e s s u r e  c o e f f i c i e n t  a r i s i n g  from th e  body s o u r c e s  and 

s i n k s  i . e .  t h e  ze ro  wave p r e s s u r e  sys tem 

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

d i s t u r b a n c e  a round  th e  body,  i . e .  t h e  l o c a l  wave p r e s s u r e  

sy s tem

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

a b o u t  th e  body,  i . e .  t h e  f r e e  wave p r e s s u r e  s y s t e m .  (S ee

g .  5 ) .

P o 91 Pw

FIG. 5

I t  may be shown (12 ,  p . 5 2 0 )  t h a t  o n ly  Cpy c o n t r i b u t e s  t o  

and ,  i f  t h e  v e s s e l  i s  s y m m e t r i c a l  ab o u t  t h e  p l a n e  x = o,  CpW 

i s  t h e  o n ly  c o n t r i b u t i o n  t o  t h e  tr im m ing  moment. A l l  t h r e e  

com ponents  o f  t h e  p r e s s u r e  s y s tem  c o n t r i b u t e  to  t h e  v e r t i c a l  f o r c e ,  

Z. i . e .

c *  -  -  i  f f  c fc- .........
ip s v 1 sJJ

• X -

i p  5 V1
cT’*,ru ‘yh'> i f  ^   Ci- 1 •4oi,'>

r
cM=—H — *

i p ^ u v 1 si- c J J  J

- 1 j | j  C>w *dy of*-JJ Cpw (1C.J,

l*=

  ( 2 . 1 . 4 o e )

UJ
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w here  S i s  a  r e p r e s e n t a t i v e  a r e a  ( t a k e n  as t h e  s u r f a c e  

a r e a  o f  t h e  body)  and L i s  a  r e p r e s e n t a t i v e  l e n g t h  ( t a k e n  as 

t h e  l e n g t h  o f  t h e  body)

T h e r e f o r e  a s  Ko -9 o and as Ko +®, C,f and CM- ^ o  f o r  aW «■

s y m m e t r i c a l  model ,  whereas  t e n d s  t o  a f i n i t e  v a l u e  b o th  as 

Ko-* o and Ko Th i s  f o l l o w s  f rom  t h e  d i s c u s s i o n  o f  t h e  l i m i t 

i n g  v a l u e s  o f  t h e  p o t e n t i a l  d e r i v e d  i n  s e c t i o n  2 . 1 . 4 *  A ls o ,  as  

V o  ( K o ® )  t h e  p r e s s u r e  d i s t r i b u t i o n  c o r r e s p o n d s  to  t h a t  o f  a 

d o u b le  o r  r e f l e x  body i n  an i n f i n i t e  f l u i d .

Thus we may c a l c u l a t e  t h e  hydrodynamic  f o r c e  and moment 

c o e f f i c i e n t s  f rom e q u a t i o n s  ( 2 . I . 4 0 ) ,  u s i n g  t h e  l i n e a r i s e d  

p r e s s u r e / v e l o c i t y  p o t e n t i a l  r e l a t i o n  ( 2 . 1 . 34) and t h e  l i n e a r i s e d  

v e l o c i t y  p o t e n t i a l  ( 2 . 1 . 32) .  B e f o r e  we can  do t h i s  f o r  any s p e c i f i c  

body,  i t  i s  n e c e s s a r y  to  f i n d  some means o f  r e p r e s e n t i n g  t h e  body 

i n  t h e  f l o w .
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2 . 2  REPRESENTATION OF THB BODY IN THE FLOW.

We assume t h e  body to  be r e p r e s e n t &b l e  by some d i s t r i b u t i o n

be tw een  two a p p r o a c h e s  to  th e  p rob lem  * One a t t e m p t i n g  to  f i n d  

a  s i n g u l a r i t y  d i s t r i b u t i o n  f rom a knowledge o n ly  o f  t h e  shape  o f  

t h e  body ( t h e  D i r e c t  Method) ,  th e  o t h e r  s t a r t i n g  w i th  a known 

s i n g u l a r i t y  d i s t r i b u t i o n  and t h e n  d ed u c in g  t h e  body which t h i s  

r e p r e s e n t s  ( t h e  I n v e r s e  M ethod) .

2 . 2 . 1 .  The D i r e c t  Method

I t  i s  u s u a l  to  assume a s u r f a c e  s o u r c e  d i s t r i b u t i o n  o f  d e n s i t y  

O" d i s t r i b u t e d  o v e r  t h e  body s u r f a c e .  A l l  t h a t  i s  known ab o u t  t h e  

body i s  t h e  sh ap e  o f  i t s  s u r f a c e  and t h i s  seems th e  o b v ious  p l a c e  

upon  which t o  d i s t r i b u t e  s o u r c e s .

I f  t h e  t o t a l  o u tw ard  normal f l o w  from t h e  body s u r f a c e  S be 

d e n o t e d  by t h e  f o l l o w i n g  c o n d i t i o n  must  h o l d  on S s

where l , m , n  a r e  t h e  d i r e c t i o n  c o s i n e s  o f  t h e  n o rm a l .

Prom e q u a t i o n s  ( 2 . 1 . 2 6 )  and ( 2 . 1 . 5 7 )  we f i n d  t h e  f u n d a m e n ta l  

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

We may now d e r i v e  an i n t e g r a l  e q u a t i o n  f o r  r by f i n d i n g  t h e  

n o rm a l  d e r i v a t i v e  o f  e q u a t i o n  ( 2 . 2 . 2 )  and s u b s t i t u t i n g  i t  i n  

e q u a t i o n  ( 2 . 2 . 1 ) .  I t  has  been  shown (9 2 )  t h a t  as  S i s  a p p ro a c h e d  

t h e  i n t e g r a l  ( 2 . 2 . 2 )  becomes s i n g u l a r  and i t s  p r i n c i p a l  p a r t ,

- 2 tt0* must be  e x t r a c t e d .  P h y s i c a l l y  t h i s  c o r r e s p o n d s  t o  t h e  

c o n t r i b u t i o n  o f  t h e  t w o - d i m e n s i o n a l  s o u r c e  d e n s i t y  to  t h e  l o c a l  

no rm al  v e l o c i t y .  The c o n t r i b u t i o n  o f  t h e  r e m a i n d e r  o f  t h e  s u r f a c e  

t o  t h e  l o c a l  no rm al  v e l o c i t y  i s  g i v e n  by t h e  d e r i v a t i v e  o f  an 

i n t e g r a l  o f  t h e  fo rm  ( 2 . 2 . 2 )  e v a l u a t e d  on S.  Hence on th e  body

o f  s i n g u l a r i t i e s  ( u s u a l l y  s o u r c e s ,  s i n k s  o r  d o u b l e t s )  and d i s t i n g u i s h

(2 . 2 . 1)

(2 . 2 . 2 )
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s u r f a c e  t h e  c o n d i t i o n  i s

( 2 . 2 . 3 )

I n s e r t i n g  t h i s  i n  e q u a t i o n  ( 2 * 2 . l )  g i v e s  th e  i n t e g r a l  

e q u a t i o n  f o r  s

A n u m e r i c a l  scheme f o r  s o l v i n g  e q u a t i o n  ( 2 * 2 , 4 )  i s  g iv e n  

by S m ith  and Hess  i n  r e f .  45 i*1 which t h e  body s u r f a c e  i s  

a p p r o x i m a t e d  by a l a r g e  number o f  p l a n e  e l em en t s  o v e r  each o f  

w hich  i s  assumed to  be  c o n s t a n t .

We summarise  t h e  D i r e c t  Method by n o t i n g  s

i )  The body s u r f a c e  S i s  g i v e n ,

i i )  A s u r f a c e  s o u r c e  d i s t r i b u t i o n  o f  d e n s i t y  <r i s  d i s t r i b u t e d

Thus we h a v e  e n s u r e d  t h a t  t h e  v e l o c i t y  d i s t r i b u t i o n  o v e r  th e  

body i s  c o r r e c t  and a l l  s t r e a m  p a r t i c l e s  rem a in  t a n g e n t i a l  t o  S.

2 . 2 . 1 . a .  The M i c h e l l  -  Havelock  A pprox im a t ion  t o  t h e  D i r e c t  Method.

We assume a c o m p le te  l i n e a r i s a t i o n  o f  t h e  p rob lem  and 

d i s t r i b u t e  t h e  s o u r c e s  o v e r  t h e  p l a n e  y = o .  By d o i n g  t h i s  we 

hav e

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

i i i )  An i n t e g r a l  e q u a t i o n  i n  i s  formed  f rom c o n s i d e r a t i o n  o f  

t h e  boundary  c o n d i t i o n s  on S (The K in e m a t i c  Boundary  

C o n d i t i o n ) •

and f rom e q u a t i o n  ( 2 . 1 . 1 5 )



-  44 -

M = V  ^    ( 2 . 2 . 5 )
doc

on y  = o

S u b s t i t u t i o n  o f  e q u a t i o n  ( 2 . 2 . 5 )  i n t o  e q u a t i o n  ( 2 . 2 . 3 )

g i v e s

c r  =  - V  )   (2 . 2 . 6 )
2.7* I o

where J  ~ * T Cst*

L i n e a r i s a t i o n  i s  now c o m p le t e .  The l i n e a r  boundary  c o n d i t i o n  

( 2 . 1 . 1 5 )  i s  s a t i s f i e d  and we have  d i s t r i b u t e d  s o u r c e s  o v e r  t h e  

c e n t r e l i n e  p l a n e .  (As s t a t e d  above,  t h i s  l a s t  i s  a  consequenc e

o f  l i n e a r i s a t i o n . )  Because  o f  t h i s ,  e x p r e s s i o n  ( 2 . 2 . 6 )  i s  o n ly
W ’I n 

v a l i d  f o r  v e r y  f i n e  b o d i e s  where ^  may be  n e g l e c t e d  and
"bti

i s  o n ly  e x a c t  when ^  c ^  i . e .  a  p l a n k  o f  z e ro  beam. However,
Id

i s  i n  g e n e r a l  f a i r l y  s m a l l ,  e x c e p t  n e a r  t h e  bow where 

i t  may become a p p r e c i a b l e .

2 . 2 . l . b .  H a v e lo c k fs A pproxim ate  Method .

H ave lock  showed ( 1 2 .  p . 5 0 0 )  t h a t  i t  was p o s s i b l e  t o  r e p r e s e n t  

t h e  body u s i n g  a number o f  d i s c r e t e  s o u r c e s  i n s t e a d  o f  c o n t i n u o u s  

d i s t r i b u t i o n .  S u b d i v i d i n g  t h e  body l e n g t h w i s e ,  s o u r c e s  were l o c a t e d  

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

each s o u r c e  were d e t e r m i n e d  from a c o n s i d e r a t i o n  o f  t h e  r e l e v a n t  

t r a n s v e r s e  a r e a s  and v o lum es .  C o n s i d e r a t i o n  o f  t h e  o u t f l o w  o f  f l u i d  

f rom t h e  s o u r c e s  th ro u g h  e l e m e n t a r y  a r e a s  o f  t h e  h u l l  s u r f a c e  gave 

t h e  a p p r o p r i a t e  s o u r c e  s t r e n g t h s .

Lunde (93 )  e x t e n d e d  t h i s  method by t r a n s v e r s e  as w e l l  as 

l o n g i t u d i n a l  s u b d i v i s i o n  o f  t h e  body ( i n  t h i s  c a s e  th e  h u l l  o f  a  

d e s t r o y e r )  and found v e r y  good ag reem en t  be tw ee n  c a l c u l a t e d  wave 

r e s i s t a n c e  and t h e  wave r e s i s t a n c e  deduced  f rom t e s t s  a t  h i g h  s p e e d .  

I t  i s  wor th  n o t i n g  i n  p a s s i n g  t h a t  t h i s  method i s  i d e a l  f o r  d e t e r m i n 

i n g  t h e  s o u r c e  d i s t r i b u t i o n s  f o r  n o n - m a t h e m a t i c a l  forms ; w i t h
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g r e a t e r  s u b d i v i s i o n ,  t h e  d i s t r i b u t i o n  w i l l  become a p p r o x i m a t e l y  

c o n t i n u o u s •

2.2.2. The Inverse Method.

I n u i  ( 2 5 , P . 186-192)  i n v e s t i g a t e d  t h e  M ic h e l l - H a v e l o c k  

a p p r o x i m a t i o n  t o G ’ (x )  i n  g r e a t  d e t a i l .  A f t e r  a  l e n g t h y  i n v e s t i g a t i o n  

he  c o n c l u d e d ,  as migh t  have  been  i n f e r r e d ,  t h a t  i t  was u n s a t i s f a c t o r y .

Assuming a  p o ly n o m ia l  s u r f a c e  s o u r c e  d i s t r i b u t i o n  on t h e  p l a n e  

y  = o ,  he  was a b l e  to  c a l c u l a t e  p o ly n o m ia l  c o e f f i c i e n t s  f rom 

r e l a t i o n s h i p s  be tw ee n  th e  body s u r f a c e  s t r e a m l i n e  where £  i s  t h e  

s t r e a m  f u n c t i o n  o f  t h e  f lo w )  and t h e  shape  o f  t h e  w a t e r p l a n e .  Two- 

d i m e n s i o n a l  b o d ie s  were  i n v e s t i g a t e d  and I n u i * s  p r i n c i p a l  f i n d i n g s  

f o r  one such  form were  t

i )  The M ic h e l l - H a v e l o c k  v a l u e  o f  <5* (x)  was n u m e r i c a l l y  g r e a t e r

a t  t h e  bow and s t e r n  t h a n  I n u i ' s  v a l u e ,

i i )  I n u i * s  CT ( x )  was c u rv e d  compared t o  t h e  s t r a i g h t  l i n e  o f

t h e  M ic h e l l - H a v e l o c k  a p p r o x i m a t i o n .

i i i )  The M i c h e l l - H a v e l o c k  v a l u e  o f  & (x )  i s  much s m a l l e r  as

t h e  m i d s e c t i o n  i s  a p p ro a c h e d .

These  f i n d i n g s  a r e  shown i n  f i g #  6#

INUI
M IC H E LL-H A V E LO C K

! SOURCES
STER N

BOW SINKS

0~(x) M IC H E L L -H A V E L O C K

G (x ) FROM E O T N 4 2 -2 -6 )

INUI’S IN VESTIG A TIO N  OF THE SOURCE D IS TR IB U T IO N  O (x )

A PPRO PRIATE TO THE FORM  y = b ( 1 - x 2 )

FIG. 6
W a t e r l i n e s  were  c a l c u l a t e d  from t h e  two d i f f e r e n t  s o u r c e  

d i s t r i b u t i o n s  f o r  t h e  body and th e y  were  found  t o  d i f f e r  as  a  

c o n s e q u e n c e  o f  t h e  f i n d i n g s  l i s t e d  above .  The w a t e r l i n e s  c a l c u l a t e d
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u s i n g  I n u i ' s  v a l u e s  o f  G“ ( x )  were  d e f i c i e n t  i n  1)6810 a m id s h ip s  

compared to  t h e  M i c h e l l - H a v e l o c k  model ( f rom ( i i i )  above)*

I n u i ’ s w a t e r l i n e s  were a l s o  f u l l e r  a t  bow and s t e r n  ( f rom ( i )  

a b o v e ) *

Wave r e s i s t a n c e  was c a l c u l a t e d  f o r  th e  I n u i  and M i c h e l l -  

H a v e lo c k  a p p r o x i m a t i o n s  and i t  was n o t e d  t h a t ,  a t  h ig h  Froude  

Numbers, I n u i ’s a p p r o x im a t i o n s  gave  t h e  g r e a t e r  v a l u e s ,  t h i s  

t r e n d  b e i n g  r e v e r s e d  a t  low Froude  Numbers.

I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  t h e  s m a l l e r  t h e  b e a m - le n g t h  

r a t i o  o f  I n u i ’ s f o rm s ,  t h e  n e a r e r  i s  h i s  a p p r o x i m a t i o n  t o  t h a t  

o f  M i c h e l l - H a v e l o c k .  T h i s  i s  t o  be e x p e c t e d ,  as t h e  M ic h e l l - H a v e l o c k  

a p p r o x i m a t i o n  t o  t h e  s-ource d i s t r i b u t i o n  becomes i n c r e a s i n g l y  

a c c u r a t e  as t h e  beam te n d s  t o  z e r o ,  as  shown i n  s e c t i o n  2 . 2 , 1 . a*

A f t e r  t h i s  i n v e s t i g a t i o n  I n u i  embarked upon  t h e  I n v e r s e  Method 

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

s t r e a m l i n e  t r a c i n g  t e c h n i q u e s .

2 . 2 . 2 . a .  S t r e a m l i n e  T r a c i n g

A s u r f a c e  s o u r c e  d i s t r i b u t i o n  o v e r  a  p l a n e  (which w i l l  l i e  

w i t h i n  t h e  r e s u l t a n t  h u l l  s u r f a c e )  i s  chosen  a t  t h e  o u t s e t .  

S t r e a m l i n e s  c o r r e s p o n d i n g  to  t h i s  d i s t r i b u t i o n  i n  a u n i f o r m  f low  

V a r e  t h e n  c a l c u l a t e d  from a n u m e r i c a l  s o l u t i o n  o f  t h e  d i f f e r e n t i a l  

e q u a t i o n s  :

~ - 4 *  . =• dg = cL%   ( 2 . 2 . 7 )

V +  ^  V

( r e f .  9, p l 9 )  where u ,  v and w a r e  r e l a t e d  to  a v e l o c i t y  

p o t e n t i a l  as i n  e q u a t i o n  ( 2 . 1 . 4 ) #

I n u i  made an a s s u m p t io n  r e g a r d i n g  t h e  v e l o c i t y  p o t e n t i a l  which

i s  fu n d a m e n ta l  to  t h e  r e m a i n d e r  o f  h i s  r e a s o n i n g .  I t  i s  r e a . d i l y
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s e e n  (and  has  been  shown i n  p r a c t i c e  -  r e f .  94)  t h a t  i f  e q u a t i o n  

( 2 , 1 . 3 2 ) i s  t a k e n  f o r  t h e  v e l o c i t y  p o t e n t i a l ,  any body g e n e r a t e d  from 

a s o l u t i o n  o f  e q u a t i o n s  ( 2 . 2 . 7 )  w i l l  have  a s h a p e  which i s  d ep en d e n t  

on F ro u d e  Number. To overcome t h i s ,  I n u i  assumed th e  v e l o c i t y  

p o t e n t i a l  to  be g iv e n  by t h e  l i m i t i n g  c a s e  ( 2 . 1 . 3 3  b)  as  Ko —*‘co i . e . ,  

as  t h e  F ro u d e  Number t e n d e d  to  z e r o .  T h i s  made t h e  body shape  

i n d e p e n d e n t  o f  F roude  Number a t  t h e  c o s t  o f  t a c i t l y  a s sum ing  t h e  f r e e  

s u r f a c e  to  rem a in  p l a n e  and obey t h e  c o n d i t i o n

& =. o

as  d i s c u s s e d  i n  s e c t i o n  2 . 1 . 4  k .

E q u a t i o n s  ( 2 . 2 . 7 )  were s o l v e d  by t h e  R u n g e -K u t t a  method on a 

h i g h - s p e e d  d i g i t a l  com puter  and t h e  r e s u l t a n t  s t r e a m l i n e s  p l o t t e d .

A l i n e s  p l a n  was t h e n  drawn as an e n v e lo p e  o f  t h e s e  s t r e a m l i n e s .

Bod ie s  d e r i v e d  i n  t h i s  way a r e  te rmed  I n u i d s .

2 . 2 . 2 . b .  The I n u i d  S 201

The body which i s  t h e  o b j e c t  o f  t h e  f o l l o w i n g  i n v e s t i g a t i o n  i s  

a  p a r t i c u l a r  form o f  I n u i d  g e n e r a t e d  f rom t h e  f o l l o w i n g  s t r a i g h t - l i n e  

s o u r c e  d i s t r i b u t i o n  :

O’ s  C L <  V  3C. - 1 6 ■X-JH -  +  1

   ( 2 . 2 . 8 )
s  O El^EWHEfcE.

where t h e  h u l l  has  l e n g t h  2d.  F or  t h e  I n u i d  S201,  a^ = 0 . 8  

and i s  r e l a t e d  t o  th e  b e a m - le n g t h  r a t i o  ( 2 5 > p . l9 4 ) *

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

a r e  g i v e n  by I n u i  i n  r e f e r e n c e  25 and Sharraa i n  r e f e r e n c e  53*

2 . 2 . 3 .  The V a l i d i t y  o f  t h e  D i r e c t  & I n v e r s e  Methods when u s e d  w i th  

t h e  L i n e a r i s e d  Wave R e s i s t a n c e  I n t e g r a l s .

The D i r e c t  and I n v e r s e  methods  d i s c u s s e d  above a r e  summarised  i n  

f i g .  7 and compared i n  T a b le  1 .



-  4 8  -

FIG. 7.
DIRECT METHOD. 

SMITH AND HESS. MICHELL-HAVELOCK HAVELOCK
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%
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SOLVE: c r ( i ) =  t Cst -  S, )  V

I  • V - S .  x
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SEE REF.I2 P. 5 0 0 .

INVERSE METHOD.

STREAMLINE TRACING INUIDKNOWN 9
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SOLVE «

DIRECT AND INVERSE METHODS OF RELATING 

HULL FORMS AND SURFACE SOURCE DISTRIBUTIONS.
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I t  i s  i m p o r t a n t  to  n o t e  t h a t  when e i t h e r  t h e  I n v e r s e  o r  D i r e c t  

Methods a r e  employed,  t h e  body s u r f a c e  c o n d i t i o n  ( e i t h e r  l i n e a r  o r  

n o n - l i n e a r )  i s  a lways  c o m p l e t e l y  s a t i s f i e d .  I n  o t h e r  words,  th e  f lo w  

i s  a lways  w h o l ly  t a n g e n t i a l  t o  t h e  body s u r f a c e .  I n  p a r t i c u l a r ,  t h e  

I n v e r s e  Method e n s u r e s  t h a t  th e  f u l l  n o n - l i n e a r  body s u r f a c e  c o n d i t i o n  -  

e q u a t i o n  ( 2 . 1 . 8  b) i s  s a t i s f i e d  e x a c t l y .

However, I n u i  c a l c u l a t e d  t h e  wave r e s i s t a n c e  f o r  such  a form 

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

f a c t o r s  t o  f o r c e  t h e o r y  and ex p e r im e n t  i n t o  ag re e m e n t .  As s t a t e d  by 

Tuck (4 9 )  > t h e r e  i s  no a  p r i o r i  r e a s o n  why agreement between t h e o r y  

and e x p e r i m e n t  s h o u ld  be  improved  f o r  a  p a r t  n o n - l i n e a r / p a r t  l i n e a r  

t r e a t m e n t  o f  t h e  p ro b le m .  I n  f a c t  i t  would a p p e a r  from r e f e r e n c e  49 

t h a t  c o m p le t e  f u l f i l m e n t  o f  t h e  f r e e  s u r f a c e  c o n d i t i o n  i s  more 

i m p o r t a n t  t h a n  co m p le te  f u l f i l m e n t  o f  t h e  body s u r f a c e  c o n d i t i o n .  

M oreove r ,  Tuck found  t h a t  when a  h i g h e r  o r d e r  f r e e  s u r f a c e  c o n d i t i o n  

was a p p l i e d ,  a  c l o s e d  body was n o t  g e n e r a t e d  when s t r e a m l i n e  t r a c i n g  

t e c h n i q u e s  were  a d o p t e d .

Eng and B r e s l i n  ( 4 6 ) ad o p te d  t h e  a c c u r a t e  D i r e c t  Method o f  Smith  

and H e s s .  Again they  found  t h a t  t h e  c o m b in a t io n  o f  t h e  e x a c t ,  non

l i n e a r ,  body s u r f a c e  c o n d i t i o n  w i th  a p p r o x im a te  l i n e a r  w a v e - r e s i s t a n c e  

i n t e g r a l s  gave  p o o r e r  ag reem en t  be tween  t h e o r y  and e x p e r i m e n t  t h a n  t h e  

w h o l ly  c o n s i s t e n t  l i n e a r i s e d  M i c h e l l  a p p r o a c h .

The w r i t e r  t h e r e f o r e  c o n c lu d e d  t h a t  a  w h o l ly  l i n e a r  t r e a t m e n t  o f  

t h e  p ro b lem  was p r e f e r a b l e  t o  a  p a r t i a l  n o n - l i n e a r  one .  Th i s  became 

a p p a r e n t  when c a l c u l a t i o n s  were p e r fo rm e d  f o r  th e  v e r t i c a l  

hydrodynam ic  f o r c e  a c t i n g  on t h e  I n u i d  S201 ( s e e  s e c t i o n  2 . 3) ,  

N e v e r t h e l e s s  I n u i d  S201 was c h o s e n  f o r  t h e  f o l l o w i n g  

i n v e s t i g a t i o n  b e c a u s e  t
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i )  I t  was t h e  s u b j e c t  o f  e x t e n s i v e  i n v e s t i g a t i o n s  by bo th

I n u i  (2 5 )  and Sharma ( 5 3 ) .  

i i )  I t  was p o s s i b l e  to  co m p le te  a  geos im s e r i e s  w i t h  I n u i  and

S h a rm a !s models  by a s u i t a b l e  c h o i c e  o f  model l e n g t h ,

i i i )  P rom pted  by wave r e s i s t a n c e  c a l c u l a t i o n s  f o r  t h e  I n u i d  S201 

u s i n g  t h e  M ic h e l l - H a v e l o c k  t h e o r y ,  ( p e r f o r m e d  by Dr .  G.E.

Gadd o f  Sh ip  D i v i s i o n ,  N a t i o n a l  P h y s i c a l  L a b o r a t o r y , )  i t  

was f e l t  i t  would be  i n t e r e s t i n g  to  ap p ly  a w ho l ly  l i n e a r  

c a l c u l a t i o n  t o  t h e  form and compare i t  w i th  I n u i ' s  p a r t i a l  

n o n - l i n e a r  t r e a t m e n t s .

U n f o r t u n a t e l y ,  t h e  I n u i d  was s u b j e c t  t o  t h e  f o l l o w i n g  d e f e c t s  1

i )  I t  has  a p ronounced  ' r o c k e r *  t o  t h e  k e e l ,

i i )  The bow and s t e r n  e n d in g s  a r e  rounded  w i th  i n f i n i t e  v a l u e s

o f f y / d x a t  x = - 6 .  Th is  f a c t  was p o i n t e d  o u t  and i n v e s t i g a t e d  

t h o r o u g h l y  by Sharma ( 5 3 j p .2 2 0 -2 2 4 )«

i i i )  T here  was p ronounced  f low  s e p a r a t i o n  a t  h i g h  F roude  Numbers.
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2 . 3 .  HYDRODYNAMIC FORCES ACTING ON INUID S2Q1

E x p r e s s i o n s  f o r  t h e  hydrodynamic  f o r c e s  a c t i n g  on I n u i d  S201 

a r e  now d e r i v e d  i n  more d e t a i l .  Remembering t h e  a s s u m p t io n  t h a t  

s o u r c e s  a r e  d i s t r i b u t e d  on t h e  p l a n e  y = o w i th  s u r f a c e  s o u r c e  

d e n s i t y  g i v e n  by e q u a t i o n  ( 2 . 2 . 6 ) we have  f rom e q u a t i o n s  ( 2 . 1 . 32b) 

and ( 2 . 1 . 3 4 ) t h e  p r e s s u r e  c o e f f i c i e n t ,  CpT0T a t  a  p o i n t  ( x , o , z )  

due t o  a s o u r c e  a t  ( h , o , - f )  s

CpToT (■*., o, = ('Sc- MS) . AV\/ — MS) . AW______

4* JL  VIO I
Tv J-

w here ,  i n  ( 2 . 1 . 3 2 b )  ( x - h )  has  been  s u b s t i t u t e d  f o r  x .  We now

u s e  e q u a t i o n s  ( 2 . 1 . 37) and ( 2 . 2 . 6 ) to o b t a i n

I «l
M\y s f  c* ots = ~  V f dJL f . o ( 2 . 3 . 2 )

J j  2-K J_C, Jo ^

f o r  a  h u l l  o f  l e n g t h  2 &, d r a f t  d and s u r f a c e  e q u a t i o n  

y *= - t ^ ( x , z ) .

Lunde h a s  shown ( 89 ) t h a t  t h e  t h i r d  te rm  i n  e q u a t i o n  ( 2 . 3 * l )  

may be  r e d u c e d  t o  th e  f o l l o w i n g  form a f t e r  i n t e g r a t i o n  o v e r  s u i t a b l e

c o n t o u r s  l e t t i n g  p,-»-o :

.Tr-  %tl vc© I * 4S"*^^ t v 0(x,-&)x£ce] 019

[! p00
+ * j jdetfr oLD j _________ L tfj-ft) - *)] »k d**.

• • • « • •  ( 2 . 3*3)

The f i r s t  i n t e g r a l  i n  e q u a t i o n  ( 2 . 3 * 3 )  a r i s e s  f rom t h e  p o le  

o f  t h e  i n t e g r a n d  and t h e  second  i n t e g r a l  from i n t e g r a t i o n  a l o n g  

t h e  i m a g in a r y  a x i s .  P h y s i c a l l y ,  the  f i r s t  i n t e g r a l  i n  ( 2 . 3 . 3) i s  

o s c i l l a t o r y  and c o r r e s p o n d s  to  t h e  f r e e  wave d i s t u r b a n c e  w hereas  

t h e  se c o n d  i n t e g r a l  i s  monoton ic  i n  n a t u r e  and c o r r e s p o n d s  to t h e  

l o c a l  wave d i s t u r b a n c e .
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On s u b s t i t u t i o n  o f  e q u a t i o n s  ( 2 .3 * 2 )  and ( 2 . 3 . 3 . )  i n t o  

e q u a t i o n  ( 2 . 3 *1 *) we h a v e  f i n a l l y ,

c Ptdt = t M f r )

where
I

CPo Cx.o -  J. f  dJL f  W    oil -  I  [ * f  ^ ------
1  « l t  J. a l *

ftU-VCo I ^  oiil
Li

•<
K ^  _>HU * "T
1  ^ 9  o t e  I  j e ____________________XyCo&t 6 ~MA.tSi*d̂ iud»

> J o  i c © 1  j w e * *  e  +  W *

i fC p ^ ^ O ,^ )  = U-VCp ^

T J a ^
oik ‘i 6 ĉ aLvc0ix‘il)^e]xfii5e d9

• • • • * •  ( 2 . 3*4 )

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

n u m e r i c a l  c a l c u l a t i o n  i s  g iv e n  i n  Appendix  B.

We now s u b s t i t u t e  t h e s e  v a l u e s  f o r  CprjiQip ( * , o , z )  i n t o  e q u a t i o n s  

( 2 . I . 4 0 ) and i n t e g r a t e  o ver  t h e  c e n t r e  p l a n e  th u s  :

C o  = 1  [  f (x. o, i") H  ^
s J.£ id .  **■

( 2 . 5 . 5 a )

fit A °
C z  =  2 ]  (L ie  I  C p I | > T  f a t . o . p  « i - i  

S - U  id. H

’"iic-
* . . . . *  ( 2 . 3 . 5b)

c k  f  ^  C p ^  (a c 4 o ,  X . ̂  o l g . -
( 2 . 5 . 5 0 )

where we h a v e  u t i l i s e d  t h e  symmetry o f  I n u i d  S201 abou t  m i d s h i p s .

V alues  o f  and a n / s j  were o b t a i n e d  f rom t h e  model o f f s e t s

and v a l u e s  o f  CL- C_t , C_. were c a l c u l a t e d  u s i n g  t h e  Glasgow U n i v e r s i t y  PO, PV/, P i

E .E .L .M .  KDF 9 d i g i t a l  com pu te r .  These  p r e s s u r e  c o e f f i c i e n t s  were 

t h e n  i n t e g r a t e d  o v e r  t h e  p l a n e  y = 0 t o  g i v e  t h e  l i n e a r i s e d  f o r c e  and 

moment c o e f f i c i e n t s .
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The moment g iv e n  by e q u a t i o n  ( 2 . 1 . 3 5 c )  i s  made up o f  two p a r t s ,  

one r e p r e s e n t i n g  t h e  moment Hy o f  t h e  v e r t i c a l  component o f  t h e  

p r e s s u r e  f o r c e .  The second  p a r t  r e p r e s e n t s  t h e  moment M^ o f  t h e  

- h o r i z o n t a l  p r e s s u r e  component and may be w r i t t e n

— ^\u). d* • # . . . #  ( 2 .3 * 6 )

i f  Rw a c t s  a  s m a l l  d i s t a n c e  d f below t h e  s t i l l  w a t e r l i n e .  I t  

i s  t h u s  p o s s i b l e  t o  c a l c u l a t e  d* from

I t  must  be  p o i n t e d  o u t  t h a t  th e  c a l c u l a t e d  moment c o e f f i c i e n t  

i s  o n ly  a p p r o x im a te  and was e x p e c te d  to  g i v e  o n ly  q u a l i t a t i v e  

ag re e m e n t  w i th  m easurem en t .  T h i s  i s  due t o  a p p r o x i m a t i o n s  a d o p te d  

i n  t h e  t h e o r y ,  and i n  t h e  f r i c t i o n a l  c o n t r i b u t i o n  to  t h e  moment 

s t r e s s e d  i n  r e f s .  59 and 8 4 .

I t  s h o u l d  be n o t e d  t h a t ,  had  t h e  I n u i  s o u r c e  d i s t r i b u t i o n  

( e q u a t i o n  2 * 2 . 8 )  f o r  the  I n u i d  S201 been  a d o p te d  t h e  wave r e s i s t a n c e  

c o u l d  h a v e  been  c a l c u l a t e d  a d e q u a t e l y  as was done by Sharma and I n u i

( r e f s .  25 and 5 5 ) -  I t  would however ,  be  d i f f i c u l t  to  c a l c u l a t e  t h e

v e r t i c a l  f o r c e  and t r im m in g  moment w i t h o u t  a  p r i o r  knowledge  o f  th e  

body s h a p e .  T h i s  i s  b e c a u s e  i n t e g r a t i o n  o v e r  t h e  x y - p l a n e ,  n e c e s s a r y  

i n  e q u a t i o n s  ( 2 . 1 . 4 0 b )  and ( 2 . 1 . 40c ) ,  would be i m p o s s i b l e  u n l e s s  t h e

v a l u e s  o f  were known i n  advanc e .

U s in g  t h e  M ic h e l l - H a v e l o c k  a p p r o x i m a t i o n ,  I n u i * s  s o u r c e  

d i s t r i b u t i o n  ( 2 . 2 . 8 )  c o r r e s p o n d s  to  t h a t  o f  a  v e r t i c a l  s t r u t  w i t h  

p a r a b o l i c  w a t e r l i n e s  and r e c t a n g u l a r  c r o s s  s e c t i o n  ( s e e  r e f .  55 

p.229> 2 3 8 ) .  The x y - s u r f a c e  i s  now s p e c i f i e d .  I t  i s ,  i n  f a c t ,  t h e
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w a t e r p l a n e  a r e a ,  t h e  c o n t r i b u t i o n  to  t h e  v e r t i c a l  f o r c e  from th e  s i d e s  

o f  t h e  s t r u t  b e i n g  z e r o  as  = 0 on s u r f a c e  (See  f i g .  8 ) .

Thus t h e  p h y s i c a l  s i g n i f i c a n c e  o f  I n u i ! s method o f  r e l a t i n g  so u rc e  

d i s t r i b u t i o n  and body shape  i s  l e s s  obv ious  t h a n  t h a t  o f  t h e  M i c h e l l -  

H av e lo c k  a p p r o x i m a t i o n .  I t  o n ly  seems p o s s i b l e  to  c a l c u l a t e  v e r t i c a l  

f o r c e s  and t r im m in g  moments by u s i n g  I n u i * s  t h e o r y  i n  c o n j u n c t i o n  w i th  

L a g a l l y ' s  Theorem.  The v a l i d i t y  o f  L a g a l l y * s  Theorem f o r  s u r f a c e -  

p i e r c i n g  b o d i e s  i s  by no means c e r t a i n  ; Bessho (84)  found  t h a t  i t s  

u s e  gave  r e s u l t s  i d e n t i c a l  to  t h e  M i c h e l l - H a v e l o c k  a p p r o x im a t i o n  f o r  

wave r e s i s t a n c e  b u t  fo u n d  l a r g e  d i s c r e p a n c i e s  be tween th e  two t h e o r i e s  

when v e r t i c a l  f o r c e s  and t r im m ing  moments were c o n s i d e r e d .

When t h e  v e r t i c a l  f o r c e  Z and t h e  moment M hav e  been  c a l c u l a t e d ,  

t h e y  may be r e l a t e d  t o  an e q u i v a l e n t  mean s t a t i c  s i n k a g e  s and t r i m  

X i n  t h e  u s u a l  manner *

LBS 10 CHANGE AT REST LEVEL BY 0-10 IN C H

  ( 2 - 3 - 8 )

M .C . I  1 IN C H '
x ,  _ M

V a lu e s  o f  s and X  were  a l s o  c a l c u l a t e d  f o r  a r a n g e  o f  s p e e d s .

(The s i g n  c o n v e n t i o n  i n  u s e  w i th  M and x i s  t h a t  a p o s i t i v e  

moment g i v e s  a *bow up* t r i m . )
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2* 4 .  VERTICAL HYDRODYNAMIC FORCE AND FORM RESISTANCE 

2*4*1* Form R e s i s t a n c e

Form r e s i s t a n c e  f o r  a  s u r f a c e - p i e r c i n g  h u l l  making waves i n  a 

v i s c o u s  f l u i d  i s  made up o f  two components ( r e f s *  64 and 65) s

i )  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 ,  R^p a r i s i n g  from an u n b a l a n c e

b e tw e e n  n o rm a l  f l u i d  p r e s s u r e s  on t h e  fo r e b o d y  and a f t  body due to  t h e  

d e v e lo p m e n t  o f  a boundary  l a y e r *

p i e r c i n g  p l a t e  advanc es  a t  s t e a d y  s p e e d  V i n t o  u n d i s t u r b e d  f l u i d  t h e r e  

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

p l a t e *  I f  s u r f a c e  wavemaJcing i s  n e g l i g i b l e ,  t h e  l o c a l  f r e e  s t r e a m  v e l o c i t y  

a t  a  p o i n t  ( x , o , z )  on th e  s u r f a c e  o f  th e  p l a t e  w i l l  e q u a l  t h e  speed  o f  

a dvanc e  V* The r e s u l t a n t  f r i c t i o n a l  r e s i s t a n c e  i s  te rmed Rjr>0 *

The l o c a l  f r e e  s t r e a m  v e l o c i t y  a t  a  c o r r e s p o n d i n g  p o i n t  ( x , y , z )  on 

t h e  s u r f a c e  o f  a  t h r e e - d i m e n s i o n a l  s u r f a c e - p i e r c i n g  body o f  t h e  same 

s u r f a c e  a r e a  o f  t h e  p l a t e  w i l l  n o t  i n  g e n e r a l  e q u a l  V. I t  w i l l  be 

m o d i f i e d  to  V1-V +6V (x ,y ,z ,V )  due to  t h e  s hape  o f  t h e  body and th e  waves 

i t  c r e a t e s .  The t a n g e n t i a l  s h e a r i n g  f o r c e s  on th e  body s u r f a c e  w i l l  

t h e r e f o r e  d i f f e r  f rom th o s e  on t h e  f l a t  p l a t e .  A m o d i f i c a t i o n  o f  

f o l l o w s  and i s  c a l l e d  f r i c t i o n  form r e s i s t a n c e  R f f *

I t  i s  u s u a l  t o  assume t h a t  Ryp and R f f  a r e  c a p a b l e  o f  l i n e a r  

s u p p o s i t i o n ,  th u s  s

i i )  F r i c t i o n  form r e s i s t a n c e  I f  & tw o - d im e n s io n a l  s u r f a c e -

R = R + R
T v

+ R
w

R  * TOTAL RESISTANCE 
T

R  * ' IN TE R FER EN C E RESISTANCE 
I

R f 5 FRICTION RESISTANCE

vfs VISCOUS FORM RESISTANCE

FIG. 9 
  ■ ■ ■ «
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T h i s  breakdown o f  t o t a l  r e s i s t a n c e  i n t o  i t s  component  p a r t s  i s  an 

a d e q u a t e ,  i f  s i m p l i f i e d ,  p i c t u r e .  S u r f a c e  wave-making accom pan ies  a 

h u l l  i n  s t e a d y  m o t ion  and t h i s  must a f f e c t  t h e  components o f  v i s c o u s  

r e s i s t a n c e  ; t h e  components c a n n o t  e x i s t  i n  i s o l a t i o n  and t h e i r  i n t e r 

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

s c a l e ,  p a r t i c u l a r l y  as  t h e  gap i n  s i z e  be tween  model and s h i p  i n c r e a s e s #  

R e c e n t  e m p i r i c a l  i n v e s t i g a t i o n s  ( r e f s .  59 to  6 2 ) h a v e ,  a t  t h e  

e x p e n s e  o f  much e x p e r i m e n t a l  e f f o r t ,  shown v i s c o u s  r e s i s t a n c e  to  v a r y  

w i t h  F ro u d e  Number. No s a t i s f a c t o r y  t h e o r e t i c a l  e x p l a n a t i o n  o f  t h i s  

a p p a r e n t  i n t e r a c t i o n  be tween v i s c o u s  and wave-making r e s i s t a n c e  has  been  

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

key t o  t h e  p rob lem  o f  in t -e rdependence  and i t s  t h e o r e t i c a l  s t u d y ,  no 

m a t t e r  i n  how s im p le  a form, would be  o f  i n t e r e s t  to  c o r r o b o r a t e  

e x p e r i m e n t a l  e f f o r t  and to  pave  t h e  way, u l t i m a t e l y ,  to  the  c a l c u l a t i o n  

o f  s h i p  r e s i s t a n c e  ab i n i t i o .  I n  t h i s  way t h e  awkward p rob lem  o f  e x t r a 

p o l a t i o n  f rom model to  s h i p  migh t  be c i r c u m v e n t e d .

I n v e s t i g a t i o n s  o f  t h e  e f f e c t  on wave r e s i s t a n c e  o f  a  boundary  l a y e r  

were p e r fo rm e d  by H ave lock  ( 1 2 .  p . 528) and more r e c e n t l y  by Eng and 

B r e s l i n  ( 7 0 ) .  Boundary l a y e r s  may now be c a l c u l a t e d ,  a l b e i t  w i t h  

d i f f i c u l t y ,  f o r  some t h r e e - d i m e n s i o n a l  forms  (95 )  and Tanaka  ( 9 6 ) h a s  

s t u d i e d  t h e  p rob lem  o f  form r e s i s t a n c e  f o r  s im p le  bo d ie s#

The d i s a d v a n t a g e  o f  a l l  t h e s e  methods  i s  t h a t  t h e y  i n v o l v e  complex 

n u m e r i c a l  and a n a l y t i c a l  m a n i p u l a t i o n s .  A s u g g e s t i o n  by Horn ( 66) t h a t  

t h e r e  was a r e l a t i o n  be tween f r i c t i o n  form r e s i s t a n c e  and mean s i n k a g e ,  

e x p l o i t e d  l a t e r  by H avelock  (1 2 .  p458 and 6 0 9 ) ,  had  th e  a d v a n ta g e  o f  

s i m p l i c i t y  and a f f o r d e d  a s im p l e  e m p i r i c a l  ( o r  t h e o r e t i c a l )  d e t e r m i n a t i o n  

o f  t h i s  s m a l l  b u t  i m p o r t a n t  component  o f  r e s i s t a n c e .

2#4 #2. H o r n ’ s A n a ly s i s  r e l a t i n g  Mean S in k a g e  to  F r i c t i o n  Form R e s i s t a n c e .

H o r n ’s c o n t e n t i o n  was t h a t  a v a l u e  o f  the  mean f l o w  v e l o c i t y  V„ 

a round  t h e  h u l l  c o u l d  be o b t a i n e d  from t h e  mean s i n k a g e  s by an 

a p p l i c a t i o n  o f  B e r n o u l l i ’ s Theorem t
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|3V / 2  *■ pVM*j % — ( 2 . 4 . 1 )

.-. VM * </(Vl  + Z g s ) ............................................. ............  ( 2 . 4 . 2 )

Assuming t h a t

V„ r V  + S V

he showed t h a t

$V s. /» + -  i   ( 2 . 4 . 3 )

Y v  V*

I f  i t  i s  assumed t h a t  t h e  f l a t  p l a t e  f r i c t i o n  r e s i s t a n c e ,  R^q 

i s  g iv e n  by

=. K V ^  .............  ( 2 . 4 . 4 a )

o r ,  more g e n e r a l l y ,

( 2 ^ =  £tZi t E i  =................................ ............. ( 2 . 4 . 4 b )

we have

W  ■ .............  ( 2 . 4 . 5 a )

E(, V
f rom e q u a t i o n  ( 2 . 4 . 4 a )

MIO
^ # %y . . . . * .  ( 2 . 4 . 5 ° )

£ fo f E< Y
from e q u a t i o n  (2 .4 # 4 W

We d e f i n e  6R~ / R « as r ~ „  a f r i c t i o n  fo rm f a c t o r  b e c a u s e  
20  10 11

6Rf o  * Rf f #
Thus a  knowledge  o f  t h e  mean s i n k a g e  o f  a  s u r f a c e - p i e r c i n g  h u l l  

e n a b l e s  p a r t  o f  t h e  form r e s i s t a n c e  t o  be deduced .  Moreover ,  an e q u a t i o n  

su ch  as ( 2 . 4 . 5 )  2*ay be u s e d  w i th  t h e o r e t i c a l  o r  e m p i r i c a l  v a l u e s  o f  mean 

s i n k a g e  ; an e q u i v a l e n t  mean s i n k a g e ,  c a l c u l a t e d  from e q u a t i o n  ( 2 . 3 . 8 ) 

may be u s e d  t o  c a l c u l a t e  f r i c t i o n  form r e s i s t a n c e  ab i n i t i o .
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I t  may be n o t e d  i n  p a s s i n g  t h a t  an i m p o r t a n t  d e d u c t i o n  may 

be  made f rom such  a s im p le  a n a l y s i s .  I t  f o l l o w s  f rom e q u a t i o n s

( 2 . 4 . 3 ) snd ( 2 . 4 *5 ) t h a t  i f  s i s  p r o p o r t i o n a l  to  t h e  s q u a r e  o f  

t h e  s p e e d  V, 6V/V w i l l  be a c o n s t a n t ,  th u s  i m p l y i n g  a  c o n s t a n t  

fo rm  f a c t o r  Have lock  has  shown t h a t  a t  low sp eed s

(?<0 . 1 , Y/fl  < 0 . 3 3 6 ) ;  mean s i n k a g e  i s  i n  f a c t  r o u g h ly  p r o p o r t i o n a l  

t o  t h e  s q u a r e  o f  t h e  s peed  o f  advance  ( 12 , p . 4 5 8 - 4 6 1 ) .

N e v e r t h e l e s s ,  such  a  s i m p l i f i e d  a n a l y s i s  o f  t h i s  complex 

p ro b le m  must  y i e l d  a n o m a l i e s .  For  example

i )  E q u a t i o n  ( 2 . 4 . 1 )  o n ly  a p p l i e s  to  a  s i n g l e  s t r e a m l i n e  o r  

s t r e a m t u b e  and i g n o r e s  t h e  s t r e a m  f lo w  o v e r  t h e  h u l l  as  a  w ho le .

I n  t h i s  c a s e  s w i l l  r e p r e s e n t  t h e  change i n  s t a t i c  h e a d  a t  a  

p o i n t  on t h e  h u l l  s u r f a c e  and need  n o t  be e q u a l  to  t h e  mean s i n k a g e .

i i )  I t  i s  known t h a t  as s p e e d  i s  i n c r e a s e d ,  mean s i n k a g e  w i l l  

c hange  i n  s i g n ,  b e i n g  p o s i t i v e  a t  low sp eed s  and n e g a t i v e  a t  h i g h  

s p e e d s  as  t h e  p r e s s u r e  o v e r  t h e  h u l l  t e n d s  to  l i f t  i t  f rom t h e  

w a t e r .  Th is  i m p l i e s  t h a t  a t  th e  s p e e d  where s = o,  6V/V from 

e q u a t i o n  ( 2 . 4 *3) must  a l s o  be ze ro  w i th  a s u b s e q u e n t  ze ro  v a l u e  o f  

f r i c t i o n  form f a c t o r

T h i s  may i n  f a c t  h a p p e n ,

i i i )  E q u a t i o n s  ( 2 . 4 . 3 ) and ( 2 . 4 * 5 )  s hed  no l i g h t  on p o s s i b l e  

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

I t  was t h e r e f o r e  c o n s i d e r e d  a d v i s a b l e  t o  u n d e r t a k e  an a n a l y s i s  

b a s i c a l l y  s i m i l a r  to t h a t  o f  H o r n ' s  b u t  i n  c l o s e r  r e l a t i o n s h i p  to  

t h e  p h y s i c a l  c a u s e s .

2 .4*3*  An E x t e n s i o n  o f  H o r n ' s  A n a l y s i s .

Ve c o n s i d e r  a  s h i p  o r  model moving a t  s t e a d y  s p e e d  i n  a f r e e  

s u r f a c e ,  and i n v e s t i g a t e  t h e  s t r e a m  f low  around  t h e  h u l l ,  as  shown 

i n  f i g .  10 .  ( T h i s  s t r e a m  f low  w i l l  v a ry  as t h e  speed  v a r i e s  and 

t h e  a t t i t u d e  o f  t h e  h u l l  changes  bu t  t h i s  i s  a c c o u n te d  f o r  i n  t h e  

f o l l o w i n g  a n a l y s i s . )
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S.W.L.

=> V 1

FIG. 10

We assume th e  v e s s e l  to  be s t a t i o n a r y  i n  a u n i fo rm  f lo w

o f  s p e e d  V .
l

A p p ly in g  B e r n o u l l i ’ s Theorem to an a r b i t r a r y  s t r e a m - l i n e  

we hav e  s

ft-* + 3 «.-■$.') -- y»* -  vt   (2 .4 .6 )

/> 1

Where s u b s c r i p t  1 r e f e r s  to th e  u n d i s t u r b e d  f low ,  and

s u b s c r i p t  2 to  t h e  d i s t u r b e d  f l o w .  We may r e w r i t e  ( 2 . 4 . 6 )  as

Sa* + g -  CVx — Vj^ C\/i+>V|'^
T *  3 *    ( 2 . 4 . 7 )
r

Assuming t h a t  V = V + 6V , we have 
2 1 1

Sv, frv.+sv,') x W ,.V,.zv/i + svi'\ .........  (2<4<8)
p i  V, 2. V
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We now d e f i n e  6V }t h e  mean v a l u e  o f  t h e  v e l o c i t y  i n c r e m e n t s  

o v e r  t h e  h u l l  s u r f a c e  S , as  *

W, = I f SV, ctS Awb w ,  - i f  Sv,2, o£s
s J s  s J *

A f t e r  m u l t i p l y i n g  e q u a t i o n  ( 2 ,4 * 8 )  th ro u g h  by l / s  and i n t e g r a t i n g  

o v e r  t h e  h u l l  s u r f a c e  we have  t

J _ f  (S*.tpq.Zi)dS SV, . V , . V./l  + f v ,  'j ............. ( 2 . 4 . 9 )
p s j s  ' v ,  2 (  * v , y

C l e a r l y ,  t h e  l e f t  hand s i d e  o f  e q u a t i o n  ( 2 .4 * 9 )  r e p r e s e n t s  

t h e  i n t e g r a t i o n  o v e r  t h e  h u l l  s u r f a c e  S ( m o d i f i e d  by t h e  wave 

p r o f i l e )  o f  t h e  p r e s s u r e  d i f f e r e n c e s  due to  m o t io n .  T h i s  w i l l  g i v e  

r i s e  t o  a  r e s u l t a n t  f o r c e  which may b e  r e s o l v e d  i n t o  i t s  

component  p a r t s  s wave r e s i s t a n c e  and v e r t i c a l  f o r c e  Z. Re

w r i t i n g  and r e - a r r a n g i n g  e q u a t i o n  ( 2 .4 * 9 )  g i v e s  :

x \ i  —  _____

* C +  Z 1)*  :  ( C J * C S Y ,  W i / i  + i S v A   ( 2 . 4 . 1 0 )

i p S V , 1 i p s  v,* V . l  i v j

E q u a t i o n  (2 .4 * 1 0 )  may be f u r t h e r  r e - a r r a n g e d  to g i v e  th e  

f o l l o w i n g  q u a d r a t i c  e q u a t i o n  i n  6V/V

i f ~ ( ■£■* >-  °   ( 2 . 4 . 11 )
H V , /  V,

which g i v e s

sv , = J  + CcJ-+ c x*)'>- -  1   (2 .4 .12)
v,

I n  t h e  above a n a l y s i s ,  th e  f l u i d  has  been  assumed to  be 

i n v i s c i d ,  homogenous and i r r o t a t i o n a l .

I f  C i s  n e g l e c t e d  i n  e q u a t i o n  ( 2 .4 * 1 2 )  we have  t

sv, * A + 2 Z -  I   (2 . 4 . 1 3 )

v i  /  psv,*
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At low speeds

Z  -  f>j A w < ( 2 . 4 . 1 4 )

where i s  t h e  l o a d  w a te r p l a n e  a r e a .  S u b s t i t u t i o n  o f  

e q u a t i o n  ( 2 . 4 . I 4 )  i n t o  ( 2 . 4 . 1 3 )  g iv e s

Sv,
V,

1 +■ 2. Q $ .

v ,1 S
( 2 . 4 . 1 5 )

I f  e q u a t i o n  ( 2 . 4 . 1 5 ) i s  compared w i th  Horn*s e q u a t i o n  ( 2 . 4 *5 ) 

i t  i s  s e e n  t h a t  th e  two e x p r e s s i o n s  d i f f e r  by t h e  f a c t o r  A t h e  

r a t i o  o f  t h e  w a t e r - p l a n e  a r e a  to  t h e  w e t t e d  s u r f a c e  a r e a .  I t  i s

’’h u l l ” d e g e n e r a t e s  i n t o  a h o r i z o n t a l  f l a t  p l a t e .

We n o t e  t h a t  e q u a t i o n s  ( 2 . 4 . 1 2 )  and ( 2 . 4 * 5 )  d e m o n s t r a t e  the  

p o s s i b i l i t y  o f  f r i c t i o n  form r e s i s t a n c e  i n t e r a c t i n g  w i th  wave 

r e s i s t a n c e  and v e r t i c a l  f o r c e .

The dependence  o f  f r i c t i o n  form r e s i s t a n c e  on v e r t i c a l  f o r c e  

i s  i n t e r e s t i n g .  I t  s u g g e s t s  t h a t  an a l t e r a t i o n  of  t h e  mean s i n k a g e  

o f  a  s h i p  o r  model by s u i t a b l e  h u l l  d e s i g n  might  have  an e f f e c t  on 

t h i s  component o f  r e s i s t a n c e .

We n o t e  f i n a l l y  t h a t  no l i n e a r i s a t i o n s  have  been  a d o p t e d  i n  

t h e  d e r i v a t i o n  o f  e q u a t i o n  ( 2 . 4 . 1 2 ) .  The on ly  a p p r o x im a t i o n s  

i n v o l v e d  a r e  t h o s e  a r i s i n g  from t h e  a s s u m p t io n  o f  a  p e r f e c t  f l u i d .

s e e n  t h a t  t h e  two e x p r e s s i o n s  a r e  i d e n t i c a l  i f  A^ = S, i . e .  i f  t h e
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2 . 5 -  MODEL EXPERIMENTS.

I n  o r d e r  to t e s t  the  t h e o r i e s  o u t l i n e d  i n  t h e  s e c t i o n s  above,  

model  e x p e r i m e n t s  were conduc ted  on t h e  I n u i d  S201 w i th  th e  

f o l l o w i n g  aims s

i )  Measurement o f  t o t a l  r e s i s t a n c e ,  mean s i n k a g e  and t r i m  

o v e r  t h e  r a n g e  o f  speeds  quo ted  by Sharma ( 5 5 ) and I n u i  ( 2 5 ) .

i i )  Measurement o f  t h e  v e r t i c a l  hydrodynamic f o r c e  f o r  

s u b s e q u e n t  com par ison  w i th  t h e  l i n e a r i s e d  c a l c u l a t i o n  and mean 

s i n k a g e  m easured  i n  i )  above.

i i i )  Measurement o f  t h e  moment c a u s i n g  t r i m  f o r  s u b s e q u e n t  

com p ar i so n  w i th  the  l i n e a r i s e d  c a l c u l a t i o n  and t r i m  measured  in

i ) .

i v )  D e d u c t io n  o f  form r e s i s t a n c e  from t h e  c o m p le t i o n  o f  a 

t h r e e - m o d e l  geos im s e r i e s ,  u s i n g  t h e  r e s u l t s  o f  Sharma and I n u i .

A com par i son  o f  t h i s  form r e s i s t a n c e  w i th  t h e  c a l c u l a t e d  v a l u e s  

from e q u a t i o n  ( 2 . 4 *1 2 ) was a l s o  a t t e m p t e d .

The f o l l o w i n g  s e c o n d a ry  i n v e s t i g a t i o n s  were a l s o  u n d e r t a k e n  : 

v )  A d e t a i l e d  e r r o r  a n a l y s i s  o f  b o t h  t h e  e x p e r i m e n t a l  

t e c h n i q u e s  and t h e  model i t s e l f .

v i )  A s tu d y  o f  t h e  e f f e c t  on measured  t r i m  o f  t h e  to w in g  

p o i n t  h e i g h t  i n  t h e  model .

A l l  e x p e r i m e n t a l  work was c a r r i e d  o u t  i n  t h e  Glasgow U n i v e r s i t y  

E x p e r im en t  Tank,  a  com ple te  d e s c r i p t i o n  o f  which i s  g i v e n  i n  

r e f e r e n c e  59 .  The t a n k  has  d im ens ions  250 f t .  by 15 f t .  by 8 f t .  

and i s  eq u ip p e d  w i th  a c a r r i a g e  s p a n n i n g  t h e  t a n k  c a r r y i n g  th e  

n e c e s s a r y  r e c o r d i n g  and p r o p u l s i o n  equ ipm en t .

2 . 5 . 1 .  D e s c r i p t i o n  o f  t h e  Model .

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  I n u i d  S201 i s  g iv e n  by Sharma

i n  r e f .  5 3 > p . 229-234*

Sharma r e - a n a l y s e d  I n u i ’ s c a l c u l a t i o n s  to  g e n e r a t e  the  h u l l  

( s e e  s e c t i o n  2 . 2 . )  and gave a d e t a i l e d  o f f s e t  t a b l e .  These 

o f f s e t s  were u sed  f o r  t h e  Glasgow model which had  a l e n g t h  o f  

8 .6 0  f e e t .
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T h i s  model l e n g t h  was chosen  so t h a t  t h e  r e s u l t s  o f  the  

Glasgow model  would p l o t  a p p ro x im a te ly  h a l f - w a y  be tween  t h o s e  

o f  I n u i  and Sharma on a g raph  o f  Ct  a g a i n s t  l /  ( l o g |(Rn -  2 ) 2 

where

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

Rn = R e y n o l d ’ s Number

I n  t h i s  way a t h r e e - m o d e l  geosim s e r i e s  would r e s u l t #

A body p l a n  o f  t h e  I n u i d  S201 i s  g iven  i n  f i g u r e  11 and 

a co m p a r i s o n  o f  th e  t h r e e  models  o f  t h e  geos im s e r i e s  i s  g iv e n  

i n  t a b l e  2.

The model i t s e l f  was c o n s t r u c t e d  o f  g l a s s - r e i n f o r c e d  p l a s t i c  

( G . R . P . )  u s i n g  a wax female  mould.  A f t e r  th e  s u r f a c e  had  been  

f i n i s h e d  w i th  f o u r  c o a t s  o f  p o l y u r e t h a n e  y a c h t  enamel,  i t  was 

b u r n i s h e d  to  p r o v i d e  a smooth s a t i n  f i n i s h  devo id  o f  b r u s h  m arks .

A g r i d  was drawn on th e  s i d e  of  t h e  model w i th  ’Chinagraph* 

p e n c i l  to  l o c a t e  t h e  s t a t i o n s  ( s p a c e d  a t  L / 2 0 ) ,  t h e  a t - r e s t  w a t e r 

l i n e  and o t h e r  w a t e r l i n e s  a t  •£- inch  i n t e r v a l s  f o r  the  p u rp o s e  of  

wave p r o f i l e  measurem en t .

I n t e r n a l l y  t h e  model s h e l l  was s t r e n g t h e n e d  by t h r e e  G .R .P .  

b u l h e a d s ,  w i th  i n t e r m e d i a t e  r i b s .  D e ta c h a b le  wooden 'decks*  

s u p p o r t e d  b a l l a s t  i n  t h e  form o f  10 l b .  l e a d  w e i g h t s .

To a l l o w  f o r  an a n t i c i p a t e d  l a r g e  bow wave a t  h igh  s p e e d s ,

a  r a i s e d  f o r e c a s t l e  was added to g i v e  a f r e e b o a r d  o f  9*6 i n .

fo r w a r d ,  t h e r e  b e i n g  a f r e e b o a r d  o f  4 .4  i n .  e l s e w h e r e .  At a

l a t e r  s t a g e  d e t a c h a b l e  G.R.P .  bu lw arks  were made t o  g i v e  a 

u n i f o r m  9 .6  i n .  f r e e b o a r d ,  t h e s e  b e i n g  n e c e s s a r y  to  p r e v e n t  

swamping o f  t h e  model a f t e r  a  h ig h  s p e e d  r u n .  ( P l a t e  4 shows t h e  

model  w i th  bu lw arks  f i t t e d . )

2 . 5 . 2 .  T o t a l  R e s i s t a n c e ,  S in k a g e  and Trim M easu rem e n ts .

The model was towed from a p o s i t i o n  20 in c h e s  f o r w a r d  o f  

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



-  66 -

F1G.11
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LENGTH
BEAM
DRAFT

8-600 ft.
1-056 ft.
0 430 ft. (at perps.) 
0 842ft. (midships)

9-5
LWLO

WL 1

WL 2

WL 3

WL 5

WL 6

WL7

WL 8

WL 9

WHO

BODY PLAN
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DIMENSION TOKYO GLASGOW Hamburg

L, Length,  f t . 5*7400 8.6000 15.1200
B, Bread th ,  f t . 0.7052 1.0565 1.6118

d ,  D r a f t ,  f t .  -  a t  pe rpendicu la rs 0.2870 0.4500 0.6560

-  amidships O.5619 0.8415 1.2858

Aw, Load waterplane  a rea ,  f t 3 - 6.6502 15.4420

Ajg, Midship s e c t i o n  a re a ,  f t 2 0.5152 0.7074 1.6585

V  , Volume of  d isplacement ,  f t 3 1.2224 4.1057 14.4870

V.C.B. below load water  l i n e ,  f t . - 0.5285 0.5011

S , Vett ed  su r f a c e  (exac t)  -  f t 2 6 . 9891 15.7141 56.5530

^0 * ” " (approximate)  -  f t 2 6.9891 15.5629 36.2209

Beam/length r a t i o 0.1229 0.1228 0.1228

D r a f t / l e n g t h  r a t i o  -  a t  pe rpendicu la rs 0.0500 0.0500 0.0500

-  amidships 0.0979 0.0978 0.0978

C'w, V ate rp lane  a r e a  c o e f f i c i e n t - 0.7297 0.7299

Cjjj Midship s e c t i o n  c o e f f i c i e n t 0.7950 0.7958 0.7912

C-g, Block c o e f f i c i e n t 0.5575 0.5567 0.5331

CpH H or izon ta l  -  P r ism a t ic  c o e f f i c i e n t  -
cb/ c*

O.676I O.6744 O.6738

Cpv V e r t i c a l  n "
Cb/C« - O.7555 0.7304

io3v/ l3 6.465 6.4517 6.409

S/^TL, Taylor su r face  a re a  c o e f f i c i e n t
(exac t ) 2.657 2.645 2.650

S0/ / ^ L ,  " « " "
(approximate) 2.657 2.620 2.627

MCT1” , Moment ( l b s #f t . )  to  change tr im)
one inch  ) a 

)
Pounds p e r  0.1" immersion ) l . ' / .L

- 16.578 -

- 5.458 -

L.C.B. a t  des ign d r a f t midships midships midships

P i t c h in g  p e r io d ,  s e c s . - 0.860 -

Ijj ,  Longi tud ina l  moment of  i n e r t i a  o f  V/1 
plane  f t 4 • - 27.4954 -

INUID S201 -  PRINCIPAL DIMENSIONS AMD FORM

PARAMETERS -  COMPARISON 0? TOKYO HAMBURG

ADD GLASGOW MODELS TABLE 2
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t o  t h e  v e r t i c a l  d u ra lu m in  towing  p o s t  as shown i n  f i g u r e  12.

The p o i n t  o f  a p p l i c a t i o n  o f  the  tow ing  w i re  was one i n c h  be low 

t h e  a t - r e s t  w a te r  l e v e l .

l o t a l  r e s i s t a n c e  was measured on the  s t a n d a r d  dynamometer* 

th e  o u t - o f - b a l a n c e  f o r c e  b e i n g  r e c o r d e d  by a pen on a r o t a t i n g ,  

p a p e r - c o v e r e d  drum.

SinKages  a t  t h e  f o r e  and a f t  p e r p e n d i c u l a r s  were m easured  by 

l i n e a r  d i s p l a c e m e n t  t r a n s d u c e r s ' on t h e  model, l i n k e d  to  an 

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

r e c o r d e r .

C a l i b r a t i o n  o f  t h e  s i n k a g e  t r a n s d u c e r s  was e f f e c t e d  by the  

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

r a i l s  as shown i n  f i g u r e  13 . T h i s  c a l i b r a t i o n  was. checked  

p e r i o d i c a l l y  d u r i n g  th e  e x p e r im e n t s  and was found to  hav e  a n e g l i g i b l e  

v a r i a t i o n ,  b e i n g  l i n e a r  o v e r  most  o f  t h e  r a n g e .

FIG 13
./.// / /

ARMATURE SUPPORT WIRE 
CLAMPED TO GAUGE .

VERNIER HEIGHT GAUGE.

INSTRUMENT RAILS.

MODEL. SINKAGE TRANSDUCER.

S.W.L.

SINKAGE TRANSDUCER CALIBRATION ARRANGEMENT.
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Ground speed  was measured  u s i n g  an o p t i c a l  method (97) a^d 

was c o n t r o l l e d  by a Ward-Leonard speed  c o n t r o l .  D i g i t a l  r e a d i n g s  

o f  s p e e d ,  t o  t h r e e  dec im a l  p l a c e s ,  were d i s p l a y e d  on an e l e c t r o n i c  

d i g i t a l  c o u n t e r  a t  i n t e r v a l s  t h r o u g h o u t  th e  r u n .  A mean s p e e d  was 

c a l c u l a t e d  f o r  each  run  f rom t h e  r e a d i n g s  o f  the  d i g i t a l  c o u n t e r .

Th is  v/as an a r i t h m e t i c  mean and was t a k e n  o v e r  a p e r i o d  when 

r e s i s t a n c e  and to w in g  f o r c e  were w e l l  h a l a n c e d  and t h e r e  was minimum 

model  s u r g e .

The f o l l o w i n g  checks  and p r e c a u t i o n s  were a l s o  a d o p te d :

i )  At t h e  s t a r t  o f  each  day*s r u n n i n g  th e  model s u r f a c e  was 

wiped  t o  remove any s m a l l  a i r  bubb les#

i i )  P e r i o d i c  checks  were c a r r i e d  ou t  on th e  s t a t i c  d r a f t  and 

t r i m  o f  t h e  model .

i i i )  The s t a n d a r d  p r o c e d u r e  f o r  measurement  o f  w a t e r  t e m p e r a t u r e  

a t  t h e  Glasgow Tank was u s e d ,  i . e . ,  t e m p e r a t u r e s  were measured  t h r e e  

t i m e s  a day a t  1 in c h  i n t e r v a l s  i n  dep th  down to  4 i n c h e s  and th e n  

a t  2 in c h  i n t e r v a l s  to  a  d e p t h  o f  12 i n c h e s .  I n t e r p o l a t i o n  t h e n  

gave  t e m p e r a t u r e s  a t  one t h i r d  o f  t h e  m id sh ip  d r a f t  o f  t h e  model and 

f u r t h e r  i n t e r p o l a t i o n  on a t e m p e r a t u r e / t i m e - o f - d a y  graph  gave  the  

t e m p e r a t u r e  f o r  each  r u n ,

i v )  The e f f e c t s  o f  t e m p e r a t u r e  d i f f e r e n c e  on water -movement 

and t h e  r e s u l t a n t  ‘ t i d e 1 have  been  d i s c u s s e d  by F e rg u s o n  ( 9 8 ) .  T ide  

was t h e r e f o r e  measured  im m e d ia te ly  p r i o r  t o  each  run  on th e  c e n t r e l i n e  

o f  t h e  t a n k  a t  t h e  h a l f - l e n g t h  p o s i t i o n .  The d i s t a n c e  t r a v e l l e d  by 

a  f l o a t  i n  100 seconds  gave a v a l u e  f o r  t h e  t i d e  s peed  and t h e  ground 

s p e e d  was a d j u s t e d  a c c o r d i n g l y  t o  g i v e  t h e  speed  o f  t h e  model  th ro u g h  

t h e  w a t e r .

A  r a n g e  o f  F roude  Number o f  0 . 1 1 — & - 0 . 6 8  was chosen  and the  

r e s u l t s  a r e  g iv e n  i n  t a b l e  3 and f i g u r e s  14 and 15.  A l l  th e  Ct  v a l u e s  

have  been  c o r r e c t e d  t o  a s t a n d a r d  t e m p e r a t u r e  o f  59°F, t h e  speeds  

h a v i n g  b e i n g  c o r r e c t e d  f o r  b lo c k a g e  u s i n g  an e q u a t i o n  due t o  Conn ( 9 9 ) :

(2 . 5 . 1)
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where

A = mean c r o s s - s e c t i o n a l  a r e a  o f  model .

Fg = Froude  Depth number = v /y s r  

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

h = d e p t h  o f  w a t e r

V* = model sp eed  c o r r e c t e d  f o r  back  f low  6V o r  V1 = V + 6V 

Wave p r o f i l e s  a t  v a r i o u s  s p e e d s  t h r o u g h o u t  th e  r a n g e  were 

r e c o r d e d  p h o t o g r a p h i c a l l y  u s i n g  a camera w i th  remote  s h u t t e r  r e l e a s e  

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

a p p r o x i m a t e l y  h a l f -  f u l l - s i z e  and wave p r o f i l e  o r d i n a t e s  were 

m e asu re d  to  an a c c u r a c y  o f  O.O625 i n c h .

2 . 5 * 2 ,  a .  T u r b u l e n c e  S t i m u l a t i o n .

In  o r d e r  to  s t i m u l a t e  a  t u r b u l e n t  boundary  l a y e r ,  s t i m u l a t i o n  

s t u d s  were f i t t e d  a t  0 . 051* a f t  o f  t h e  fo rw a rd  p e r p e n d i c u l a r ,  a  

p r a c t i c e  a d o p te d  by Sharma and I n u i .  For  t h e  i n i t i a l  s e r i e s  o f  

t e s t s ,  s t u d s  i n  common u s e  a t  t h e  Glasgow Tank were a d o p t e d .  These  

were  c y l i n d r i c a l  s t u d s ,  0 .125  i n c h e s  i n  d i a m e t e r ,  p r o j e c t i n g  0 . 1  inch  

above  t h e  s u r f a c e  o f  t h e  model ,  s p a c e d  15 mm a p a r t .

R e f e r e n c e  to  f i g u r e  14 shows t h a t  t h e  Glasgow t o t a l  r e s i s t a n c e  

c o e f f i c i e n t s  were i n  g e n e r a l  low er  t h a n  would have  been  e x p e c te d ,  

a f t e r  i n t e r p o l a t i o n  on i s o - F r o u d e  l i n e s ,  from t h e  r e s u l t s  o f  b o th  

Sharma and I n u i .  T h i s  was t h o u g h t  to  be due to  l a m i n a r  f lo w  

r e s u l t i n g  from a co m b in a t io n  o f  two f a c t o r s  s

i )  The Glasgow model was n o t  f i t t e d  w i th  th e  same ' p l a t e *  

s t u d s  as t h o s e  o f  I n u i  and Sharma.

i i )  The Glasgow model was made f rom G.R .P .  w i th  an e x c e p t i o n a l l y  

good s u r f a c e  f i n i s h .  Both Sharma and I n u i ' s  models  were made o f  

wood.

T a g o r i  (100)  s t u d i e d  t h e  e f f e c t  o f  v a r i o u s  sh ap es  o f  

s t i m u l a t o r s  and p r o v i d e d  g rap h s  which e n a b l e  a s u i t a b l e  s t i m u l a t o r  

to  be d e s i g n e d .
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C a r r i a g e
Speed

f t / s e c

Tide 
f t . / s e c .

R e s i s t a n c e
l b .

Temp,

°P
Cs

Bov/
Cs

S t e r n

3*177 - 0 .012 O.635 60 .87 - 0 .126 - 0 . 1 1 1

2 .2 7 0 - 0 .0 1 0 0 .321 60.93 - 0 .0 4 0 - 0 .0 4 6

2*473 - 0 .006 0 .4 1 0 61 .02 - 0 .0 6 0 - 0 . 0 4 1

2 .7 1 1 - 0 .0 1 3 0 .5 1 0 61 .11 -O.O59 - 0 .060

3 .4 3 0 -O.OO7 0.860 61.17 - 0 .140 - 0 .119

3 .600 - 0 .002 1 .000 6 1 .23 - 0 .198 - 0 . 1 3 3

3 .680 - 0 .002 1.080 61.57 - 0 .1 9 8 - 0 .1 1 3

3 .881 - 0 .010 1.210 61.65 - 0 . 2 3 5 - 0 . 1 5 9

4 . 2 8 0 - 0 .0 0 6 1.645 61 .85 - 0 .2 5 7 - 0 .1 5 9

4 .1 5 7 - 0 .002 1 .530 61.92 - 0 . 250. - 0 .192

4 .7 1 7 - 0 .0 1 5 2 .035 62.02 - 0 .3 2 9 - 0 .2 7 8

4 .4 2 0 - 0 . 0 1 7 1 .708 61 .55 - 0 . 3 0 9 - 0 .2 0 6

4 .5 4 0 - 0 .0 0 5 1 .810 61 .70 - 0 .3 1 6 - 0 . 2 3 9

4 .9 9 7 - 0 .0 0 5 2 .825 61 .40 - 0 .382 - O . 3I 8

4 . 8 4 0 - 0 . 0 1 7 2 .400 61.50 - 0 .3 1 9 - 0 . 3 1 1

3 .955 - 0 . 0 1 7 1.305 61 .63 - 0 .220 - 0 .1 5 1

2 .7 8 0 - 0 .005 0 .530 61.82 - 0 .051 - 0 .0 9 3

2 .935 0 0 .600 62 .15 - 0 .0 5 1 - 0 . 0 9 5

4 .O84 - 0 .005 1.475 62 .17 - 0 .232 - 0 . 1 5 4

3 .216 - 0 .010 0 .700 62.13 - 0 .129 - 0 . 0 9 4

2 .5 2 0 - 0 . 0 0 3 0 .400 62.12 - 0 . 0 7 4 - 0 .0 4 0

1 .8 1 8 - 0 .005 O.240 6 2 .1 0 - 0 .029 - 0 .0 2 9

5 .0 7 5 - 0 .0 0 6 3.310 62.05 - 0 . 3 3 8 - 0 . 3 3 1

4 . 7 6 8 - 0 .010 2 .210 60.42 - 0 . 2 9 4 - 0 .2 9 2

5 .065 - 0 .007 2 .910 60 .58 - 0 . 3 9 0 - 0 . 4 0 4

4 .9 7 5 +0 .002 2.770 60.10 - O . 36O - 0 . 3 8 4

5 .3 3 5 - 0 .002 3.712 60.52 - 0 .4 2 6 - 0 . 4 3 1

5 .1 5 4 - 0 . 0 1 5 3.310 60.82 - 0 . 3 8 9 - 0 . 4 0 4

5 . 2 8 8 - 0 .012 3 .600 61 .11 - 0 . 4 1 9 - 0 . 4 2 4

5 .5 1 0 - 0 .0 1 1 3.985 6 1 .1 8 - 0 .4 7 2 - 0 . 4 1 8

TOTAL RESISTANCE, SINK AGE AND TRIM R5SUI.TS -  CYI.IHDRICAL STUDS

TABLE 5A
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C a r r i a g e  
Speed 

f t / s e c

Tide 
f t / s  ec

R e s i s t a n c e
lb

Temp.

°F
cs

Bow
Cs

S t e r n

5 .407 0 3.810 61.57 - 0 .4 5 6 - 0 .4 0 4

5 .270 0 3.460 61 .70 - 0 .4 0 4 - 0 . 4 1 1

5 .850 - 0 . 0 2 0 4 .060 61 .73 - 0 .5 5 9 - 0 . 4 9 8

5 .652 - 0 . 0 1 5 3.950 61.81 - 0 .522 - 0 . 4 2 9

5 .7 5 8 0 4 .0 0 0 61.84 - 0 . 5 3 8 - 0 . 4 4 8

6 .0 2 6 +0.0C3 4 .3 3 0 60.80 - 0 .5 3 8 - 0 .623

5 . 9 3 8 +0 .001 4 .194 61 .30 - 0 . 5 4 8 - 0 . 5 5 8

5 .5 7 9 +0 .007 3.970 61.67 -O .509 -0 . 4 3 7

2 .6 2 5 0 0 .500 62.20 -O.O96 - 0 .0 7 3

2 .4 1 0 - 0 . 0 0 7 0 .400 62.22 -O.O69 -0 . 0 6 0

6 .366 - 0 . 0 2 0 5 .240 62 .24 - 0 . 5 2 9 - 0 .8 6 2

6 .2 2 3 - 0 . 0 2 6 4 .735 62.25 - O .506 - 0 .8 0 2

2 .0 1 7 +0 .010 0.285 62.22 - 0 . 0 5 3 - 0 . 0 4 4

3 .0 2 6 - 0 . 0 1 0 0 .6 3 1 62 .20 - 0 . 1 4 0 - 0 . 1 1 4

6 . 1 1 0 - 0 .0 3 0 4 .460 62.19 - 0 . 5 4 7 - 0 . 7 0 8

1 . 9 3 5 0 0 .2 5 0 62.05 - 0 . 0 5 7 - 0 .042

5 .035 - 0 .0 2 5 2 .9 0 8 62.02 - 0 . 3 7 0 -0 .3 9 2

1 .9 0 0 - 0 . 0 1 0 0 .250 61 .97 - 0 . 0 5 3 -O.O34

2 . 1 6 6 - 0 . 0 0 2 0.331 61.95 - 0 .0 6 8 - 0 . 0 5 4

4 .2 0 2 - 0 . 0 1 5 1.605 61.90 - 0 .272 -0 .2 1 3

5 . 3 3 0 - 0 . 0 0 7 3*668 61 .88 - 0 . 4 3 7 - 0 . 4 1 8

2 .1 2 0 - 0 . 0 1 2 0 .300 6 1 .8 9 - 0 . 0 6 6 - 0 . 0 6 0

3 .983 - 0 . 0 0 5 1.332 61 .90 - 0 . 2 3 7 - 0 . 1 9 2

5 . 5 7 6 - 0 . 0 1 5 3-895 61 .92 - 0 . 5 0 7 - 0 . 4 2 4

6 .2 4 4 - 0 . 0 1 0 4 .8 1 9 61 .94 - 0 . 4 8 8 - 0 . 8 5 0

6 . 3 3 6 +0.002 5 .0 6 8 63 .30 - 0 . 4 5 0 - 0 . 9 6 1

6 .4 8 3 0 5 .7 9 0 63 .64 - 0 . 3 5 1 - 1 . 1 7 3

6 .2 1 7 - 0 . 0 1 2 4 .7 2 5 60.92 - 0 . 5 0 3 - 0 . 8 1 7

6 . 5 4 8 - 0 . 0 1 5 6 .140 61.42 - 0 . 3 3 1 - 1 .225

6 .7 2 0 - 0 . 0 1 7 7 .1 7 8 61 .76 - 0 .1 8 2 - 1 . 3 2 6

6 .615 - 0 . 0 2 5 6 .320 59 .65 - 0 . 2 7 9 - 1 . 3 0 1

TA3L5 3A CONT.
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C a r r i a g e  
Speed  
f t / s e c .

T ide  
f t / s e c .

R e s i s t a n c e
lb

Temp.

°F
Cs

Bow

C 1s
S t e r n

6 .8 0 7 - 0 .011 7.565 60.00 - 0 .110 - 1 .627

7 .0 2 2 - 0 .0 0 5 9.095 60 .08 +0.095 - 1 . 9 6 3

6 .890 - 0 .0 0 5 7.745 60.16 - 0 . 0 4 3 - 1 . 7 7 0

6 .9 2 9 - 0 . 0 1 5 8 .538 60 .16 0 -1 .8 1 2

7 .1 2 5 0 9.983 60.12 +0 .1 7 8 - 2 .121

7 .262 - 0 .0 0 5 10 .698 60.02 +0 .317 - 2 . 3 1 4

7 . 4 1 0 +0.005 11.695 60 .24 +0 .447 - 2 . 56O

7.400 +0 .001 11 .915 60.55 +0.450 - 2 . 4 5 4

6 .712 +0.002 7 .092 61 .13 +O.235 - 1 . 3 8 4

7 .595 - 0 .020 12.495 61.34 +O.522 - 2 . 5 7 7

7 .9 7 7 - 0 . 0 0 5 15 .679 61 .74 +0.933 - 3 . 2 4 3

7 .5 2 5 -0 .0 1 5 11.292 58 .00 +O.338 -2 . 3 2 1

7 . 6 5 0 - 0 .001 13.780 58.00 +0 .665 - 2 .656

8 .016 +0.002 15.695 58 .04 +0 .985 - 3 .022

8 .0 5 5 - 0 . 0 1 5 16 .050 58.21 +1 .020 - 3 . 0 8 9

8 . 5 0 8 - 0 .010 1 8 .305 5 8 .43 +1 .317 - 3 . 3 8 7

8 .2 2 5 - 0 .025 16 .890 58 .17 +̂ • 0 -̂3 CO - 3 . 2 4 3

8 .295 +0.005 17 .355 58 .57 +1 .124 - 3 . 2 7 1

8 . 66 l - 0 .0 0 5 18 .620 58 .77 +1 .398 - 3 . 4 4 8

8 . 96I - 0 . 0 0 7 19.695 59.12 +1.509 - 3 .5 0 2

8 .737 - 0 . 0 1 0 1 8 . 96O 57.69 +1.416 - 3 . 5 3 9

9 .1 0 5 - 0 . 0 2 5 20 .0 9 0 57.72 +1 .550 - 3 . 6 0 6

9 .2 7 4 - 0 . 0 2 5 20 .510 57 .77 +1 .573 - 3 . 6 6 1

9 .3 6 3 +0.005 20 .810 57.85 +1 .660 - 3 .660

9 .6 0 0 - 0 . 0 0 3 21 .290 57 .94 +1 .713 - 3 . 6 1 2

9 .8 0 3 - 0 . 0 0 7 21 .709 58 .00 +1 .776 -3 . 6 8 5

6 .6 8 5 - 0 . 0 2 2 6 .8 5 1 5 8 .06 - 0 .146 - 1 . 3 8 7

7 .7 9 0 - 0 . 0 2 0 14 .398 58 .13 +0 .7 6 4 - 2 .900

8 .351 - 0 . 0 1 8 17 .428 5e . 22 + I .224 - 3 . 2 9 6

9 . 9 6 3 - 0 .0 1 5 22 .025 58 .60 + I .840 - 3 . 6 9 7

1 0 .1 8 3 +0.005 2 2 .709 58 .77 +1.939 - 3 . 7 2 1

TABL5 3 A CCNT.
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Carriage
Speed

ft/sec

Tide
ft/sec

Resis tance 
lbs.

Temp.
°F

Cs
Bow

Cs
Stern

1 0 .3 6 0 - 0 . 0 1 5 23 .170 57 .72 +2.015 - 5 . 7 5 1

10 .672 +0 . 0 2 5 25 .955 57 .95 +2.061 - 5 . 7 6 4

1 1 .1 3 7 +0 .0 1 0 25 .038 58 .57 +2 .569 - 4 . 0 7 4

10.795 0 24 .394 58 .40 +2.091 - 5 . 7 7 2

9.551 - 0 . 0 1 0 21 .209 58.64 +1.689 - 5 . 6 6 0

9.752 - 0 . 0 2 0 21 .595 58 .77 +1.817 - 5 . 6 4 2

9 .8 2 0 - 0 . 0 0 7 21 .790 58 .46 +1.782 - 5 . 7 5 7

TABI.B 5A COKT.

Carriage
Speed
ft/sec

Tide 
f t/s ec.

Resis tance 
lbs.

Temp.
°C

Cs
Bow

Cs
Stern

5 .1 5 9 - 0 . 0 0 1 3.265 1 2 .70 - 0 . 4 1 3 - 0 . 4 1 8

2 . 0 7 0 +0.015 0 .275 13.52 - 0 .013 - 0 . 0 4 0

2 . 5 4 0 - 0 . 0 0 1 0 .445 13 .70 -O.O69 - 0 .072

5.085 - 0 .0 4 0 O.650 13.82 - 0 . 1 0 6 - 0 .1 0 3

5 .584 - 0 . 0 2 1 0 .900 13 .90 - 0 .130 - 0 . 1 8 7

4 .1 4 5 +0.005 1 .585 13 .76 - 0 . 2 6 9 - 0 . 1 9 9

5 .2 9 5 - 0 . 0 1 0 0 .7 6 0 13.65 - 0 . 1 2 2 - 0 . 1 2 6

5 .8 7 0 - 0 . 0 3 5 1.197 1 3 .53 - 0 . 2 2 4 - 0 . 1 8 0

4 .5 5 1 0 1 .730 13 .37 - 0 . 3 3 0 - 0 .2 3 0

4 .2 1 5 0 1.667 1 3 .23 - 0 . 2 7 8 - 0 . 1 9 9

2 . 38O - 0 . 0 1 4 0 .395 12 .94 - 0 . 1 0 4 - 0 . 1 0 7

4 . 2 5 7 - 0 . 0 0 7 1 .679 12 .97 - 0 .300 - 0 . 2 1 8

4 . 6 1 4 - 0 . 0 1 1 1 .963 13 .03 - 0 . 3 3 4 - 0 . 2 6 2

4 . 5 2 6 - 0 . 0 2 0 1.809 13 .13 - 0 . 3 2 6 - 0 .272

4 . 7 7 2 - 0 . 0 0 1 2 .268 1 3 .2 6 - 0 . 3 4 5 - 0 .322

4 . 9 4 4 - 0 . 0 0 6 2 .741 13 .32 - 0 . 3 6 9 -O .364

5 .239 0 3.553 13 .41 - 0 .4 2 6 - 0 . 4 0 6

5 .4 9 4 - 0 . 0 1 1 3.923 13 .52 - 0 . 5 0 6 - 0 . 3 8 7

5 .3 8 4 - 0 . 0 1 0 3.841 13.63 - 0 . 4 7 1 - 0 . 4 1 8

RESISTANCE, SINKAGE AND TRIM RESULTS - PLATS STUDS
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Carriage
Speed
ft/sec

Tide 
f t/s ec.

Resis tance 
lbs.

Temp,
°C

Cs
Bow

Cs
Stern

5 .6 2 0 - 0 . 0 0 7 4 .030 13.75 - 0 .5 5 1 - 0 . 4 2 9

5 . 4 9 6 - 0 . 0 2 0 4 .005 12 .75 - 0 . 5 9 7 - 0 . 4 2 5

5 . 8 7 1 - 0 . 0 2 0 4 .150 12.85 - 0 . 5 9 5 - 0 . 5 2 5

5 . 7 6 1 - 0 . 0 2 5 4 .078 12 .91 - 0 . 5 8 6 -O .464

5 . 9 8 9 - 0 . 0 1 6 4.337 13 .10 - 0 . 5 9 9 - 0 . 5 6 0

6 .177 - 0 . 0 2 1 4 .7 4 3 13 .20 - 0 . 5 4 3 - 0 .7 5 5

6 .079 +0 .011 4 .484 13 .40 - 0 .5 6 2 - 0 . 6 1 5

6 .3 5 7 - 0 . 0 1 0 5.414 13 .52 - 0 .4 5 2 - 0 . 9 2 8

6 .2 8 3 - 0 . 0 1 0 5 . 063 13.62 - 0 . 4 9 9 - 0 . 8 3 2

6 .5 3 4 +0 .010 6 .093 1 3 .76 -O .356 - 1 .2 1 6

6 .7 3 7 - 0 . 0 0 7 7.295 13 .81 - O . I 9I -1 .4 9 2

6 .6 2 7 0 6 .606 13 .91 - 0 . 2 7 8 - 1 . 3 4 3

6 . 8 1 6 0 7 .867 13 .91 - 0 . 1 0 0 - 1 .630

7 .025 - 0 . 0 1 1 9.271 13 .30 - -

6 .955 - 0 . 0 1 5 8.804 13 .32 - -

7 .2 9 1 0 11 .282 1 3 .3 3 - -

7 . 1 7 4 - 0 .0 0 5 10.446 13 .35 - -

7 . 5 0 3 - 0 .0 0 1 12.774 13 .41 - -

7 . 5 2 3 - 0 . 0 1 1 12 .893 13 .50 - -

7 .4 4 5 - 0 .005 12 .509 13 .67 - -

7 . 0 6 6 - 0 . 0 1 0 9.707 13 .83 - -

5 . 6 2 8 0 4 .022 13 .5 4 - 0 .569 - 0 . 3 5 5

4 .8 8 7 - 0 .007 2 .575 13 .57 - 0 .360 - 0 . 3 0 3

4 .4 1 7 - 0 . 0 1 0 1.759 13 .67 - 0 .3 1 3 - 0 . 2 0 6

3 .38  6 -0 . 0 1 1 0 .853 13 .72 - 0 .169 - 0 . 0 9 3

3 .256 - 0 . 0 2 0 0 .7 6 8 13 .75 - 0 . 1 4 8 - 0 .0 9 0

2 . 7 8 3 - 0 .005 0 .542 1 3 .7 6 - 0 . 1 2 1 - 0 . 0 6 7

2 .289 - 0 . 0 0 8 0 .364 13 .82 -O .C 69 -0.0A5

2 .3 8 5 - 0 . 0 2 0 0 .392 1 3 .8 4 - 0 . 0 6 9 - 0 .052

1 .9 3 6 - 0 .025 0 .2 5 4 1 3 .8 6 - 0 . 0 3 9 - 0 .030

3 .727 - 0 . 0 2 0 1.093 1 3 .87 - 0 . 2 1 5 - 0 . 1 1 9

TABLE 5B CONT.
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He n o t e d ,  moreover,  t h a t  e x t e n s i v e  a r e a s  o f  l a m i n a r  f lo w  

c o u l d  e x i s t  when c y l i n d r i c a l  s t u d s  were  u s e d ,  t h e s e  b e i n g  m in im ise d  

when o t h e r  s t i m u l a t o r s  were a d o p te d .  ( s e e  f i g .  1 6 ) ,

I t  was found ,  from T a g o r i !s g r a p h s ,  t h a t  p l a t e  s t u d s  o f  

d im e n s i o n s  shown i n  f i g .  16 were s u i t a b l e  f o r  s t i m u l a t i n g  t u r b u l e n c e  

on t h e  Glasgow mode l .  The p o s i t i o n  o f  t h e  s t u d s  a f t  o f  t h e  bow 

c o u l d  n o t  be r e c o n c i l e d  w i th  a s u i t a b l e  s t u d  p i t c h  ( P i )  from 

T a g o r i ! s recom m enda t ions .  At t h i s  j u n c t u r e  i t  was a p p r e c i a t e d  

t h a t  t h e  p rob lem was n o t  n e c e s s a r i l y  t o  o b t a i n  com p le te  s t i m u l a t i o n ,  

b u t  t o  g e t  s t i m u l a t i o n  s i m i l a r  to  t h a t  o f  I n u i  and Sharma.  The 

p o s i t i o n  o f  t h e  s t u d s  a f t  o f  t h e  fo rw ard  p e r p e n d i c u l a r  was th u s  

f i x e d  and a compromise p i t c h  o f  10 mm was c h o s e n .

From r e f .  (100)  t h e  r e s i s t a n c e  due to  t h e s e  s t u d s  a l o n e  was 

0 . 0 0 9  t i m e s  t h e  f l a t  f r i c t i o n  r e s i s t a n c e ,  a t  a  F roude  Number

o f  0 . 1 0  and O.OO35 Np0 a t  a  F roude  Number o f  0 . 1 4 .  These 

r e s i s t a n c e  i n c r e m e n t s  were c o n s i d e r e d  n e g l i g i b l e .

P l a t e  s t u d s  o f  t h e  d im ens ions  shown i n  f i g .  16 were made o f  

x y l o n i t e  and f i x e d  to  t h e  model w i th  an im pac t  a d h e s i v e .

R e s i s t a n c e  t e s t s  were r e - r u n  o v e r  th e  s p e e d  r a n g e  up to  a F roude  

Number o f  O .45O and t h e  r e s u l t s  a r e  g iv e n  b o th  i n  t a b l e  5 and 

f i g u r e  14 .

A l l  s u b s e q u e n t  e x p e r i m e n t s  were run  u s i n g  t h e s e  s t u d s .

2 . 5 * 2 .  b .  Towing P o i n t  T e s t s .

A s e c o n d a r y  s e r i e s  o f  e x p e r i m e n t s  was c o n d u c te d  to  d e t e r m in e  

t h e  e f f e c t  o f  t o w in g  p o i n t  h e i g h t  on r e s i s t a n c e ,  s i n k a g e  and 

t r i m  ( 1 0 1 ) .

The to w in g  p o s t  shown i n  f i g u r e  12 was m o d i f i e d  by t h e  

a d d i t i o n  o f  t a p p e d  h o l e s ,  a t  t h e  p o s i t i o n s  shown i n  f i g u r e  17>



g i v i n g  a " to ta l  v a r i a t i o n  o f  10 in c h e s  i n  t h e  h e i g h t  o f  t h e  

to w in g  p o i n t #

FIG 17

SIDE ELEVATION FRONT ELEVATION

TAPPED 4 B.S.F

S.W.L.

SPLIT PIN

TOWING WIRE
^4 D.S.F BOLT

LOCK NUT.
TOWING POSITIONS.

S.W.L,

TOWING POST.

T e s t s  were c a r r i e d  o u t  as d e t a i l e d  above f o r  r e s i s t a n c e ,  

s i n k a g e  and t r i m .  Two s p e e d s  were chosen  f o r  t h e  t e s t  v i z .

4 . 4 6  f t . / s e c .  (F roude  Number o f  0 . 2 6 8 )  and 5*75 f t . / s e c .  (Froude  

Number o f  0 . 3 4 5 )«  These  sp eed s  c o r r e s p o n d e d  t o  t h e  ’f l a t 1 p o r t i o n s  

o f  t h e  r e s i s t a n c e - s p e e d  c u rv e ,  t o  f a c i l i t a t e  b a l a n c e  be tween  a p p l i e d  

t o w in g  f o r c e  and r e s i s t a n c e .

T e s t s  a t  a  h i g h e r  speed  c o r r e s p o n d i n g  t o  a Froude  Number o f  

0 .3 7 2  were a t t e m p t e d ,  b u t  as r e s i s t a n c e  was c h a n g in g  v e r y  r a p i d l y  

w i t h  s p e e d  a t  t h i s  p o i n t ,  i t  was fo und  v e r y  d i f f i c u l t  t o  m a i n t a i n  a 

b a l a n c e  b e tw e e n  to w in g  f o r c e  and t o t a l  r e s i s t a n c e .  T e s t s  a t  t h i s  

p a r t i c u l a r  s p e e d  were abandoned.

Due to  changes  i n  t h e  c a r r i a g e  speed  c a l i b r a t i o n  and th e  e f f e c t  

on s p e e d  o f  t h e  ' t i d e ' ,  t h e  mcdel was towed a t  s p e e d s  above and below 

t h e  d e s i r e d  v a l u e  a t  each to w ing  p o s i t i o n ,  t h e  r e s u l t s  b e i n g  

i n t e r p o l a t e d  a t  t h e  a p p r o p r i a t e  s p e e d .  I n  o r d e r  t o  o b t a i n  as 

a c c u r a t e  an i n t e r p o l a t i o n  as p o s s i b l e ,  one o f  t h e  s p e e d s  was c h o s e n
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t o  be  c l o s e  to t h e  d e s i r e d  speed#

A total of 67 runs were made of which 9 gave doubtful or

u n u s e a b l e  r e s u l t s  and so were r e j e c t e d #  The r e s u l t s  o f  th e

r e m a i n i n g  ru n s  a r e  shown i n  t a b l e  4 and f i g u r e s  18A to  18D#

The c h a n g e s  i n  r e s i s t a n c e  due t o  v a r y i n g  th e  towing  p o i n t

h e i g h t  a r e  shown i n  f i g u r e s  18A and 18B# F i g u r e  18A a p p e a r s  to

h a v e  a t u r n i n g  v a l u e  i n  th e  c u rv e  a t  a p p r o x im a te ly  one i n c h  below

t h e  s t i l l  w a t e r  l e v e l .  T h i s  i s  n o t  c o n f i rm ed  by r e s u l t s  a t  t h e*
h i g h e r  s p e e d ,  shown i n  f i g u r e  18B. I t  i s  s u g g e s t e d  t h a t ,  as  t h e  

s c a t t e r  o f  e x p e r i m e n t a l  s p o t s  i n  F i g u r e  18A i s  ab o u t  -Vfo o f  t h e  

maximum r e s i s t a n c e ,  and t h i s  i s  th e  o r d e r  o f  a c c u r a c y  to  which 

t h e  e x p e r i m e n t s  were conduc ted  (See s e c t i o n  2 . 6 ) ,  i t  would be 

e r r o n e o u s  t o  draw any f i r m  c o n c l u s i o n s  f rom t h i s  p l o t t i n g .  I f  

however  f i g .  18A does show a t r e n d ,  i t  would a p p e a r  t h a t  t h e  

r e s i s t a n c e  f o r c e  v e c t o r  a.cts a  l i t t l e  be low t h e  s t i l l  w a t e r  l e v e l #  

This  f i n d i n g  i s  s u b s t a n t i a t e d  by p r e s s u r e  measurements  o v e r  model 

h u l l s  ( s e e  f o r  example,  r e f #  5 9 )*

Mean s i n k a g e  and t r i m  r e s u l t s  a r e  shown i n  f i g u r e s  18C and 

18D. T h e r e  i s  no s i g n i f i c a n t  change  i n  mean s i n k a g e  a t  e i t h e r  

speed#

A d i s t i n c t  r e d u c t i o n  o f  t r i m  by t h e  head ,  c o r r e s p o n d i n g  t o  

a  l o w e r i n g  o f  t h e  towing p o i n t ,  o c c u r r e d  a t  each  s p e e d ,  th e  r eaons  

f o r  t h i s  b e i n g  w e l l -k n o w n .  ( 12, p* 523 )*

From t h e s e  o b s e r v a t i o n s  i t  was con c lu d ed  t h a t  t r i m  measurements  

can  be s i g n i f i c a n t l y  i n  e r r o r  i f  t h e  wrong to w in g  p o i n t  h e i g h t  i s  

u s e d .  I t  a p p e a r e d  t h a t  t h e  to w in g  h e i g h t  o f  abou t  one i n c h  below 

w a t e r  l e v e l ,  ad o p te d  f o r  a l l  r e s i s t a n c e ,  s i n k a g e  and t r i m  t e s t s ,  

was p r o b a b l y  c o r r e c t .

2 . 5 . 3 . V e r t i c a l  F o rce  M easu rem en ts .

V e r t i c a l  f o r c e s  a t  bow and s t e r n  were measured  o v e r  t h e



MODEL 

RES IE

SPEED THROUGH VATHR 

rAIICE :

EXPERIMEI

: f t . / :

lb s

t a l  r e : ; ;

; ec

TLTS FOR ?  = 0-268

SIUhAGE : inches  

TEMPERATURE t °C. 
TRIM(BY HEAD) i inchc

Towing 
Pos i  t  i 01

V/a t e r  
i Speed Rea i s  ta n cc I n t e r 

pol a te d  
Res i s  tanc?

0 inkn^e 
P .P .

S ink.'j/'-n 
A.P.

Mean
S in k -

a^e

Trim
By

Head

I n t e r -  
p o l a t e d  
Mean 
S irika^e

I n t  e r -  
p o la te d  

Trim
Temp.

0 4 .2 7 8 1 .725 0 .3 5 3 0 .215 . 0 .274 0 .1 1 8 11.20
0 4 .5 5 1 1 .8 8 0 1.807 0 .354 0 .260 0 .3 0 7 0 .094 0 .302 0 .102 11.26
0 4 .3 7 0 1 .760 0 .3 4 6 0 .235 0 .290 0.111 11.29

+1 4 .2 8 6 1 .725 0 .352 0 .240 0 .2 8 6 0 .092 11.3C
+1 4 .6 4 6 2 .0 3 8 1.800 0 .3 6 7 0 .285 0 .3 2 6 0 .082 0 .291 0 .117 11.32
+1 4 .4 4 ? 1 .790 O.346 0 .227 0 .2 8 6 0 .119 11.35

-1 O A 1 .725 0 .324 0 .215 0 .2 7 0 0 .109 11.40
-1 4 .5 9 4 1 .935 1 .800 0 .3 5 9 0 .275 0 .317 0 .084 0 .2 9 6 0 .081 11.53
-1 4 .4 4 6 1 .790 0 .530 0 .260 0 .2 9 5 0 .070 10.73

-2 4 .3 0 6 1 .710 0 .300 0 .220 0 .2 6 0 0 .080 11.65
-2 4 .6 1 3 2 .0 5 0 1.795 0 .335 0 .305 0 .3 2 0 0 .030 0.293 0 .066 11.97
-2 4 .4 5 8 1.792 0 .3 2 6 0 .260 0 .2 9 3 0 .0 6 6 12.15

- 3 4 .3 7 2 1.735 0 .3 1 5 0 .2 6 0 0 .2 6 7 0 .0 5 5 11.35

-3 4 .? 9 5 1 .746 1.784 0 .3 1 0 0 .250 0 .2 8 0 0 .060 0 .2 9 1 0 .060 11.46

-3 4 .5 2 5 1 .853 0 .5 2 0 0 .265 0 .2 9 2 0 .055 11.46

-3  ■ 4 .4 6 6 1.792 0 .5 2 0 0 .2 6 5 0 .293 0 .0 5 5 11.47

-4 4 .3 7 2 1 .752 0 .310 0 .2 6 0 0 .2 8 5 0 .050 12.26

-4 4 .5 1 2 1 .833  . 1 .795 0 .5 1 5 0 .270 0 .2 9 2 0 .045 0 .2 9 2 0 .050 12.25

-4 4 .3 2 7 1.739 0 .5 1 5 0 .2 3 5 0 .2 7 5 0 .080 11.33

-5 4 .3 2 3 1 .7 5 8 0 .3 0 0 0 .270 0 .285 0 .030 11.36

-5 4 .5 2 6 1 . 8/16 1 .778 0 .3 1 0 0 .2 8 0 0 .295 0 .030 0 .283 0 .053 11.37

-5 4 .4 6 5 1 .780 0 .3 0 0 0 .2 6 5 0 .282 0 .035 11.36

- 6 4 .3 6 5 1 .760 0 .290 0 .2 5 0 0 .270 0 .040 11.45

- 6 4 .5 6 3 i . o e 4 1 .773 0 .3 1 0 0 .300 0 .305 0 .0 1 0 0 .2 8 9 0 .015 11.52

- 6 4 .4 7 0 1.775 0 .3 0 0 0 .285 0 .292 0 .015 11.62

+ 3 4 .3 5 3 1 .752 0 .5 2 5 0 .2 0 5 0 .2 6 5 0 .120 11.73

+ 3 4 .5 6 3 1 .894 0 .5 5 0 0 .2 4 0 0 .295 0 .110 11.86

. +3 4 .3 6 9 1.764 1.787 0 .3 6 5 0 .225 0 .2 9 5 0 .140 0 .284 0.126 11.46

' +3 4 .4 0 3 1 .7 6 9 0 .3 5 5 0 .2 2 0 0 .2 7 7 0.115 1 1 . 6C

+ 5 4 .4 9 5 1 .800 0 .350 0 .220 0 .2 8 5 0 .130 11.65

i

TOVING POINT TESTS TABLE 4
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KXPPRli-iKilTAL i t l - l S l l t . T S  P Q R  ?  =  O . ^ S

Towing 
P o s i t io n

Water
Speed R esis tance

I n t e r 
po la ted
R esis tance

Sinkage
P.P .

Sinkage 
A.P.

Mean 
Sink age

Trim By 
Head

I n t e r 
po la ted
Mean
Sinkage

I n t e r 
po la ted
Trim Temp,

0 5.805 4.091 0.600 0.440 . 0.520 0.160 • 12.21

0 3.835 4.109 0.575 0.430 0.502 0.145 12.17
0 5.825 4.111 4.077 0.600 0.430 0.515 0.170 0.515 0.150 12.06

0 5.674 4.051 O.565 0.385 0.475 0.160 11.81

0 5.703 4.083 0.530 0.515 0.522 0.015 12.30

0 5.717 4.080 ' 0.582 O.463 0.522 0.119 12.53

+3 5.842 4.151 0.680 0.405 0.542 0.275 12.54

+3 5.720 4.068 4.076 0.550 0.351 0.450 0.199 0.495 0.298 12.54

+3 5.788 4.084 0.660 0.355 0.507 0.305 12.55

+5 5.637 4.050 0.644 0.330 0.487 0.314 12.58

-6 5.908 4.204 0.553 0.536 0.544 0 . 0 ’7 12.62

-6 5.790 4.090 4.072 0.553 0.483 0.518 0.070 0.508 0.073 12.69

• -6 5.640 4.050 0.516 0.449 0.487 0.067 12.77

-3 5.932 4.220 0.599 0.511 0.555 0,088 12.82

-3 5.767 4.094 4.085 0.585 0.449 0.517 0.136 0.510 0.135 13.03

-3 5.657 4.042 0.545 0.408 0.476 0.137 13.15

-5 5.912 4.235 0.558 0.543 0.550 0,015 13.27

-5 5.604 4.042 4.074 0.555 0.472 0.513 0.083 0.480 0.080 13.40

-5 5.775 4.085 0.513 0.453 0.483 0.060 12.67

-1 5.884 4.220 0.615 0.474 0.544 0.141 12.67

-1 5.757 4.052 4.065 0.592 0.404 0.498 0.188 0.498 0.189 12.73

-1 5.609 4.033 0.562 0.385 0.473 0.177 12.77

+1 5.903 4.217 0.637 0.453 0.545 0.184 12.87

+1 5.779 4.092 4.076 0.623 0.594 O.5O8 0.229 0.501 0.230 13.55

+1 5.589 4.027 0.584 0.373 0.478 0.211 12.20

TABLE 4 CONTD.
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FIG 18A

VARIATION OF RESISTANCE WITH TOWING HEIGHT.
SPEEDS 4 .4 6  ft/sec., . ^ 0 2 6 8 .

+ 3

I /oOF MAX. RESISTANCE
+ 2

POSSIBLE MEAN CURVE

- 2

- 3

- 4

- 5

18751825 18501 8 0 0  
RESISTANCE (Tbs)

1.77517501725
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VARIATION OF RESISTANCE WITH TOWING HEIGHT.

+ 3 r

+2

+ I

SPEED «» 5-75 f t /sec. ,  - J *  0 * 3 ^ 5

H
1% OF MAX

-  I

- 2

- 3

- 4

- 5

— 6
3-95  4  0  0  4  0 5  4 1 0  4 1 5

RESISTANCE (jb s )

b
RESISTANCE.

 l__________ i
4 .2 0  4-25
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ELG18C
VARIATION OF MEAN SINKACE AND TRIM 

WITH TOWING HEIGHT

SPEED" 4 - 4 6 f t / s e c . ,

TRIM BY HEAD POSITIVE

+ 3 r

5%  OF MAX TRIM. 5%  OF MEAN SINKAGE.

+2

TRIM

MEAN SINKAGE^

- 2

- 3

SINKAGE AND T R I M - INCHES
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F1G18D
VARIATION OF MEAN SINKAGE AND TRIM 

WITH TOWING HEIGHT

S P E E D - 5 75 ft/sec.,  5 » 0-345 

TRIM BY HEAD POSITIVE.

“ •I h "
5% OF MAX. TRIM. 5% OF MEAN SINKAGE.

TRIM

MEAN SINKAGE'

— 3

- 5

0-2
SINKAGE AND TRIM -INCHES

0-6
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c o m p le te  s p e e d  r a n g e .  I n  o r d e r  t o  do t h i s  t h e  model had  of  

n e c e s s i t y  to  he r e s t r a i n e d  from movement i n  any o f  i t s  s i x  

d e g r e e s  o f  f r eed o m .  F o rces  were thus  measured w i th  t h e  model 

t r immed a t  t h e  d e s i g n e d  d r a f t ,  t h e  s l i g h t  m o d i f i c a t i o n  to th e  

f o r c e s  due t o  t h e  i n a b i l i t y  o f  t h e  model to  s i n k  o r  t r i m  b e i n g  

i g n o r e d .  When t e s t e d  i n  t h i s  c o n d i t i o n ,  t h e  model c o r r e s p o n d e d  

t o  t h e  l i n e a r i s e d  t h e o r e t i c a l  model where changes  i n  u n d e r w a t e r  

h u l l  s hape  due to  s i n k a g e  and t r i m  a r e  n e g l e c t e d .

E a r l i e r  work o f  t h i s  n a t u r e  on a semi-subraerged  body had  

b e e n  c a r r i e d  o u t  by Lewison (44)  • U n f o r t u n a t e l y  he d i d  n o t  

m e asu re  bow and s t e r n  f o r c e s  s i m u l t a n e o u s l y  and does  n o t  a p p e a r  

t o  h a v e  a c c o u n te d  f o r  any c r o s s - c o u p l i n g  be tw een  t h e  two.  C ro s s 

c o u p l i n g  be tw ee n  t h e  bow and s t e r n  f o r c e s  and t h e  t o t a l  r e s i s t a n c e  

was a  m a jo r  p rob lem  which had  to  be overcome.  E m p i r i c a l  methods 

o f  a s s e s s i n g  t h e  d e g re e  o f  c r o s s - c o u p l i n g  a r e  d e s c r i b e d  below and 

t h e  s u b s e q u e n t  a n a l y s i s  i s  g iv e n  i n  Appendix C.

2 . 5 . 3 . a .  A p p a r a t u s .

V e r t i c a l  f o r c e s  a t  bow and s t e r n  were m easured  by two 

’ C lo c k h o u s e '  Type 100 p r o v i n g  r i n g s ,  s u i t a b l y  s t r a i n - g a u g e d  ; t h e  

s i g n a l s  from t h e  gauges  were a m p l i f i e d  and d i s p l a y e d  on an u l t r a 

v i o l e t  r e c o r d e r .  The p r o v i n g  r i n g s  were c o n n e c t e d  t o  t h e  model by 

l j  i n c h  b o r e  t u b e s  as shown i n  f i g s .  19 and 20 .  R o t a t i n g  th e  t u b e s  

on t h e i r  t h r e a d e d  lo w e r  mount ings  a l lo w ed  a d j u s t m e n t  o f  t h e  model  

t r i m .

The lo w e r  m o u n t in g s ,  shown i n  f i g u r e  20 and p l a t e s  1 and 3, 

were  b o l t e d  t o  J * i n c h  d u ra lu m in  decks  a t  bow and s t e m .  L e v e l l i n g  

s c re w s  e n a b l e d  t h e  tu b e s  to  be s e t  up p e r p e n d i c u l a r  t o  t h e  s t i l l  

w a t e r  s u r f a c e .

The p r o v i n g  r i n g s  were a t t a c h e d  to  2 i n .  x 2 i n .  m i ld  s t e e l  

a n g l e  b a r s  cl amped to  th e  i n s t r u m e n t  r a i l s  on t h e  c a r r i a g e  as  shown 

i n  p l a t e  2.

The model  was tovred from t h e  s t a n d a r d  t o w in g  s p a c e  f ram e  w i t h  

t h e  to w ing  w heel  removed.  The tow ing  l i n k  i s  shown i n  f i g u r e  20 

and a d j u s t m e n t  i n  a  f o r e  and a f t  d i r e c t i o n  was a c c o m p l i s h e d  by
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FIG. 19-

BRIDGE- AMPLIFIER.

OSCILLATOR

 3
U.V. RECORDER.

PROVING RINGSTRAIN GAUGE CIRCUIT. SHOWING STRAIN
GAUGES.

INSTRUMENT RAILS..

"O'

FWD. PROVING RING. AFT PROVING RING.

-TOWING SPACE FRAME.FWD. SUPPORT TUBE.

S.W. L.

CLAMP.

FLEXURE DYNAMOMETER.TOWING LINK.

DRAWING NOT TO SCALE.

FO R DEFINITION O F V  SEE F IG .2 2 .

APPARATUS FOR VERTICAL FORCE M EA SUREM ENT.
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FIG. 2 0 .

PROVING RIN G.

3 DIA.
I *  DIA.

S U P P O R T  T U B E .

SCREWED COLLAR 
( l  IN. B SE) WELDED TO 

SUPPORT TUBE.

I DIA.

STU D  j 'X  D I A .^ .  

THREADED B.S.F.

G S .

THREADED
B S .F .

IN.

G.S. I BA. LEVELLING SCREWS.

y4  DURALUMIN 
D EC K .\ v4 DIA.

SUPPORT TUBE.

I BA. FASTENINC NUTS 
AND BOLTS.SUPPO RT TUBE CLEARANCE FIT IN U PPER  MOUNTING-

UPPER MOUNTING LOWER MOUNTING

SUPPORT TUBE MOUNTINGS.

LOCK NUT.

THREADED 2 B-S.F.

(ELD-CLEARANCE FIT.G-S.

C O IL  S PR IN G

1 IN BORE TU B E.C O LLA R .

COLLAR WELDED TO TUBE 
TAPPED ^2 B.S.F.

FLEXURE DYNAMOMETER.

TOWING LINK

G -S .-G R U B  SCREW .

ALL D IM E N SIO N S IN IN CHES •
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PLATE 1

P L A T E  2

PLATE 3

PLATE U
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r o t a t i n g  t h e  l i n k  about  i t s  l o n g i t u d i n a l  ax i s#

The l i n k  was a t t a c h e d  to  th e  1-̂  i n .  s q u a r e  c r o s s - s e c t i o n  

d u ra lu m in  to w in g  p o s t  th ro u g h  a, f l e x u r e  dynamometer ,  as shown 

i n  p l a t e  3» "the o r i g i n a l  i n t e n t i o n  b e i n g  to  measure  th e  

r e s i s t a n c e  c o n c u r r e n t l y  w i th  th e  v e r t i c a l  f o r c e s .  U n f o r t u n a t e l y  

t h i s  p ro v ed  i m p o s s i b l e  as any a t t e m p t e d  h e a v i n g  by the  model 

d u r i n g  a run  p roduced  s t r a i n s  i n  th e  f l e x u r e s  f a r  in  e x c e s s  o f  

t h o s e  p ro d u c e d  by t h e  r e s i s t a n c e ,  w i th  t h e  r e s u l t  t h a t  t h e  

r e s i s t a n c e  s t r a i n s  were c o m p le t e ly  swamped by th e  h e a v i n g  s t r a i n s .

F u r t h e r m o r e ,  a f t e r  a c e r t a i n  t o t a l  r e s i s t a n c e  was r e a c h e d  

any s l a c k n e s s  i n  t h e  r i g i d  s u s p e n s i o n  sys tem was t a k e n  up and 

f u r t h e r  s t r a i n s  were n o t  r e c o r d e d  by th e  f l e x u r e s .  T h i s  i s  

i l l u s t r a t e d  i n  f i g u r e  21.

The measurement o f  r e s i s t a n c e  c o n c u r r e n t l y  w i t h  t h e  v e r t i c a l  

f o r c e s  was t h e r e f o r e  abandoned.  The f l e x u r e  dynamometer  was 

f i r m l y  clamped to  t h e  tow ing  p o s t ,  as shown i n  p l a t e  3» a l l

s u b s e q u e n t  t e s t s .

R e s i s t a n c e  w i th  the  model r e s t r a i n e d  from s i n k i n g  o r  

t r im m in g ,  b u t  n o t  from s u r g i n g ,  was measured  a p p r o x im a te ly  u s i n g  

a tow ing  w i r e  and s u s p e n d i n g  t h e  model a t  bow and s t e r n  by p ia n o  

w i r e s  as shown i n  f i g u r e  22 .  These  t e s t s  e n t a i l e d  a r e c a l i b r a t i o n  

o f  t h e  r e s i s t a n c e  dynamometer-model  sy s tem .

O th e r  a p p a r a t u s  p e r t a i n i n g  to t h e  measurement o f  c r o s s 

c o u p l i n g  i s  d e s c r i b e d  i n  Appendix C.

2 . 5 . 3 .  E x p e r i m e n t a l  P r o c e d u r e .

Bulwarks  were added f o r  a l l  t e s t s  w i th  th e  r e s t r a i n e d  model  

t o  m in im i se  i t s  b e i n g  swamped a t  th e  end o f  a  h i g h - s p e e d  r u n .

The model  was s e t  up on t h e  c a r r i a g e  as shown i n  p l a t e  4 .  

A l ignm ent  o f  th e  v e r t i c a l  t u b e s  was checked  and t h e  model was 

tr immed to  i t s  a t - r e s t  p o s i t i o n .  The p r o v i n g  r i n g s  were p r e - l o a d e d  

by a p p r o x i m a t e l y  10 l b s  to  e l i m i n a t e  ze ro  e r r o r s .
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F I G .  2 1

MO FU R T H E R  D E F L E C T IO N  O F  
F L E X U R E *  W tT H O U T  F L A E T 1C

deflections 
due to 

slackness, 
elasticity, etc. 

in system.

total resistance

flexures

FLEXURE DYNAMOMETER BEHAVIOR
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FIG . 2 2 .

P Y N A M O M E T F R

.TOWING WIRE.

I IN. RS.F. NUT 

WITH WELDED 

LO O P.v PIANO WIRELOWER SUPPORT 

TUBE MOUNTING.

BRAKE

S.W.L.

TOWING WHEEL

TOWING POST

DEPTH *D'* DISTANCE BELOW DATUM OF C.L.OF TOWING LINK AS IN FIG. 19 6 FIG C 2. 

APPARATUS FOR RESISTANCE MEASUREMENT

-  MODEL RESTRAINED FROM SINKING AND TRIMMING
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Calibration of the proving rings was effected by placing 

known weights on the aluminium decks at a known position. All 

subsequent moment calculations were related to these 1 calibration 

positions1 and not to the fore and aft positions of the vertical 

tubes* Calibration checks were carried out each day before testing 

was begun and no drift was observed.

It was found during calibration of the proving rings that when 

one ring was loaded, a reading was observed on the other. This 

cross-coupling was quite repeatable and was of sufficient magnitude 

over the range of loadings to warrant removal.

Similarly the total resistance applied to the model gave rise 

to forces which could be measured at the bow and stern rings ; 

results from the resistance tests with the model restrained from 

sinking and trimming and with minimum surge, were used to eliminate 

this source of error as described in Appendix C. Wave profiles were 

also photographed during the restrained resistance tests.

Results of the vertical force tests, after correction for tide, 

blockage, cross-coupling, and temperature are given in table 5 and 

shown in figure 2 J.
Results of the restrained resistance tests are given also in 

table 5 and contrasted with those of the free model in figure 2 4.
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MEASURED VERTICAL FORCES.
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9 ^Bow 
l b s .

^31 e rn  
l b s .

ZT o ta l
l b s .

Trimming 
Moment, M 
l b s - f t .

0 . 2 5 0 - 4 . 5 1 5 - 2 .706 - 7 .2 1 9 - 7 . 4 1 2

0 .247 - 4 . 5 2 5 - 2 . 5 9 9 - 6 .921 - 8 . 4 4 6

O.505 - 6 .700 - 4 . 4 4 5 - 1 1 .1 4 5 - 9 .618

0 • M
 

1—J CO - 0 .852 -O.421 - 1 . 2 7 3 - 1 . 6 9 4

0 .1 5 0 - O .996 - 0 .5 2 9 - 1 .526 - 1 .8 5 8

0 . 1 5 6 - 1 .7 2 5 - 0 . 8 1 0 - 2 .5 3 5 - 3 . 5 6 4

0 .1 4 1 - 1 . 5 4 4 - 0 .7 1 7 - 2 .061 - 2 . 4 9 7

0 .1 6 9 - 1 .866 - 1 .0 8 5 - 2 .9 5 2 - 3 . 1 7 5

0 .4 2 4 - 1 2 .2 5 8 - 1 6 .9 7 6 - 2 9 .2 1 4 +11 .265

0 .1 8 7 - 2 .112 - 1 . 1 1 8 - 3 . 2 5 1 - 3 .9 5 1

0 .200 - 2 .665 - 1 .488 - 4 . 1 5 3 -4 .7 3 5

0 .2 1 6 - 5 . 5 6 5 - 1 .690 - 5 . 0 5 3 - 6 .582

0 .254 - 3 . 7 9 5 - 1.928 - 5 .7 2 2 - 7 . 3 5 7

0 .261 - 4 . 7 9 6 - 3 . 1 2 4 - 7 . 9 2 0 - 7 .O69

0 .2 1 6 - 5 . 0 1 8 - 1 .868 - 4 * 886 - 4 .7 6 7

0 .2 7 5 - 5 .7 4 5 - 3 .3 9 5 - 9 . 1 4 0 -9 .5 9 4

0 .2 8 9 - 6 .065 - 4 . 3 6 9 - 1 0 .4 3 2 - 7 . 5 6 9

0 . 5 2 0 - 7 .4 5 5 - 5 .5 6 9 - 1 3 .0 2 4 - 8 .663

0 . 5 5 0 - 8 .256 - 6 .058 - 1 4 .2 9 4 - 9 . 8 8 0

0 .5 4 5 - 8 .610 - 6 .621 - 1 5 .2 3 1 - 9 .3 9 3

0 .5 0 6 - 6 .4 1 2 - 5 . 1 4 7 - 1 1 .5 5 9 - 6 . 2 8 9

0 .2 7 0 - 5 .1 9 4 - 3 . 5 4 4 - 8 . 7 3 8 - 7 . 1 3 2

0 .2 9 5 - 6 . 5 5 5 - 4 .5 6 7 - 10 .902 - 7 . 9 0 0

0 .2 6 5 - 6 .054 - 4 .666 - 10 .720 - 6 .5 7 0

0 .281 - 5 .6 6 4 - 3 . 9 4 7 - 9 .612 - 7 . 5 0 9

0 .2 9 9 - 6 . 4 7 1 - 4 . 7 1 9 - I I . I 9I - 7 .8 9 5

0 . 0 8 8 - 0 . 4 9 5 +O.255 - 0 . 2 3 7 - 2.602

0 .0 9 3 - 0 .5 1 6 - 0 . 0 8 8 - O .604 - 1 . 5 7 0

0 .102 - 0 . 6 1 9 -0 .2 0 5 - 0 .8 2 4 - 1 . 5 5 9

0 . 1 1 1 - 0 . 6 9 7 - 0 . 5 3 9 - I . O 36 - 1 .400

FROUDE NUMBERS CORRECTED FOR BLOCKAGE ADD TIDE EFFECTS 
MEASURED VERTICAL FORCES ARID TRIMMING MOMENT

TABLE 5A
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&

2
Bow 

l b s .
S t e r n  
l b s .

ZT o ta l  
l b s .

Trimming 
Moment, M 

l b . - f t .

0 . 1 2 0 -0 . 7 1 9 - 0 .4 2 5 -1 .1 4 4 - 1 . 2 0 0

0 .052 -0 . 5 3 7 +1.060 +O.523 - 5 . 3 7 9

0 . 2 7 7 - 5 .2 0 5 - 3 .6 1 5 - 8 . 8 2 0 - 6 . 9 3 7

0 .2 8 1 - 5 . 7 9 6 - 3 . 9 9 4 - 9 . 7 9 0 - 7 . 8 2 8

0 . 1 9 3 - 2 .5 2 5 - 1 . 2 2 0 - 3 . 7 4 5 - 5 . 1 0 6

O . 56O - 9 . 7 5 0 -7 .9 9 2 -1 7 .7 4 2 - 9 . 0 2 8

0 .3 7 3 - 10.152 - 9 . 3 4 8 - 1 9 .5 0 0 - 6 .05  6

0 . 3 8 7 -1 0 .9 0 4 -1 1 .7 4 7 -2 2 .6 5 0 - 0 . 9 5 5

0 . 4 0 0 - 1 1 . 4 5 9 - 1 4 .0 4 9 - 2 5 .5 0 8 + 4 .541

0 . 3 9 6 - 11 .262 - 1 3 .9 5 4 - 2 5 .2 1 6 +4.937

0 . 2 8 0 - 6 . 1 3 3 - 3 . 9 2 8 -1 0 .0 6 1 - 9 . 2 5 5

0 .4 3 2 - 12 .131 -1 9 .3 6 6 - 3 1 .4 9 8 +19.429

0 . 3 5 4 - 9 . 6 6 9 - 6 .936 - 1 6 .6 0 5 - 12 .172

0 .4 1 5 - 1 2 .2 5 7 - 16 .869 - 2 9 .1 2 6 +10 .849

0 . 4 0 9 - 1 1 .7 9 3 -1 5 .4 0 9 - 27 .203 +7.766

0 . 3 1 4 - 7 . 4 0 6 - 5 . 2 0 1 -1 2 .6 0 7 - 9 . 6 8 8

0 . 4 4 5 - 1 2 . 1 4 6 -2 1 .7 5 1 -3 3 .8 9 6 +27 .136

O.464 -1 1 .7 9 9 -2 3 .3 0 6 -3 5 .1 0 5 +33.444

0 .4 7 7 -1 1 .7 9 4 -2 4 .7 3 7 - 3 6 .5 3 1 +38.119

0 .4 8 3 - 1 1 .8 0 8 -2 5 .7 9 7 -3 7 .6 0 4 +41.516

0 . 6 3 7 - 8 . 1 8 4 -2 8 .4 2 7 - 3 6 .6 1 0 +63 .096

0 . 5 2 8 - 1 1 . 3 1 8 -2 7 .5 1 9 - 3 8 .8 3 7 +48.879

0 .4 7 0 - 1 1 .8 9 3 - 24 .096 -3 5 .9 8 9 +35.675

0 . 4 9 8 - 1 1 .2 4 8 - 26 .250 - 3 7 . 4 9 8 +45.005

0 . 4 5 0 - 12 .229 -2 1 .4 2 8 -3 3 .6 5 7 +25-787

0 .4 7 9 - H .923 - 24.836 - 36.760 +37.977

0 .5 1 6 -1 0 .9 4 3 - 2 6 .9 5 6 - 3 7 .8 9 9 +48.392

0 .5 5 6 -9 . 7 8 9 - 2 8 .5 5 4 - 38 .342 +57.742

0 . 2 5 3 - 5 .005 - 2 .6 6 8 - 7 . 6 7 3 - 9 . 2 9 9

0 .535 - 1 0 .3 4 3 -2 8 .2 0 6 - 3 8 .5 5 0 + 54 .618

0 . 5 5 3 - 9 .805 -2 8 .2 3 5 - 38 .040 - 56 .647

TABI.3 5A CONT.
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$
ZBow

l b s .

Zq ,S t e r n
l b s .

ZT o t a l  
l b s .

Trimming 
Moment M 

l b . - f t .

0 . 5 7 7 -9*584 - 2 8 .6 1 7 - 5 8 .2 0 2 +58.685

0 .5 9 4 - 8 . 9 8 6 - 2 8 .4 9 0 -3 7 .4 7 7 +60 .419

0 .6 0 2 - 8 . 4 5 7 -2 8 .7 5 1 - 3 7 . 1 6 8 +63.177

0 . 6 1 8 - 8 . 4 5 3 - 2 8 .4 1 2 - 36.865 +62.082

O.652 - 8 . 3 9 9 -2 9 .4 7 5 -3 7 .8 7 5 +65.733

O.644 - 8 .421 - 2 9 .O5O - 3 7 .4 7 1 +64.272

O.670 - 8.432 - 2 8 .8 5 8 - 3 7 .2 6 9 +65.542

0 .626 - 8 . 4 4 8 -2 8 .5 1 9 - 36 .966 +62.447

0 .255 - 5 . 2 1 2 - 2 . 6 4 8 - 7 . 8 6 0 - 1 0 .1 0 9

0 .4 8 4 - 1 1 .5 7 8 -2 5 .0 1 4 - 3 6 .5 9 2 +39.792

O.469 -1 2 .0 4 4 -2 5 .7 7 0 -3 5 .8 1 4 +34 .073

TABLE 5A CONT.

C a r r i a g e  
Speed  
f t / s  e c .

Tide 
f t . / s e c .

R es i s  t a n c e  
l b s  •

Temp,

°C

3.977 0 1 .2 6 8 1 2 .3 3

2 .9 8 3 - 0 .0 1 0 0 .513 1 2 .38

5 .1 2 3 - 0 . 0 2 0 2 .853 12 .42

1 .9 4 1 0 0 .190 12 .42

2 .187 - 0 . 0 2 8 0 .2 2 5 12 .41

2 .4 9 0 - 0 . 0 3 5 0 .363 12 .40

2 .3 2 3 - 0 . 0 0 8 0 .305 12 .58

2 .735 - 0 . 0 1 0 0.405 1 2 .5 7

3.252 - 0 . 0 5 5 0 .590 12 .56

3 .566 - 0 . 0 1 8 0 .852 12 .55

3 .9 3 8 - 0 . 0 2 0 1.090 12 .53

3 .684 + 0.010 0 .960 1 2 .5 0

4 . 2 5 0 +0.015 1.455 12 .27

4 .0 9 4 +0.010 1.319 1 1 .5 8

4 .3 8 4 - 0 . 0 0 7 1.525 11 .70

MEASURED TOTAL RESISTANCE -  MODEL RESTRAINED

TABLE 5B
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C a r r i a g e  
Speed  

f t / s e c .
Tide 

f t / s e c .
Res i s  t a n c e  

l b .
Temp

°C

4 .2 7 6 - 0 .0 1 2 1.484 11.92

4 .5 0 6 - 0 .0 2 0 1.590 12 .10

4 .4 5 5 0 1.505 12.52

4 .582 - 0 .0 1 0 1.519 12.40

4 .686 - 0 . 0 1 0 1.755 12 .45

4 .8 8 0 -0 .0 1 5 2.205 12.45

4 . 9 6 8 +0.005 2.475 12 .45

5 .025 - 0 .0 1 1 2.555 12 .28

5 .972 +0.010 5. 645 12.75

5 .281 -0 .0 0 5 5.204 12.95

5 .4 8 9 - 0 . 0 1 0 5.455 15.05

5 .4 5 4 - 0 . 0 1 0 5.504 11 .70

5 .6 9 8 - 0 .0 1 5 5.585 11.71

5 .0 9 9 - 0 .0 1 5 2.754 11.72

5-428 0 5.448 11.75

4 .590 -0 . 0 1 2 1.675 11.76

4 .2 5 4 - 0 . 0 1 0 1.475 11 .80

5 .8 5 5 - 0 . 0 1 0 5.755 11.84

5 .521 - 0 . 0 2 0 5.540 11.87

6 ,064 -0 .0 0 5 5.986 11.91

6 .772 0 6 .208 11 .97

6 .255 +0.010 4 .464 10 .50

5 . 5 6 8 +0.022 5.559 10 .60

6.474 - 0 .0 2 7 5 .125 10 .80

7 .064 - 0 .0 0 5 8.258 10.92

7 .4 0 0 - 0 . 0 1 8 10.480 11.15

8 .016 +0.005 15 .540 11 .55

7 . 5 5 0 - 0 . 0 1 1 9 .500 11.47

7 .755 - 0 .0 2 2 11.695 11 .60
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2 . 6 .  ERROR ESTIMATION

One o f  t h e  aims o f  t h e  i n v e s t i g a t i o n  was to  s t u d y  a s m a l l  

component  o f  t o t a l  r e s i s t a n c e .  Th is  demanded a c c u r a t e  e x p e r i m e n t a l  

work and made an e s t i m a t i o n  o f  t h e  e r r o r s ,  b o th  o f  t h e  model  

i t s e l f  and i n  t h e  t e c h n i q u e s  o f  measurement ,  e s s e n t i a l .

The t r e a t m e n t  o f  e r r o r s  o f  o b s e r v a t i o n  i s  w e l l -know n  ( 1 0 2 ) ;  

S c o t t  h a s  made a s tu d y  o f  them f o r  t h e  p a r t i c u l a r  c a s e  o f  s h i p  

model  r e s i s t a n c e  measurements  ( 103)*

2 . 6 . 1 .  S o u rc e s  o f  E r r o r

S o u r c e s  o f  e r r o r ,  b o th  random and s y s t e m a t i c ,  abound i n  any 

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

e x p e r i m e n t s  i n  q u e s t i o n  a r e  l i s t e d  below ; some a r e  t h e n  c o n s i d e r e d  

i n  d e t a i l .

i )  B loc kage ,  t i d e  and t e m p e r a t u r e .

B lockage  was c a l c u l a t e d  and t i d e  was measured  and 

a l lo w ed  f o r  i n  a l l  speed  m easurem ents .  A l l  d e n s i t y  and 

v i s c o s i t y  v a l u e s  were c o r r e c t e d  to  a s t a n d a r d  

t e m p e r a t u r e  o f  59°F .  The p o s s i b l e  e x i s t e n c e  o f  

t h e r m o c l i n e  c o n d i t i o n s  was n o t e d  ( s e e  r e f .  98) and 

s e v e r a l  t e m p e r a t u r e  g r a d i e n t s  were measured  d a i l y .

The c o r r e c t i o n s  f o r  b lo c k a g e ,  t i d e  and t e m p e r a t u r e  have  been  

d i s c u s s e d  i n  d e t a i l  i n  s e c t i o n  2 . 5 * 2 .

i i )  T u r b u l e n c e  s t i m u l a t i o n .

Care was t a k e n  t o  e n s u r e  s t i m u l a t i o n  s i m i l a r  to 

t h a t  ad o p ted  by Sharma and I n u i ;  i t  was n o t  th e  

i n t e n t i o n  to a c h i e v e  more e f f i c i e n t  s t i m u l a t i o n .  Th is  

has  been  d i s c u s s e d  i n  s e c t i o n  2 .5 * 2  a.

i i i ) Towing h e i g h t  p o s i t i o n .

The e m p i r i c a l  i n v e s t i g a t i o n  o f  th e  e f f e c t  o f  tow ing  

h e i g h t  p o s i t i o n  on r e s i s t a n c e ,  s i n k a g e  and t r i m  has  been  

d i s c u s s e d  i n  s e c t i o n  2*5*2* b .
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i v )  Equipment E r r o r s

S c o t t  conc luded  t h a t ,  a p a r t  from e r r o r s  i n  speed  due 

to  t h e  p r e s e n c e  o f  a  t i d e ,  most r e m a in in g  e r r o r s  were 

p r o b a b l y  due to  l i m i t a t i o n s  i n  the  a c c u ra c y  o f  th e  

m e a s u r i n g  equ ipm en t .  These e r r o r s  l e n d  th e m s e lv e s  t o  a 

s t a t i s t i c a l  t r e a t m e n t  and t h i s  i s  g iv e n  in  s e c t i o n  2 . 6 . 2 .  

be low,  

v)  Model E r r o r s

The model  as  made w i l l  d i f f e r  from the  h u l l  fo rm 

d e r i v e d  i n  s e c t i o n  2 . 2 .  due to  i n a c c u r a c i e s  o f  m a n u f a c t u r e .  

The consequence  may be e r ro n e o u s  f o r c e  m easu rem en ts ,  wave 

p a t t e r n s ,  boundary  l a y e r s ,  e t c .  An a t t e m p t  to  i n v e s t i g a t e  

t h i s  and to  r e l a t e  t h e  o f f s e t  e r r o r s  to  t h e  f o r c e  and moment 

c o e f f i c i e n t s  i s  made i n  s e c t i o n  2 . 6 , 3 .  be low,  

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

These a r e  e r r o r s  due t o  human e r r o r s  such  as t h e  

m i s r e a d i n g  o f  i n s t r u m e n t s  e t c .  An a t t e m p t  to  overcome t h i s  

i s  b e i n g  made a t  Glasgow U n i v e r s i t y  Exper im en t  Tank w i th  

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

As f a r  as  p o s s i b l e ,  such  t e c h n i q u e s  were u s e d  i n  t h i s  

i n v e s t i g a t i o n ,  

v i i )  S t a b i l i t y  o f  Flow C o n d i t i o n s .

T h i s  i s  i n t i m a t e l y  l i n k e d  w i th  th e  f i n i s h  o f  t h e  

model ,  as n o t e d  i n  (v)  above .  T h roughou t  th e  t e s t s ,  

s u f f i c i e n t  t im e  was a l low ed  be tween  runs  f o r  t h e  t ank  

w a t e r  t o  r e t u r n  t o  an a lm o s t  c o m p le t e ly  u n d i s t u r b e d  s t a t e .

At t h e  s t a r t  o f  each  d a y ’s r u n n i n g  th e  model was wiped 

down to  remove any a i r  b u b b le s  c l i n g i n g  to  i t s  s u r f a c e  

which migh t  have  had an a d v e r s e  e f f e c t  on th e  v i s c o u s  

f lo w  o v e r  th e  h u l l .
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2 . 6 . 2 .  Equipment E r r o r s .

Equipment  e r r o r s  g iv e  r i s e  t o

a)  Ground Speed measurement e r r o r s .

b) F o r c e  measurement e r r o r s .

c )  A t t i t u d e  ( i . e .  s i n k a g e )  measurement  e r r o r s .

2 . 6 # 2 a  Ground speed  measurement e r r o r s .

Ground speed  was measured  by c o u n t i n g  the  p u l s e s  from a 

r a d i a l  d i f f r a c t i o n  g r a t i n g  on an e l e c t r o n i c  d i g i t a l  c o u n t e r .

Th i s  d i s p l a y e d  a speed  r e a d i n g  to  t h r e e  dec imal  p l a c e s .  The 

a c c u r a c y  o f  t h e  c o u n t e r  was g iv e n  as ^1 c o u n t ,  g i v i n g  a speed  

a c c u r a c y  to w i t h i n  t o . 0 0 1  f t / s e c .  Moreover,  t h e  d i s p l a y e d  

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

u s u a l l y  ab o u t  5 s e c o n d s .  Speed th r o u g h o u t  t h e  run  f l u c t u a t e d  

i n  a r e g u l a r  manner abou t  th e  mean ( a l s o  h a v i n g  an a c c u r a c y  o f  

t o . 001 f t / s e c )  due to  d e f i c i e n c i e s  i n  th e  c a r r i a g e  s p e e d  c o n t r o l  

s y s t e m .  T h i s  i s  shown i n  f i g .  25 .  But  as t h e  v a r i a t i o n  o f  speed  

t h r o u g h o u t  t h e  ru n  was n o t  random, i t  d i d  n o t  seem j u s t i f i e d  t o  

c o n s i d e r  any v a l u e  f o r  t h e  s peed  e r r o r  o t h e r  than  - 0 . 0 0 1  f t / s e c  

i n  th e  r a n g e  o f  speeds  c o n s i d e r e d .

Speed  f l u c t u a t i o n s  t h r o u g h o u t  any run  were i n  g e n e r a l  o f  a 

s m a l l  o r d e r  and a r e a s o n a b l e  mean was e a s i l y  o b t a i n a b l e .

2 . 6 . 2 . b  F o rc e  Measurement E r r o r s .

Due to  th e  speed  f l u c t u a t i o n s  m en t ioned  above ,  t h e  c a r r i a g e  

was c o n t i n u a l l y  a c c e l e r a t i n g  and d e c e l e r a t i n g  t o  a s m a l l  d e g re e  

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

b a l a n c e  r e s i s t a n c e  f o r c e  shown i n  f i g .  2 5 *

The r e p e a t a b i l i t y  o f  th e  r e s i s t a n c e  r e a d i n g s  and a s u b s e q u e n t  

e r r o r  v a l u e  was d e t e rm in e d  from th e  r e s u l t s  o f  t h e  to w in g  p o i n t  

t e s t s  i n  t a b l e  4 .  These g i v e  a t o t a l  o f  9 r e a d i n g s  a t  4 . 4 6  f t / s e c  

and 7 r e a d i n g s  a t  5 .75  f t / s e c .  As t h e  tow ing  p o i n t  v a r i a t i o n  

had  l i t t l e  o r  no e f f e c t  on r e s i s t a n c e  measurement ,  i t  was 

d e c i d e d  t o  u s e  t h e s e  v a l u e s  and assume t h a t  t h e y  f o l l o w e d  th e
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b r a k e  r e l e a s e d . PERIOD OVER WHICH SPEEDS WERE WEANED.
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norm al  Law o f  E r r o r .  The S ta n d a rd  E r r o r  o f  t h e  Mean, o ( c  -ofJ n
S  8

where n i s  t h e  number o f  o b s e r v a t i o n s ,  s e e  r e f .  102,  p 6 2 ) ,  was 

fo u n d  t o  be :

Speed Mean T o t a l  R e s i s t a n c e c s

4 . 4 6  f t / s e c  

5 .7 5  f t / s e c

1.791 lbs  

4 .075  lb s

* 0 .004  l b s  

£ 0 .002  l b s

T a b l e  6

U n f o r t u n a t e l y ,  t h i s  a n a l y s i s  was l i m i t e d  to  two s p e e d s

o n l y ,  i n  th e  h i g h e r  speed  r ange ,  on f a v o u r a b l e  ' f l a t *  p a r t s  o f

t h e  r e s i s t a n c e  c u r v e .  N e v e r t h e l e s s ,  a  mean v a l u e  f o r  t o t a l

+r e s i s t a n c e  e r r o r  o f  - 0 .0 0 3  l b .  was assumed,  and t a k e n  to  h o ld  o v e r  

t h e  whole  s p e e d  r a n g e  j t h i s  assumes t h a t  th e  o u t - o f - b a l a n c e  f o r c e  

w i l l  a lways  be o f  t h e  same a b s o l u t e  o r d e r .  I t  i s  o f  i n t e r e s t  to  

n o t e  t h a t  S c o t t  (103) o b t a i n e d  a v a l u e  o f  ^ 0 .0 0 7  l b .  f o r  t o t a l  

r e s i s t a n c e  e r r o r  from numerous r e s u l t s  f o r  a s t a n d a r d  model .  

V e r t i c a l  F o r c e s .

V e r t i c a l  f o r c e  measurements  s u f f e r e d  from e r r o r s  due t o

i )  V i b r a t i o n  o f  t h e  s y s t e m .

C a r r i a g e  v i b r a t i o n  was a m p l i f i e d  and d i s p l a y e d  on 

t h e  u l t r a - v i o l e t  r e c o r d e r  t r a c e .  This  was o f  such  a h i g h  

f r e q u e n c y  t h a t  mean l i n e s  were r e a d i l y  drawn and d i s p l a c e m e n t s  

m e a s u re d ,

i i )  R a i l  h e i g h t  v a r i a t i o n .

Lewison (4 4 ) i n v e s t i g a t e d  t h i s  t h o r o u g h l y .  The 

Glasgow Tank, b e in g  r e l a t i v e l y  new, had i t s  r a i l s  r e c e n t l y  

a l i g n e d  o v e r  a  270 f t .  l e n g t h  to  a t o l e r a n c e  o f  ^ 0 . 0 0 4  i n c h .

I t  was assumed t h a t  r a i l  h e i g h t  v a r i a t i o n  would have  a 

n e g l i g i b l e  e f f e c t  on v e r t i c a l  f o r c e  measurement .  T h i s  was 

c o n f i r m e d  by t a k i n g  ze ro  r e a d i n g s  a t  v a r i o u s  p o s i t i o n s  a l o n g  

t h e  t a n k ,  when no zero  d r i f t  was o b s e r v e d .



i i i )  C r o s s - c o u p l i n g

C r o s s - c o u p l i n g  o f  v e r t i c a l  f o r c e s  and r e s i s t a n c e  i s  

d i s c u s s e d  i n  s e c t i o n  2*5.3* s^d. appendix  C.

An a n a l y s i s  from r e p e a t e d  v e r t i c a l  f o r c e  and moment 

measurements  gave the  f o l l o w i n g  v a l u e s  f o r  e r r o r s  assumed 

to  h o ld  f o r  th e  whole speed  range  s

E r r o r  i n  V e r t i c a l  F o rce  6Z = £0 .1 6 3  l b .

E r r o r  i n  Trimming Moment 6M = ^ 0 .6 2 5  I b . f t .

T a b le  7

T hese  e r r o r  v a l u e s  t a k e  i n t o  a c c o u n t  r e p e a t a b i l i t y  and c r o s s 

c o u p l i n g .

F o rc e  measurements  would a l s o  be a f f e c t e d  by t'he i n i t i a l  

a c c e l e r a t i o n  o f  t h e  c a r r i a g e .  Th is  a cc e le ra te s  t h e  wave sys tem ,  

a phenomenon which has  been  d i s c u s s e d  t h e o r e t i c a l l y  by Vehausen  

( 1 0 4 ) .  He found t h a t  an i n i t i a l  a c c e l e r a t i o n  g i v e s  r i s e  t o  a 

s low ly -dam ped  o s c i l l a t o r y  term i n  t h e  wave r e s i s t a n c e  which c o u l d  

s t i l l  be measured  a f t e r  f o u r t e e n  model l e n g t h s  had  been  c o v e re d  a t  

s t e a d y  s p e e d .  T h i s  r e p r e s e n t s  a d i s t a n c e  o f  about  120 f t .  f o r  t h e  

Glasgow I n u i d .  I t  seems p r o b a b l e  t h a t  t h i s  e f f e c t  can g iv e  r i s e  

t o  f l u c t u a t i o n s  b o th  i n  r e s i s t a n c e  and v e r t i c a l  f o r c e  m e a su re m e n t s .

2 . 6 . 2 .  c .  A t t i t u d e  Measurement E r r o r s .

V a lues  o f  s i n k a g e  were t a k e n  from mean l i n e s  on th e  u l t r a - v i o l e t  

r e c o r d e r  t r a c e s  as i n  f i g .  26.
1

These  t r a c e s  always showed a r e g u l a r  f l u c t u a t i o n  abou t  a mean 

v a l u e ,  even when t o t a l  r e s i s t a n c e  and a p p l i e d  tow ing  f o r c e  a p p ea red  

w e l l  i n  b a l a n c e  f o r  a p a r t i c u l a r  r u n .  A par t  from i n i t i a l  a c c e l e r a t i o n  

e f f e c t s ,  m en t ioned  above ,  t h i s  was t h o u g h t  t o  be due t o  a co m b in a t io n
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i )  S l i g h t  s u r g i n g  o f  th e  model due to t h e  t o t a l  r e s i s t a n c e  

and a p p l i e d  towing  f o r c e  n o t  b e i n g  e x a c t l y  i n  b a l a n c e .  (Th is  e f f e c t  

i s  c o n s e q u e n t  upon c a r r i a g e  speed  f l u c t u a t i o n s  and i n i t i a l  

a c c e l e r a t i o n  e f f e c t s . )  A check was made by l i n k i n g  a l i n e a r  

d i s p l a c e m e n t  t r a n s d u c e r  to  t h e  o u t - o f - b a l a n c e  f o r c e  r e c o r d i n g  pen,  

when t h e  s u r g i n g  o f  t h i s  pen was found to  be a p p r o x i m a t e l y  i n  p h a s e  

w i th  t h e  l o w - f r e q u e n c y  f l u c t u a t i o n s  o f  th e  s in k a g e  r e a d i n g s .

i i )  P i t c h i n g  due to  th e  model b e i n g  f o r c i b l y  * t r im m e d ’ w h i le  

h e l d  by t h e  b r a k e  d u r in g  a c c e l e r a t i o n  of the  c a r r i a g e .  When t h e  

b r a k e  was r e l e a s e d ,  t h e  model p i t c h e d  f o r  a  s h o r t  p e r i o d  o f  t im e .  

T h i s  was checked  by m e asu r in g  t h e  p i t c h i n g  p e r i o d  o f  t h e  model 

which was found  to be 0 .8 6  s e c o n d s .  T h i s  c o r r e s p o n d e d  t o  t h e  p e r i o d  

o f  t h e  h i g h - f r e q u e n c y  o s c i l l a t i o n s  a t  the  s t a r t  o f  th e  s t e a d y  sp eed  

p o r t i o n  o f  t h e  r u n .

( E f f e c t s  ( i )  and ( i i )  above a l s o  c o n t r i b u t e d  tow ards  

f l u c t u a t i o n s  o f  t h e  measured  f o r c e s # )

E s t i m a t e d  bow and s t e r n  s i n k a g e  e r r o r s  were :

Bow and s t e r n  s i n k a g e  e r r o r  6s1 ** ^0 .001  i n c h e s .

We n o t e  t h a t  t h e  s o u r c e s  o f  e r r o r  men t ioned  i n  t h i s  s e c t i o n  

c a n n o t  be  c o n s i d e r e d  as s e p a r a t e  e n t i t i e s  as a l l  i n t e r a c t  and t h e  

above  d e m a r c a t i o n  i s  p u r e l y  f o r  c o n v e n ie n c e ,

2 . 6 . 3 .  Model E r r o r s .

A s t a t i s t i c a l  e s t i m a t e  o f  the  model e r r o r  6 was made by 

m e a s u r i n g  th e  model o f f s e t s  and s u b t r a c t i n g  them from t h e  o f f s e t s  

d e r i v e d  from t h o s e  g iv e n  by Sharma i n  r e f .  53* Such an e s t i m a t e  

a l l o w e d  f o r  e r r o r s  a r i s i n g  from t

i )  The model l i n e s  p l a n ,

i i )  Wax c u t t i n g  and s c r a p i n g  e r r o r s  i n  t h e  m a n u fa c tu r e

o f  t h e  mould.

i i i )  S h r in k a g e  o f  t h e  g l a s s - f i b r e  s h e l l  on c u r i n g ,

i v )  Uneven p a i n t  t h i c k n e s s ,

v )  D i s t o r t i o n  of  th e  model d u r i n g  and a f t e r  m a n u f a c t u r e .
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O f f s e t s  were l i f t e d  from th e  model a t  1181 p o s i t i o n s ,  more 

b e i n g  l i f t e d  from th e  fo rebody  th a n  t h e  a f t  body.  A c l o c k  g^uge 

r e a d i n g  to  - 0 .001  in c h  was u sed  i n  c o n j u n c t i o n  w i th  t h e  c u t t i n g  

t a b l e  equ ipm en t  as shown i n  f i g .  2 7 .

Two m a jo r  p roblems a r o s e  w i th  o f f s e t  e r r o r  measurement and 

t h e s e  were  t

a )  Model S h i f t

D ur ing  t h e  p e r i o d  when o f f s e t s  were b e i n g  l i f t e d  f rom 

t h e  model ,  i t  was d i s c o v e r e d  t h a t  th e  model had s e t t l e d  b o d i l y  

by a p p r o x i m a t e l y  0 .050  i n c h e s .  Th is  o c c u r r e d  a f t e r  a l l  f o r e - b o d y  

o f f s e t s  had been  l i f t e d  and p r i o r  to  l i f t i n g  t h e  a f t - b o d y  o f f s e t s .  

The e f f e c t  o f  t h i s  on th e  measured  o f f s e t s  was d e t e r m in e d  by 

co m p a r in g  m idsh ip  s e c t i o n  o f f s e t s  measured  b e f o r e  and a f t e r  t h e  

s e t t l i n g .  An a p p ro x im a te  c o r r e c t i o n  was made by a d j u s t i n g  each  

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

w a t e r l i n e  a t  m i d s h i p s .  Th is  assumed th e  f o r e - b o d y  measured  

o f f s e t s  t o  be c o r r e c t .

b)  Measurement p roblems  n e a r  th e  k e e l

R e f e r e n c e  t o  t h e  body p l a n  ( f i g u r e  11) shows t h a t  n e a r  

t h e  k e e l  t h e  t a n g e n t  to  t h e  body s e c t i o n  app roac hes  t h e  h o r i z o n t a l .  

T h i s  r e s u l t e d  i n  t h e  s p h e r i c a l  end o f  t h e  c l o c k  gauge t o u c h i n g  

th e  h u l l  s u r f a c e  a t  a  p o i n t  d i f f e r e n t  from t h a t  measured .  (See 

f i g -  2 7 . )

Th is  was p a r t i a l l y  overcome by r e p l a c i n g  t h e  s p h e r i c a l  end 

w i th  a p o i n t e d  T u fno l  cap .  Th is  t e n d e d  to  s l i p  on th e  model  

s u r f a c e  due to  any v e r t i c a l  movement o f  the  c l o c x - g a u g e  s h a f t .

Hence no r e l i a b l e  r e a d i n g s  were o b t a i n e d  be tween  t h e  bo t tom  o f  

t h e  k e e l  and a w a t e r l i n e  i  i n c h  above i t .  Between t h i s  w a t e r l i n e  

and t h e  2 i n c h  w a t e r l i n e  a l l  r e a d i n g s  t e n d e d  to  be c o n s i s t e n t l y  low.

These  r e a d i n g s  were n o t  d i s c a r d e d ,  however ,  f o r  i t  was i n  

t h i s  r e g i o n  t h a t  the  model was e x p e c te d  t o  be l e a s t  a c c u r a t e .

The f l a t  t a n g e n t ,  c oup led  w i th  an ' i n s i d e  sc rape*  o f  the  wax 

mould c a u s e d  ‘f l a t s '  which were o n ly  p a r t i a l l y  f i l l e d  b e f o r e  t h e

model was p a i n t e d .
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F I G .  2 7 .

READING ERROR.
CLOCK GAUGE READING 

ERR O R  NEAR KEEL.
POINT OF CONTACT.

Y-M OVEM ENT OF VERTICAL ARMS.
CLOCK GAUGE 
1 POINTER2 -M OV EM EN T OF VERTICAL ARMS.

MODEL SURFACE.

VERTICAL ARMS.

VERNIER SCALES.

GANTRY.

MODEL.CLOCK GAUGE'

CUTTING (SURFACE) TABLE.

THE GANTRY IS FREE TO MOVE IN THE X-DIRECTION.'

MEASUREMENT O F  O F F S E T  ERRORS.
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O f f s e t  e r r o r s  were c a l c u l a t e d  and d i s t r i b u t i o n s  p l o t t e d  

f o r  f o u r  q u a r t e r s  o f  t h e  u n d e r w a t e r  h u l l  as shown i n  f ig *  28#

A mean e r r o r  ( i  ) and a d e v i a t i o n  o f  t h e  mean ( a )  were 

c a l c u l a t e d  f o r  each q u a r t e r ,  each h a l f ,  and f o r  t h e  t o t a l  h u l l .  

These  r e s u l t s  a r e  g iv e n  i n  t a b l e  8 .

P o r t S t a r b o a r d
BOW

Q u a r t e r
Body

2 8 .2

N = 252
S T E R N

H a l f
Body

Whole
H u l l1181

N.B. e and c measured  i n  t h o u s a n d t h s  o f  an i n c h .

N = Number o f  measured  o f f s e t s  *

' + ' =  Model u n d e r s i z e , 1 = Model o v e r s i z e

T ab le  8

A t o t a l  e r r o r  d i s t r i b u t i o n  i s  shown i n  f i g u r e  29.  An 

a t t e m p t  was made to  f i t  a Normal Curve to  t h i s ,  but  a  li 2 t e s t

( s e e  r e f .  104 p . 249) i n d i c a t e d  a v e r y  poor  f i t .  I t  was t h e r e f o r e

assumed t h a t  t h e  Normal S r r o r  Law d id  n o t  ap p ly  ; t h e r e  i s  no

r e a s o n  why i t  s h o u ld  as t h e  model o f f s e t  e r r o r s  a r e  n o t  random.

Thus t h e  o v e r a l l  o f f s e t  e r r o r s  were n o t  compounded when e r r o r s  i n  

h u l l  volumes and a rea s  were computed ( s e e  b e l o w ) .

We s e e  from t a b l e  8 t h a t  t h e  f i n a l  mean e r r o r  was - 0 .0 0 1 5  in c h  

w i t h  a d e v i a t i o n  o f  ^ 0 .027  i n c h .  The mean o f  -0 .0 0 1 5  in c h  was 

p r o b a b l y  due to
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FIG. 29
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i )  M i s - a l i g n m e n t  o f  t h e  model on t h e  s u r f a c e  t a b l e

i i )  Asymmetry o f  the  model.

T h i s  was n e g l e c t e d  and an o f f s e t  e r r o r  of  -  0.C27 inc h  assumed.  

E r r o r s  i n  t h e  l o n g i t u d i n a l  and v e r t i c a l  d i r e c t i o n s  were t a k e n  as 

±0 .005  inch  t h i s  b e i n g  t h e  accuracy  o f  th e  V e r n i e r  s c a l e s  on t h e  

c u t t i n g  t a b l e  equ ipm en t .

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

t a k e n  to  be t

6x = ±0 .005  in c h ,  6y = ±0.027 in c h ,  6z = ±0 .005 i n c h .

These  e r r o r s  were the n  used  to  compute e r r o r s  in  v a r i o u s  h u l l

volumes and a r e a s  as  f o l l o v s :

E r r o r  i n  Volume o f  D is p lace m en t  fV

«it*)
V  - 1  I I u cfoc    ( 2 . 6 . 1 )I JMU) J.

J
MU) J e

and

i V  * ♦ W . S v    ( 2 . 6 . 2 )
i x  ay ^

( T h i s  v a l u e  o f  6V i s  t a k e n  as t h e  e r r o r s  a r e  n o t  b e i n g  

compounded .)

Now

A,d-Ui)
—  S M  J  o t-g  *  BODY s e c t io n  a r e a  at  x *  x ^

hoc. J e

  ( 2 . 6 . 3)
.cLix/)

d ie ,  s  I PROFILE A R EA  TO X *  X ;  AT $ s J i ]x2£ . i [  f
^ 'llUJ J«

*2.  4 f
H  J

Ilf)
 ̂ u 0Lx,  * WATERPIANE AREA TO X -  X t  AT Jf z Jj i

As ~V/*x,£V/Sy and a re  v a r i a b l e  t h r o u g h o u t  the h u l l ,  ve

t a k e  t h e i r  maximum v a l u e s  when computing  t h e  v a l u e  o f  S y , i . e « ,  we
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t a k e  t h e  p r o f i l e  a r e a  a t  y = o i n s t e a d  o f  y = y.  and t h e  w a t e r p l a n e

a r e a  a t  z = o i n s t e a d  o f  z = ẑ . This  g iv e s  an u p p e r  bound to  6V .

V alues  o f  bV as  a p e r c e n t a g e  o f  the  t o t a l  d i s p l a c e m e n t  volume V  a r e  

shown i n  f i g u r e  JO.

I t  i s  s e e n  from t h i s  f i g u r e  t h a t  th e  maximum volume e r r o r  i s  

0 . 7 5 5 of "the t o t a l  volume.  (Th is  r e p r e s e n t s  -89 to n s  i n  a 400 f t . ,  

1 1 ,7 9 1  t o n s  s h i p  w i t h  t h e  same h u l l  form and i s  e q u i v a l e n t  to  a change

i n  d r a f t  o f  th e  model o f  ^ 0 .025  i n c h e s . )

E r r o r  i n  w e t t e d  s u r f a c e ,  S.

T h i s  co u ld  be d e r i v e d  from th e  h u l l  s u r f a c e  e q u a t i o n  

y = 1 .( x , z )  and t h e  r e l a t i o n

s i m p l e r  ap p ro ac h  i s  to  assume th e  w e t t e d  s u r f a c e  to be r e p r e s e n t e d  by :

s*  i f  r
Lt Jo

( 2 . 6 . 4 )

The r e s u l t i n g  e x p r e s s i o n s  become c o m p l i c a t e d  and do n o t  l e n d  

th e m s e l v e s  to p h y s i c a l  i n t e r p r e t a t i o n  as in  e q u a t io n s  ( 2 . 6 . 5 ) .  A

S *  » c  V  5 ( 2 . 6 . 5 )

t h e n

and,  t h e r e f o r e ,

( 2 . 6 . 6)

L o c a l  v a l u e s  o f  6S/S a r e  shown i n  f i g u r e  30, the  maximum v a l u e  

b e i n g  C . 503>̂ .
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FIG. 30
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E r r o r  i n  S e c t i o n a l  A reas ,  A(xi )

Now

(2.6.7)

and so

^  = ^
h  itj

pcLlxi)
where oAs 2 ot j * Twice the  d r a f t  a t  (x^ ,  z^)

*3 o 1

. . . . . .  (2 . 6 . 8)
- 2. o (x±t

v ^  *= The l o c a l  beam a t  ( x . , z. )
H  1 1

Maximum v a l u e s  o f  ^A/c?y ( t w i c e  t h e  d r a f t  a t  y = o) and 

BA/?)z ( t h e  d e s i g n  w a t e r l i n e  beam a t  z = o) gave an u p p e r  bound 

t o  6A. Again th e  e r r o r s  a r e  no t  compounded.

Values  o f  6A as a p e r c e n t a g e  o f  t h e  midsh ip  s e c t i o n  a r e a  a r e  

shown i n  f i g .  30» They r an g e  from 0 .2 7 4 $  a t  t h e  bow and s t e r n  to  

0 . 5 9 7 $  a m i d s h i p s .

2.6.4* Force Coefficient Errors.

The e f f e c t  o f  the  above e r r o r s  on t h e  f o r c e s  measured  on the  

model must  be a s s e s s e d  b e f o r e  measured v a l u e s  can  be compared w i th  

t h e o r e t i c a l  v a l u e s .  F o rc e s  were c a l c u l a t e d  t h e o r e t i c a l l y  from th e  

o f f s e t s  g i v e n  by Sharma and an a l lo w a n c e  f o r  th e  model e r r o r s  

d i s c u s s e d  in  s e c t i o n  2 . 6 .3 *  now &ade.

We make t h e  a r b i t r a r y  assum pt ion  t h a t  the  c a l c u l a t e d  f o r c e s  

and moments a r e  n e g l i g i b l y  a f f e c t e d  by random n u m e r i c a l  e r r o r s  such 

as r o u n d i n g  e r r o r s .  V/e th e n  compound e r r o r s  to g i v e  ' e r r o r  r e c t a n g l e s '  

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

a r e  e s t i m a t e d  f o r  t h e  p l o t s  and a r e  drawn as r e c t a n g l e s  a round  

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

anywhere w i t h i n  t h e  r e c t a n g l e .

A & i )  s 2 j  ohc. F o r  each z^
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T h i s  i n v o l v e s  an e s t i m a t e  o f  t h e  e r r o r  bounds  f o r  t h e  

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

i n v o l v e  t h e  v e t t e d  s u r f a c e  S o f  t h e  model  i n  t h e  d e n o m in a to r *

By i n t r o d u c i n g  th e  e r r o r  i n  S c a l c u l a t e d  i n  s e c t i o n  2 . 6 * $ . ,  we 

p a r t i a l l y  a l l o w  f o r  t h e  model  e r r o r .  The v a r i a t i o n s  i n  wave 

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

and would  b e  s e e n  a,s a  s h i f t  o f  t h e  e x p e r i m e n t a l  c u r v e s  o v e r  t h e  

s p e e d  r a n g e .  The e r r o r  b ounds  a r e  g e n e r o u s ,  h o w ev e r ,  and i t  i s  

as sumed t h a t  t h e y  w i l l  e n v e l o p  t h e s e  o t h e r  more o b s c u r e  s o u r c e s  

o f  e r r o r .

E r r o r  i n  Ct v a l u e s

We h a v e ,  by d e f i n i t i o n ,  t h a t  t h e  to t a .1  r e s i s t a n c e  c o e f f i c i e n t ,  

Ct , i s  t

c* • * * / i f >s

and ,  on t a k i n g  l o g a r i t h m s  t h i s  g i v e s  :

Log C± = Log C t -  Log i  -  Log j0 -  Loj $ -  2. Log V

D i f f e r e n t i a t i o n  t h e n  g i v e s  t

S C i .  S B j  -  k  -  I S  -  z S y  
c* e t p s  v

Compounding t h e  e r r o r s  g i v e s  t

SC* .  j( SBr Y  . / ^ f * / S S V  + M v Y  

C* V V E t /  i p /  I * /  (  v '    ( 2 . 6 . 1 0 )

E q u a t i o n  ( 2 . 6 . 1 0 )  was u s e d  f o r  t h e  e r r o r  e s t i m a t i o n  o f  C.J.*

E q u a t i o n  ( 2 . 6 * 9 )  shows t h e  i m p o r t a n c e  o f  a c c u r a t e  s p e e d  

m e a s u r e m e n t .  I t  i s  s e e n  t h a t  f o r  a  Vfo e r r o r  i n  we must  h a v e  

a t  l e a s t  ■§$ e r r o r  i n  s p e e d  ( a s s u m i n g  a l l  o t h e r  q u a n t i t i e s  h a v e  

n e g l i g i b l e  e r r o r ) #

( 2 . 6 . 9 )
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The o n l y  unknown component of error in equation (2 , 6 . 1 0 )  

is that of water density p .  It was found that this could be 

represented with sufficient accuracy by

a -, a,, + f l-J  + a , T
f  . . . . . .  ( 2 . 6 . 1 1 )

where  aQ -■ 1 .9 3 5 8 2

al = 2. 47750. lo"" '

a a = 5 . 4 5 0 2 2 . 10"  ^

T -  T e m p e r a t u r e  i n  F a h r e n h e i t  d e g r e e s

D i f f e r e n t i a t i o n  o f  e q u a t i o n  ( 2 . 6 * 1 1 )  g i v e s

^  T) . ST r KCr). VT

P ( Q*o/t + a , + a x T )  T  T  # . * . . . ( 2 . 6 . 1 2 )

V a lu e s  o f  K (T) f o r  a r a n g e  o f  t e m p e r a t u r e s  were  found  to  b e  s 

T e m p e r a t u r e  ( ° F ) : 50 55 60 &5 70

K(T) x 10a i, - 2 . 5 1  - $ . 7 4  - 5 . 1 5  - 6 . 7 4  - 8*51

The s m a l l  n u m e r i c a l  v a l u e  o f  K(T) p r o d u c e s  a v e r y  s m a l l  e r r o r  

i n  p f o r  a  g i v e n  e r r o r  i n  T.  F o r  exam ple ,  i f  6T = 0 . 1 0 ° F  

a t  60°F ,  6T/T = 0 . 1 7 ^  and  60/ p  = $ . 1 5 . 1 0 “3 . 0 . 1 7  = - 0 . 0 0 0 8 ^ .

The e r r o r  i n  d e n s i t y  due t o  i n a c c u r a t e  w a t e r  t e m p e r a t u r e  

r e a d i n g s  was t h e r e f o r e  n e g l e c t e d .

R e p r e s e n t a t i v e  v a l u e s  o f  t o t a l  r e s i s t a n c e  c o e f f i c i e n t  e r r o r s  

a r e  g i v e n  i n  t a b l e  9 f rom  v a l u e s  f o r  6Rrp, 63/S and 6V f o u n d  a b o v e .

Errors in Vertical Force and Trimming Moment Coefficients•

Expressions similar to equation (2.6.10) may be derived for 

the errors in C7 and C*;:U 11

f - M W W I W ..............

i - J & W M W f t ..............

M e a s u re m e n ts  o f  t h e  model  l e n g t h  i n d i c a t e d  t h a t  t h e  t e r m  6L/L 

was 0 . 003$  and c o u l d  t h u s  s a f e l y  be n e g l e c t e d .
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Using values of 6Z arid 611 found in section 2.5. 

in C„ and CTT were deduced and are shown in table 10.
U  i ' i

2 .6. 5• Speed Function Errors.

a) Froude Number, & .

v / y j r  

/i?Y: / l̂ Y+ (- *tY+ / - £?Y
U /  i v i  U J  U s /

S J  *  SV

v? V

b) Reynold's Number, R .

e „ ,  v l / *

l E a  -  I r

V

C) ( 1° S | . a r1~2 ) ~ 2 , A  .

A 1 - a n -  2.

a .  « L o g  ^

?A * - 2 S(L*?,.B0 )
A  U j „  e n

b, errors

( 2 . 6 . 1 5 )

(2 . 6 . 16)
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We find that

S (■ st S (Ug,y)

with the result that

S A  *  2 SfLoj^v^)

A    ( 2 . 6 . 1 7 )

Representative values of 6A  and 6?  are given in tables 9 and 10.

2.6.6. Errors in non-dimensional sinkage and trim values.

Mean sinkage s and trim 1 were expressed in non-dimensional

form.

=: s_. 10* c t  5 x_ .  101 
u

*fir ( SCx S £X
Ci % cx x    ( 2 . 6 . 1 s )

Now, s and x are defined by t

s = , X i Sj -  Sg

1  . . . . . .  ( 2 . 6 . 19)

where sg = Bow sinkage

s *= stern sinkage s
** —  s / = A y  + s y

S ^8 + ^ t

But 6sg = 6sb = 6s1 f ro m  Section 2 . 5 . 2 . C .

|S  s 7z . W  
s  +■

i i  * ^  • Ss'
t  ( S j  -  s s ) ( 2 . 6 . 2 0 )
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E q u a t i o n  (2,6,20) i s  s u b s t i t u t e d  i n t o  e q u a t i o n  (2.6,18), 

T y p i c a l  v a l u e s  o f  6Cg and 6Cx a r e  shovrn i n  t a b l e  10,

2 , 6 , 7 *  C o n c l u s i o n s

A summary o f  t h e  e q u i p m e n t  and model  e r r o r s ,  and t h e  

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

f o r c e ,  moment and s p e e d  c o e f f i c i e n t s  a r e  g i v e n  i n  t a b l e  11 ,

fE r r o r  r e c t a n g l e s '  a r e  shown on a l l  n o n - d i m e n s i o n a l  p l o t t i n g s  

o f  e x p e r i m e n t a l  r e s u l t s .  I n s t e a d  o f  d r a w i n g  f a i r  c u r v e s  t h r o u g h  

e x p e r i m e n t a l  s p o t s  i t  i s  s u g g e s t e d  t h a t  i t  i s  more a p p r o p r i a t e  t o  

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

e x p e r i m e n t a l  r e s u l t s  l y i n g  w i t h i n  t h i s  b a n d .  Th is  i s  i l l u s t r a t e d  

i n  f i g u r e  3 1 .

ERROR RECTANGLES

R E S U L T S

- b a n d '

X

3
E X P E R IM E N TA L SPOTS

M E A N  C U R V E

X

W ITH O U T ERROR R E C T A N G L E S  W ITH  ERROR R EC TA N G LES

RESULTS PLOTTING SHOWING ERRORS 

FIG. 31

The e r r o r  r e c t a n g l e s  shown i n  f i g u r e s  14» 24 and 

i n d i c a t e  t h a t  much o f  t h e  s c a t t e r  o f  t h e  s p o t s  i n  t h e  l o w - s p e e d  

r a n g e  i s  c o v e r e d  by t h e  e r r o r  r e c t a n g l e s .  T h i s  c o r r o b o r a t e s  

S c o t t ' s  c o n c l u s i o n s  i n  r e f e r e n c e  1 0 3 .  A p p ro x im a te  v a l u e s  o f  

s c a t t e r  o b t a i n e d  f ro m  t h e  r e s u l t s  g i v e n  i n  t a b l e  21 a r e  com pared  

w i t h  t h e  o u t - t o - o u t  p e r c e n t a g e  C-̂  v a l u e s  (200  60^/0-^)  

f o r  a  r a n g e  o f  s p e e d s  i n  t a b l e  12.
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V f t / s e c . 0t . l ° 3 6 Ct .10® A 10 3 6 A  10 2

2.107 4.627 t o . 047 5.745 +0.007

2.674 4.557 +0 .0 3 4 5.475 +0 .0 03

2.996 4.644 +0.031 5.346. t o . 003

3.928 4.240 +0 .024 5.066 +0.002

6.480 7.161
j .-------- ------

+0 .0 3 6 4.604 +0.001

Table 9

? 6 * CZ- 103 6CZ.102 CM*1Q3 6^10* C
8

6Ce

0.2004 t o . 0006 -2 .449 t o . 097 +3.247 i o .430 -0 .124 tO .008 +0 .0 04 tO.008

O.3O63 t o . 0006 - 2.920 tO .068 +1.847 t o . 184 -0 .380 1 +
 

0
 

% 0 0 CD +0.005 tO. 008

0.4088 t o . 0006 -3 .858 t o . 030 -1 .281 t o . 104 -0 .842 +0.008 +1.301 tO.008

0.4983 t o . 0006 -3 .579 t o . 025 -4 .995 t o . 074 - I .O 84 tO .008 +4.325 tO. 008

0.6019 t o . 0006 -2 .4 3 2 tO .016 - 4.807 t o . 053 -0 .928 +0.008 +5.537 tO .008

Table 10

Estimated Errors
--------------- '

Calculated Errors
Quantity Error Quanti ty Compounded Error

Speed, V

Total r e s i s t 
ance, rt

V er t ic a l  
Force, Z

Triming Moment, 
M

Bow and Stern  
Sinkage, s 1

Model o f f s e t s  
x,y»z

Model d isp .  
Volume, 57

Model wetted  
Surface, S

Cross se c t io n  
area

-  0 .001 f t / s e c

i  0 .003 lb

t  O .I63 lb .

t  0.625 l b . f t .

t  0 .001 inches

tO .005 in .  
tO .027 i n +.0.005

1 0.031 f t .4 max. 

+0.078  f t 3 Max.

t o . 004 f t 3
(midships)

1 ........................

c» « f c r / i f lS v 1 

Cz . Z / i p S v *  

C « .  M /ipSLv*

K  ■ VL/V
A  » ( k j J V 2-)

C* * s / l  x 100

* V u x 100

usr.tsr.wj4

C  v)Tl
S v / v  

s v / v  

2$(Ug,.v)/u>jl.V  

Jl S s ' / ( S ,  + Sg}

J2 (st - S 6)

T a b l e  1 1
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V ft/sec. Hn IQ”6 Compounded
200 6 Ct/Ct

S cat ter 
200 6Ct/Ct

2 . 1 0 7 1 .4 7 2.0 2.1

2 . 6 7 4 1 . 8 7 1 .5 2.0

2 . 9 9 6 2.10 1 . 3 1 .5

3.928 2 . 7  6 1.1 1.1

6.480 4 . 5 5 1.0 0 . 4
. . —.----- 1

T a b l e  12

I t  was c o n c l u d e d  t h a t  t h e  s o u r c e s  o f  e r r o r  l i s t e d  i n  

s e c t i o n  2 . 6 . 1  w ere  r e s p o n s i b l e  f o r  mos t  o f  t h e  e x p e r i m e n t a l  j

s c a t t e r .  A f t e r  c o r r e c t i o n  f o r  b l o c k a g e ,  t e m p e r a t u r e  and t i d e ,  \

e q u i p m e n t  e r r o r s  w ere  r e s p o n s i b l e  f o r  most  o f  t h e  r e m a i n i n g

s c a t t e r .  !
1

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

had  s m a l l  e f f e c t s  on v o lu m e s  and a r e a s .  I t  was n o t  p o s s i b l e  t o

a l l o w  f o r  t h e  e f f e c t  o f  t h i s  model  e r r o r  on wave p a t t e r n ,

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

t o  com pare  e x p e r i m e n t  w i t h  t h e o r y ,  b u t  i t  a p p e a r e d  t h a t  t h e  

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

o f  t h i s  p o i n t  was u n n e c e s s a r y .

A c o m p a r i s o n  o f  f i g u r e s  32,  41 and 42 shows t h a t  t o t a l

r e s i s t a n c e  was m e a s u r e d  more a c c u r a t e l y  t h a n  t h e  v e r t i c a l  f o r c e  Z

and c o n s i d e r a b l y  more a c c u r a t e l y  t h a n  t h e  t r i m m i n g  moment M.

T h i s  i s  a l m o s t  c e r t a i n l y  due t o  t h e  f a c t  t h a t  t h e  m e a s u r e m e n t s  o f  

Z and M w ere  made w i t h  t h e  model  r i g i d l y  a t t a c h e d  t o  t h e  t o w in g  

c a r r i a g e ,  a c i r c u m s t a n c e  w hich  was u n a v o i d a b l e .  C a r r i a g e  v i b r a t i o n  

was t r a n s m i t t e d  t o  t h e  u l t r a  v i o l e t  r e c o r d s  and t h e i r  s u b s e q u e n t  

a n a l y s i s  was s u b j e c t  t o  i n a c c u r a c i e s .  The t r i m m i n g  moment M, 

b e i n g  a f u n c t i o n  o f  t h e  d i f f e r e n c e  o f  two l a r g e  q u a n t i t i e s  ( v i z .  

t h e  bow and s t e r n  v e r t i c a l  f o r c e s )  was t h u s  l e s s  a c c u r a t e  t h a n  Z.
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2 «7« DISCUSSIOII OF RESULTS 

2 .7*1«  Geosirn Series

R e s u l t s  f o r  t o t a l  r e s i s t a n c e ,  mean s i n k a g e  and  t r i m  f o r  t h e  

G lasgow  mode l  h a v e  b e e n  com pared  w i t h  t h e  r e s u l t s  o f  I n u i  and S harm a .

F o r  t h e  co .mpar i son  o f  t o t a l  r e s i s t a n c e  r e s u l t s ,  two d i f f e r e n t  

g eo s im  p l o t t i n g s  were  u s e d ,  one  t h e  w e l l -k n o w n  T e l f e r  d i a g r a m  and 

one  due to  T a n i g u c h i  ( l O p ) .

2 . 7 « l « a .  T e l f e r  D iag ram  ( f i g -  32 )

T o t a l  r e s i s t a n c e  c o e f f i c i e n t s  a r e  g i v e n  i n  t a b l e  13 and a r e  

shown i n  f i g #  32 w h e re  t h e y  a r e  p l o t t e d  on a  b a s e  o f  ( l o g  R n -2 )  .

T h i s  l i n e a r i s e s  c e r t a i n  b a s i c  f r i c t i o n  l i n e s .  A l s o  shown a r e  t h e  

r e s u l t s  o b t a i n e d  by Sharm a  and I n u i .  A l l  t h e  r e s u l t s  shown h a v e  

b e e n  c o r r e c t e d  f o r  b l o c k a g e  and  t e m p e r a t u r e  i n  t h e  same m a n n e r .

L i n e s  j o i n i n g  Ĉ . v a l u e s  a t  e q u a l  F ro u d e  Numbers ( i s o - F r o u d e  

l i n e s )  a r e  shown i n  f i g u r e  14 and i t  was a p p a r e n t  t h a t  t h e  Glasgow 

r e s u l t s  w e re  c o n s i s t e n t l y  low a t  a l l  s p e e d s .

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

2 . 5 * 2 . a .  T h e s e  i n c r e a s e d  t h e  t o t a l  r e s i s t a n c e  c o e f f i c i e n t s  s l i g h t l y  

and  t h e s e  c o e f f i c i e n t s  h a v e  b e e n  r e - p l o t t e d  i n  f i g u r e  3 2 *

A b a s i c  f r i c t i o n  l i n e ,  due t o  Hughes  ( 1 0 6 )  was u s e d  by I n u i  i n  

c o n j u n c t i o n  w i t h  a  c o n s t a n t  f r o m  f a c t o r ,  r ,  t o  g i v e  a  v i s c o u s  

r e s i s t a n c e  l i n e  o f  e q u a t i o n

Cv * ( i + <r) (i-sas £„”*’* +
. . . .  ( 2 . 7 . 1 )

Sharm a,  i n  r e f e r e n c e  53> gav e  a  v a l u e  o f  r  a s  0 . 1 8 ± 0 . 1 5 *  A 

v i s c o u s  l i n e  g i v e n  by e q u a t i o n  ( 2 . 7 * l )  w i t h  r  = 0 . 1 8  i s  shown i n  

f i g u r e  32 and  i s  a p p a r e n t l y  c o n f i r m e d  by t h e  l o w - s p e e d  r e s u l t s  o f  

a l l  t h r e e  m o d e l s .

T h r o u g h o u t  t h e  s p e e d  r a n g e  0 . 1 0 -  - 0 . 3 5  t h e  i s o - F r o u d e  l i n e s  a r e

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

b e t w e e n  t h e  i s o - F r o u d e  l i n e s  and  t h e  v i s c o u s  r e s i s t a n c e  l i n e  o c c u r s  i n  

t h e  s p e e d  r a n g e  0 . 3 5 “ v - O . 6 5  and  t h i s  may b e  du e  t o  t h e  f o l l o w i n g  

c a u s  e s  s

i )  E x p e r i m e n t a l  e r r o r s .

E r r o r  - r e c t a n g l e s  show t h a t  some d i s c r e p a n c i e s  w i l l



-  128

5 A  ^  i o 2 Ct X  103 A x  1 0 2 1Gj x 1C3 1 
c !

0 . 5 1 1 4 . 8 1 0 7 . 9 7

1

0 . 3 7 2 4 . 6 4 8 8 . 0 7

0 . 1 2 6 5 . 7 5 7 4 . 0 7 0 . 5 6 8 4 . 6 5 8 7 . 8 0

0 . 1 5 3 5 . 5 2 8 4 . 4 5 O. 585 4 . 6 1 9 8 . 62

0 . 1 8 4 5 . 3 2 8 4 . 5 2 C .580 4 . 6 5 2 8 . 5 0

0 . 2 1 5 5 . 1 6 4 4 . 5 7 O. 596 4 . 5 9 5 9 . 1 9

0 . 2 5 1 5 . 0 1 5 • 5 . 9 5 0 . 4 0 7 4 . 5 7 2 1 0 . 4 0

0 . 1 9 8 5 . 2 4 9 4 . 5 4 0 . 4 0 1 4 . 5 8 5 9 . 7 2

0 . 2 5 2 5 . 0 9 0 5 . 5 2 0 . 4 1 3 4 . 5 6 1 1 0 . 9 4

0 . 2 6 5 4 . 9 6 6 5 . 8 9 0 . 4 2 5 4 . 5 3 6 1 2 . 1 6

0 . 2 5 5 4 . 9 9 7 6 . 0 5 0 . 4 2 0 4 . 5 4 5 1 1 .8 0

0 . 1 4 3 5 . 6 0 9 4 . 5 3 0 . 4 4 1 4 . 5 0 4 1 3 . 7 0

0 . 2 5 7 4 . 9 8 9 5 . 9 0 0 . 4 3 4 4 . 5 1 8 1 5 . 1 2

0 . 2 7 8 4 . 9 1 3
f

5 . 9 7 0 . 4 5 4 4 . 4 8 0 1 4 . 6 5

0 . 2 7 2 4 . 9 3 3 5 . 7 4 0 . 4 5 5 4 . 4 7 9 1 4 .7 5

0 . 2 8 9 4 . 8 7 9 6 . 42 0 . 4 5 0 4 . 4 8 7 1 4 . 5 9

0 . 2 9 9 4 . 8 4 7 7 . 2 5 O. 427 4 . 5 3 1 1 2 . 5 9

0 . 5 1 7 4 . 7 9 2 8 . 5 6 O. 5 4 0 4 . 7 2 8 8 . 2 0

0 . 5 3 2 4 . 7 5 1 8 . 4 2 O. 295 4 . 8 5 8 6 . 9 8

0 . 3 2 5 4 . 7 6 9 8 . 5 9 0 . 2 6 6 4 . 9 5 4 5 . 8 4

0 . 5 4 0 4 . 7 3 0 8 . 2 6 0 . 2 0 4 5 . 2 2 0 4 . 8 5

0 . 5 3 1 4 . 7 5 2 8 .6 1 0 . 1 9 6 5 . 2 6 4 4 . 7 3

0 . 3 5 4 4 . 6 9 3  ' 7 . 8 1 0 . 1 6 8 5 . 4 2 8 4 . 5 3

0 . 3 4 7 4 . 7 H 7 . 9 9

CO 
K

"\ 
1—

) •

O

5 . 6 5 1 4 . 5 1

O . 56I 4 . 6 7 5 7 . 8 4 0 . 1 4 3 5 . 6 0 9 4 . 5 2

0 . 1 1 5 5 . 8 6 4 4 . 4 8 0 . 2 2 4 5 . 1 2 4 5 . 1 3

I. = 8*6 f t . ,  S = 1 5 . 7 1 4  f t . s 

? =  V / y ^ L ,  A = -  (10S10 Rn - 2)“2 ct = V i p S V ^ ,

ALL RESULTS CORRECTED FOR 3LCCKAGE, TSAP3RATUR3 AND TID3 EFFECTS.

HO N - DIIT31ISIC IT A I. R33ISTAIIC3 RESULTS TAB 13 15

- HAK3D HULL - FLATS STUD STIIIUI.ATICH
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occur in the values at a given Froude Humber. Slight 

differences between the models due to manufacture were 

almost certain to exist and these would give rise to 

farther errors. This is discussed further in section 

2 . 7 - I . e .

i i )  Model size.

I n u i fs model  was 5 . 7 4  f t .  i n  l e n g t h  and a c c u r a t e  

e x p e r i m e n t a l  r e s u l t s  on s uch  a s m a l l  model  a r e  d i f f i c u l t  

t o  o b t a i n .  W e b s t e r  h a s  shown (1 0 7 )  t h a t  models  l e s s  t h a n  

5 f t .  i n  l e n g t h  a r e  a f f e c t e d  by s u r f a c e  t e n s i o n  e f f e c t s ,  

i i i )  P a r a l l e l  s i n k a g e  and f r e e  t r i m .

I n u i ' s  mode l  was a l l o w e d  o n l y  t o  s i n k  and n o t  t o  t r i m .  

Sharm a  p r e s e n t e d  r e s u l t s  o b t a i n e d  w i t h  and w i t h o u t  ’p a r a l l e l  

s i n k a g e *  ( I n u i ’ s t e rm )  w h e re a s  t h e  Glasgow r e s u l t s  were  

o b t a i n e d  w i t h o u t  p a r a l l e l  s i n k a g e ,  t h e  model  b e i n g  a l l o w e d  

t o  t a k e  up i t s  n a t u r a l  r u n n i n g  t r i m .  B o th  S h a r m a ’s ’ f r e e  

t r i m *  a n d ’p a r a l l e l  s i n k a g e *  r e s u l t s  a r e  shown i n  f i g u r e  32 

w here  i t  i s  o b v i o u s  t h a t  a t ' ? X ) * 4 5  t h e  g e o s im  c u r v e  r e l e v a n t  

t o  I n u i ’ s mode l  i s  d i s s i m i l a r  t o  t h e  o t h e r s .  I t  i s  a l s o  

p o s s i b l e  t h a t  a t  l o w e r  F r o u d e  numbers  t h i s  p a r a l l e l  s i n k a g e  

c a u s e d  s m a l l  d i s c r e p a n c i e s  i n  Ĉ . v a l u e s ,  

i v )  V a r i a t i o n  o f  Form R e s i s t a n c e  w i t h  F ro u d e  Humber.

I t  i s  s e e n  f rom  e q u a t i o n  ( 2 . 7 * 1 )  t h a t  ' f o r m  f a c t o r s ' ,  r  

and  r ^ m a y  be  d e f i n e d  as

f m= . ( C v / C ^ ' )  -  1 C -  f

. . . .  ( 2 . 7 . 2 )

cK « £ f f / f y 0

w here  r  i s  a  m e a su re  o f  fo rm  r e s i s t a n c e  and r £ £  a  m e a s u r e  of  

f r i c t i o n  fo rm  r e s i s t a n c e .



-  131 -

Sharing, o b t a i n e d  v a l u e s  f o r  r  f r o m  a c o m p a r i s o n  o f  h i s  own 

and I n u i ’s r e s u l t s  ( r e f .  53 P*410) and f o u n d  some v a r i a t i o n  o f  r  

w i t h  F r o u d e  l u m b e r .  As r  i s  some f u n c t i o n  o f  t h e  s l o p e  o f  t h e  

i s o - F r o u d e  l i n e s  any v a r i a t i o n  o f  r  w i t h  F r o u d e  Number w i l l  

a p p e a r  as a  c h a n g e  o f  s l o p e  o f  t h e  i s o - F r o u d e  l i n e s  i n  f i g u r e  32 .

( i s o - F r o u d e  l i n e s  i n  f i g u r e s  14 and 32 a r e  shown as s t r a i g h t  

l i n e s  j o i n i n g  r e s u l t s  f o r  each  m o d e l .  T h i s  i s  n o t  meant  t o  im p ly  

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

be  made w i t h o u t  a  l a r g e r  g e o s im  s e r i e s  -  b u t  i s  m ean t  t o  g i v e  a 

g e n e r a l  i n d i c a t i o n  o f  t h e i r  s l o p e .  To draw an a r b i t r a r y  c u r v e  

t h r o u g h  t h r e e  p o i n t s  a t  any F r o u d e  num ber ,  t h u s  p r e s u p p o s i n g  t h e  

s h a p e  o f  t h e  i s o - F r o u d e  l i n e s ,  was c o n s i d e r e d  u n j u s t i f i a b l e . )

2 . 7 * l « b .  T a n i g u c h i  D iag ram  ( f i g u r e  3 3 )

F o l l o w i n g  F r o u d e ’s a s s u m p t i o n s ,  i t  i s  p o s t u l a t e d  t h a t

«. Cv + Cw
# * * • (2.7*3)

A f u r t h e r  a s s u m p t i o n ,  i m p l i e d  by e q u a t i o n  ( 2 . 7 * 1 )  i s  t h a t  

Cv S  +  '

I n s e r t i o n  o f  t h i s  r e l a t i o n  i n  e q u a t i o n  ( 2 . 7 * 3 )  g i v e s  

Ch :  C Cf# + Cw
«««• ( 2 *7 * 3^)

We may i n t e r p r e t  e q u a t i o n  ( 2 . 7 * 3 * a ) any F roude  number a s  t h e  

e q u a t i o n  t o  a  s t r a i g h t  i s o - F r o u d e  l i n e ;  t h e  g r a d i e n t  i s  ( l + r ) ,  Ĉ . 

i s  t h e  d e p e n d e n t  v a r i a b l e , t h e  i n d e p e n d e n t  v a r i a b l e ,  an d  a  

c o n s t a n t .  A p l o t t i n g  o f  Ĉ . a s  o r d i n a t e  w i t h  Cf o  as  a b s c i s s a  f o r  a  

g e o s im  s e r i e s  w i l l  t h u s  y i e l d  t h e  fo rm  f a c t o r s ? r- a t  any F ro u d e  

Number f ro m  t h e  s l o p e s  o f  t h e  i s o - F r o u d e  l i n e s  and v a l u e s  o f  by 

e x t r a p o l a t i o n  t o  t h e  l i n e  = o .  T h i s  method was u s e d  by T a n i g u c h i
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i n  r e f e r e n c e  105 and by Conn and F e r g u s o n  i n  r e f e r e n c e  59*

A lso  shown on f i g u r e  53 a r e  t h e  u p p e r  and l o w e r  b ounds  f o r  

r  g i v e n  by S h a r n a *

I t  i s  i m m e d i a t e l y  a p p a r e n t  t h a t  t h e  Glasgow C, v a l u e s  a r e
t

l o w e r  t h a n  would  h a v e  b e e n  e x p e c t e d ,  i n  s p i t e  o f  t h e  a d d i t i o n  o f  

p l a t e  s t u d s *  The T a n i g u c h i  p l o t t i n g  makes g r e a t  demands on 

e x p e r i m e n t a l  a c c u r a c y  and i t  shows up  d e f i c i e n c i e s  i n  t h e  r e s u l t s  

o f  t h e  t h r e e  I n u i d s *  I s o - F r o u d e  l i n e s  were  drawn u s i n g  Sharma*s  

and  I n u i ’ s r e s u l t s  i n  c o n j u n c t i o n  w i t h  t h e  Glasgow r e s u l t s  

w h e r e v e r  p o s s i b l e *  \

2 . 7 » l * c «  S i n k a g e  and t r i m  r e s u l t s *

V a l u e s  o f  C and C f o r  t h e  Glasgow model  a r e  g i v e n  i n  t a b l e  14 * s  *• jf

and  a r e  p l o t t e d  w i t h  t h e  r e s u l t s  o f  I n u i  and Sharma i n  f i g u r e s  54 

and  55*

Mean s i n k a g e *

Mean s i n k a g e  r e s u l t s  f o r  t h e  t h r e e  models  a r e  com pared  i n  

f i g u r e  54* Both  S h a r m a ' s  and  I n u i ’ s r e s u l t s  f o r  ’ p a r a l l e l  s in k a g e *  

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

a b o v e  a  F r o u d e  Number o f  0*45* T h i s  c o r r e s p o n d s  t o  a  s l i g h t  

i n c r e a s e  o f  r e s i s t a n c e  i n  t h i s  s p e e d  r a n g e , s h o w n  i n  f i g u r e  2 2 ,  

w h ich  s u g g e s t s  t h a t  f r e e  t r i m  h a s  an e f f e c t  on mean s i n k a g e  and 

t o t a l  r e s i s t a n c e .

From t h e  a r g u m e n t s  a d v a n c e d  i n  s e c t i o n  2*4> an i n c r e a s e  i n  

mean s i n k a g e  wou ld  be  e x p e c t e d  t o  c o r r e s p o n d  t o  an  i n c r e a s e  i n  

f o rm  r e s i s t a n c e  w h ich  i n  t u r n  w ould  l e a d  t o  an i n c r e a s e  i n  t o t a l  

r e s i s t a n c e .  However ,  i t  i s  p r o b a b l e  t h a t  b o u n d a r y  l a y e r  and wave 

p a t t e r n  m o d i f i c a t i o n  due t o  t h e  p r e s e n c e  o r  a b s e n c e  o f  f r e e  t r i m  

c a u s e  t h e  a p p a r e n t l y  anom alous  r e s i s t a n c e  r e s u l t s  i n  t h i s  s p e e d  

r a n g e *

I t  i s  a p p a r e n t  f rom  f i g u r e  54 t h a t  S h a r m a ’ s model  h a s  a  

c o r r e s p o n d i n g l y  g r e a t e r  mean s i n k a g e  a t  low s p e e d s  t h a n  e i t h e r  t h e  

G lasgow  o r  Tokyo m ode ls*  T h i s  may be  due t o  a s c a l e  e f f e c t  on  mean 

s i n k a g e  b u t  a  c o n t r i b u t o r y  f a c t o r  may b e  t h a t  t h e r e  i s  a  s l i g h t

d i s c r e p a n c y  i n  t h e  d i s p l a c e m e n t  volume o f  S h a r m a ’ s model* The
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FIG. 34
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3 c s

1

3i
c s

n

O. 311 - 0 . 4 1 5 ■s-0.005 C.4C1 - 0 . 8 1 0 1- I . O 65

0 . 22 c - 0 . 0 2 6 -:-C .027 C.413 - 0 . 8 6 5 + 1 . 5 3 0

0 . 1 5 3 - 0 . 0 7 1 +0 . 0 0 3 O . 34O - 0 . 4 6 2 - 0 . 2 1 4

0 . 1 8 4 - 0 . 1 0 5 - 0 . 0 0 3 0 . 2 9 5 - 0 . 3 3 1 - 0 . 0 5 8

0 . 2 1 5 - 0 . 1 5 9 + 0 .0 5 7 I 0 . 2 6 6i - 0 . 2 5 9 - 0 . 1 0 7

0 . 2 5 1 - 0 . 2 3 4 - 0 . 0 7 0 ! 0 . 2 0 4 - 0 . 1 3 1 -O.O76

0 . 1 9 8 - 0 . 1 2 4 + 0 . 0 0 4 i 0 . 1 9 6 - 0 . 1 1 9 - 0 . 0 5 8

0 . 2 3 2 - 0 . 2 0 2 - 0 . 0 4 4 1 0 . 1 6 8 - 0 . 0 9 4 -O .O 53

0 . 2 6 3 - 0 . 2 8 0 - 0 . 1 0 0 0 . 1 3 8 - 0 . 0 5 7 - 0 . 0 2 4

0 . 2 5 5 - 0 . 2 3 8 - 0 . 0 7 9 0 . 1 4 3 - 0 . 0 6 1 - 0 . 0 1 7

0 . 1 4 3 - 0 . 1 0 6 +0 . 0 0 3 0 . 1 1 5 - 0 . 0 3 4 - 0 . 0 0 9

0 . 2 5 7 - 0 . 2 5 9 - 0 . 0 8 1 0 . 2 2 4 - 0 . 1 6 7 - 0 . 0 9 5

0 . 2 7 8 - 0 . 2 9 8 - 0 . 0 7 2 0 . 2 4 1 - 0 . 1 8 2 - 0 . 1 0 0

0 . 2 7 2 - 0 . 2 9 9 - 0 . 0 5 4 0 . 4 1 1 - 0 . 8 6 8 +1 . 5 1 6

0 . 2 8 9 - 0 . 3 3 3 - 0 . 0 2 3 0 . 4 2 5 - 0 . 9 3 4 +2 . 0 5 9

0 . 2 9 9 -O . 366 - 0 . 0 0 5 0 . 4 1 7 - 0 . 9 0 6 +1 . 7 2 7

0 . 3 1 7 - 0 . 4 1 6 - 0 . 0 1 9 0 . 4 1 8 - 0 . 9 0 6 + 1 .8 1 2

0 . 3 3 2 - O . 4 4 6 - 0 . 1 1 9 0 . 4 3 1 - 0 . 9 7 2 + 2 . 2 9 9

0 . 3 2 5 - 0 . 4 4 4 - O . C 53 0 . 4 3 9 - O . 9 98 +2 . 6 3 1

0 . 3 4 0 - 0 . 4 9 0 - 0 . 1 2 2 0 . 4 4 9 - 1 . 0 5 6 + 3 .0 0 6

0 . 3 3 1 - 0 . 5 1 1 - 0 . 1 7 2 0 . 4 4 8 - 1 . 0 0 2 + 2 . 9 0 4

0 . 3 5 4 - O . 56O - 0 . 0 7 0 0 . 4 0 6 - 0 . 8 0 9 + 1 .1 4 9

0 . 3 4 7 - 0 . 5 2 5 - 0 . 1 2 3 0 . 4 5 9 - 1 . 0 2 8 + 3 .0 9 9

O . 3 6 I - 0 . 5 7 9 - 0 . 0 4 0 0 . 4 8 3 - 1 . 1 5 5 + 4 .1 7 5

0 . 3 7 2 - 0 . 6 4 9 +0 . 2 1 2 0 . 4 4 3 - 0 . 9 9 1 + 2 . 6 5 9

O. 3 6 8 - 0 . 5 8 8 +0 . 0 5 1 0 . 4 6 3 - 0 . 9 9 6 + 3 . 3 2 1

0 . 3 8 5 - 0 . 6 9 0 +0 . 4 7 6 ' 0 . 4 8 6 - 1 . 0 1 8 + 4 .0 0 7

0 . 3 8 0 - 0 . 6 6 6 + 0 . 3 3 3 0 . 4 8 6 - 1 . 0 3 4 + 4 .1 0 9

0 . 3 9 6 - 0 . 7 8 6 + 0 . 8 6 0 0 . 5 1 5 - 1 . 0 3 5 +4 . 7 0 4

0 . 4 0 7 - 0 . 8 4 2 + 1 .3 0 1 0 . 4 9 7 - 1 . 0 8 4 +4 .3 2 5

3  *= V / / g L ,  Cg= i f e B +  s s )  x  100/L*, Ct  = ( s s -  S B )  x  1 0 0 /L ,  L = 8 . 6  f t .  

NON-DIMENS IONAI. MEAN SUCK AGE AND TRIM RESULTS -  iUK^D HULL T a b l e  14
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£ °'s c * £ Cs c x

0 . 5 0 3 - 1 . 0 7 3 - 4 - 396 0 . 4 7 1 -1.C-6S + 3* 664

0 . 5 2 4 - 1 . 0 2 5 +4 . 8 46 0 . 5 0 5 - 1 . 0 3 6 + 4 .5 1 9

0 . 5 2 6 - 0 . 9 9 7 +5 . 0 1 1 0 . 6 0 4 - 0 . 9 2 8 + 5 .5 3 7

0 . 5 2 9 - 1 . 0 6 2 +4 . 9 5 5 0 . 6 1 8 - 0 . 8 9 1 + 5 .6 6 0

0 . 5 5 0 - 1 . 0 2 3 +5 . 1 5 6 0 . 6 2 3 - 0 . 8 6 3 + 5 .7 6 6

0 . 5 6 1 - 1 . 0 4 4 +5 . 2 3 3 0 . 5 6 6 - 0 . 9 8 6 + 5 .3 5 0

C . 5 6 S - l .C C C +5 . 3 2 1 0 . 5 8 9 - 0 . 5 1 2 + 5 .4 5 9

0 . 5 8 2 - 0 . 9 5 0 +5 . 3 2 4 0 . 5 9 5 - 0 . 9 8 7 + 5 . 5 3 9

0 . 5 9 4 - 0 . 9 5 4 +5 . 4 6 1 O. 650 - 0 . 8 5 1 + 5 .8 2 6

0 . 4 0 3 - 0 . 7 6 6 + 1 . 2 4 1 0 . 6 7 8 - 0 . 8 5 2 + 6 . 4 4 3

ALL RESULTS C0HR3CT3D FOR 3LCCXAGS AITD TIPS S??3C?S

T a b l e  14 C o n t d .
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scale factor for Sharma's model in relation to Inui's model is 

2*28571 which gives a scale displacement volume of 0 * 4 1 5 7 for 

Sharma's model. Sharma quotes a displacement volume of 0.4102 m3 

a discrepancy of 0 * 0 0 3 5 m3«

The effect of this discrepancy on mean sinkage may be 

demonstrated by the use of Horn's analysis (equation 2*4*3*) end a 

result due to Havelock (12, p*6l0)* Using Horn's equation (2.4.3)> 

Hcavelock deduced the following approximate relation for the velocity 

increment over a semi-submerged prolate spheroid at low speeds :

W  * *  1

v    ( 2 . 7 . 4 )

where K is the virtual inertia coefficient of the spheroid for axial 
1

motion. Assuming that the shape of the Inuid S201 is sufficiently close

to that of a spheroid for equation ( 2 *7 #4 ) to hold, equation ( 2 . 4 . 3 )

shows that there is some relation bet ween mean sinlcage, s, and K thus
1

*1 * A* ( Y  s )

; ......(2 .7 .5 )

Using a method due to Taylor, cited by Havelock (12, p.50l) and

Robertson (83, p*2 0 7), K may be calculated approximately from the
1

moment in the x-direction of the body source distribution M and thes
volume of displacement :

tc, r It* Mj -  1

W     ( 2 . 7 . 6 )
*

where
M 4 * £ C-JC dS   (2 .7 .7 )

If the models are all exactly geometrically similar K will have
1

the same value for each. Any slight model error, particularly in

displacement volume, will have an effect on K • One night expect this
1

to be reflected in the mean sinkage at low speeds if relation (2.7*5)

Inaccuracies in low-speed mean sinkage measurement for the Hamburg 

model could also account for the apparent scale effect but the close 

agreement between the results of* the Tokyo and Glasgow models indicates
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t h e  e x i s t e n c e  o f  t h e  g r e a t e r  s y s t e m a t i c  e r r o r  d i s c u s s e d  a b o v e .

Tr im

Trim i s  s e e n  to  be s l i g h t l y  by t h e  h e a d  i n  t h e  s p e e d  r a n g e
<■ !i <

0 “ ^  - 0 . 3 6  and t h e n  c h a n g e s  s i g n  to  a t r i m  by t h e  s t e r n  a c c o m p a n ie d

by a d e c r e a s e  i n  mean s i n k a g e  as s p e e d  i n c r e a s e s .

S c a l e  e f f e c t  on t r i m  i s  n o t  a p p a r e n t  e x c e p t  p e r h a p s  i n  t h e  s p e e d  

r a n g e  0 . 2 5 ^  ^ 4  O. 37  w here  t r i m  i s  c h a n g i n g  s i g n  as  t h e  s e c o n d  wave c r e s t  

moves a f t  w i t h  i n c r e a s e  o f  s p e e d .  ( S e e  f i g u r e  3 6 ) .  I n  t h i s  s p e e d  r a n g e  

i n t e r a c t i o n  b e t w e e n  t h e  model ,  wave s y s t e m  and i t s  b o u n d a r y  l a y e r  w i l l  

a , f f e c t ,  and be  a f f e c t e d  by ,  s m a l l  c h a n g e s  o f  t r i m  : g.s s p e e d  i n c r e a s e s  

t h e  i n c r e a s e d  bow wave h e i g h t  and l e n g t h  c a u s e s  t h e  bow t o  r i s e  c a u s i n g  

a  t r i m  by t h e  s t e r n .  T h i s  i s  a s s o c i a t e d  w i t h  a  c h a n g e d  b o u n d a ry  l a y e r  

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

moment o p p o s i n g  t h e  t r i m m i n g  moment w h ich  w i l l  a t t e m p t  t o  r e d u c e  t h e  

t r i m  by t h e  s t e r n .  T h i s  h a s  b e e n  d i s c u s s e d  i n  s e c t i o n  2 . 3  and by

B essh o  ( 8 4 ) who r e f e r s  t o  i t  as  a  1 f e e d - b a c k 1 e f f e c t .  I n  t h i s  F r o u d e

number  r a n g e  t h e  e f f e c t  o f  f l o w  c o n d i t i o n s  on t r i m  i s  s e e n  t o  be 

i m p o r t a i i t .  Any d i s s i m i l a r i t y  b e t w e e n  t h e  g e o s im s  w ould  be e x p e c t e d  t o  

become a p p a r e n t  a t  t h e s e  s p e e d s .

2 . 7 . 2 .  Wave R e s i s t a n c e .

V a lu e s  o f  wave r e s i s t a n c e ,  d e d u c e d  b o t h  f rom e x p e r i m e n t  and  

c a l c u l a t i o n ,  were  co m p a re d .

2 . 7 . 2 . a .  E m p i r i c a l l y  d e d u c e d  wave r e s i s t a n c e

Wave r e s i s t a n c e  c o e f f i c i e n t s ,  = R^/>;pSVs , a r e  shown i n  f i g u r e  37 

f o r  t h e  t h r e e  m o d e l s .  The c o e f f i c i e n t s  h a v e  b e e n  d e d u c e d  f ro m  e q u a t i o n s  

( 2 . 7 . 1 )  and ( 2 . 7 . 3 ) and a l s o  f ro m  f i g u r e  33 u s i n g  t h e  method d e s c r i b e d  i n

s e c t i o n  2 . 7 * l . b .  M o d e r a t e l y  good a g r e e m e n t  b e tw e e n  t h e  two m e th o d s  was

o b t a i n e d  o v e r  most  o f  t h e  r a n g e  C . 1 2 -  ^  - C . 4 0  w i t h  good a g r e e m e n t  i n  t h e  

l o v e r  s p e e d  r a n g e .  The p o o r  a g r e e m e n t  a t  h i g h e r  s p e e d s  i s  p r o b a b l y  due t o  

i n a c c u r a c i e s  a r i s i n g  f ro m  t o t a l  r e s i s t a n c e  r e s u l t s  p l o t t e d  i n  f i g u r e  33.  

Once a g a i n  t h e  d i f f i c u l t y  o f  o b t a i n i n g  r e l i a b l e  m e a s u re m e n t s  o f  wave 

r e s i s t a n c e  i s  e m p h a s i s e d .



M E A S U R E D  TRIM C OE F F I C I E N T

TRIM AND WAVE PROFILES
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FIG.  37

0 020 WAVE R E S IS T A N C E  C O E F F IC IE N T S

0  0 1 8 KEY

♦ G L A S G O W

® H A M B U R G -fre e  t r im

*  H A M B U R G -p a ra l le l  s in k a g e

•  TOKYO

m e a s u r e d

0 0 1 6
  1NUI

  M IC H E L L -H A V E L O C K
c a lc u l a t e d

a  f r o m  F IG U R E  3 3

0 ou

c,

•  ¥ *

0012
• t

0 010

0 0 0 8

0  0 0 6

0 002

>
• • •♦ + <
0 10 0 20 0 7 00 -5 00-400  3 0



-  142 -

N e v e r t h e l e s s  a  u n i q u e  e m p i r i c a l  c u r v e  o f  wave  r e s i s t a n c e  a a p e  ° r s  

r e a s o n a b l y  w e l l  d e f i n e d  w i t h  t h e  Glasgow r e s u l t s  a  l i t t l e  l o w e r  t h a n  

t h o s e  o f  Sharm a  and  I n u i ,  f o r  r e a s o n s  which h a v e  b e e n  d i s c u s s e d  

e l s e w h e r e .  At h i g h  s p e e d s  t h e  e f f e c t s  o f  ' p a r a l l e l  s i n k a g e 1 and  

' f r e e  t r i m '  a r e  a p p a r e n t ,  t h e  r e s u l t s  o f  I n u i  b e i n g  m a r k e d l y  h i g h e r  

t h a n  S h a r m a ' s  ' p a r a l l e l  s i n k a g e *  v a l u e s .

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

a t  h i g h  P ro u d e  N umbers .  T h i s  w ou ld  p r o b a b l y  g i v e  r i s e  t o  com plex  

i n t e r a c t i o n  b e t w e e n  v i s c o u s  and  wave r e s i s t a n c e s  w h ic h  wou ld  i n v a l i d a t e  

e q u a t i o n  ( 2 . 7 . 3 * ) •  E m p i r i c a l  wave r e s i s t a n c e  v a l u e s  a t  h i g h ' s p e e d s  

a r e  t h e r e f o r e  o f  d o u b t f u l  v a l u e  and t h e i r  c o m p a r i s o n  w i t h  t h e o r y  mus t  

be  t e n t a t i v e .

2 . 7 . 2 . b .  C a l c u l a t e d  Wave R e s i s t a n c e

Shown i n  f i g u r e  37 and t a b l e  15 a r e  wave r e s i s t a n c e  c o e f f i c i e n t s  

c a l c u l a t e d  u s i n g  b o t h  I n u i ' s  t h e o r y  ( s e c t i o n  2 . 2 . 2 . )  i n  c o n j u n c t i o n  

w i t h  h i s  a s y m p t o t i c  wave r e s i s t a n c e  f u n c t i o n s  (25  p . 20 2 )  and  t h e  

M i c h e l l - H a v e l o c k  t h e o r y  g i v e n  i n  s e c t i o n s  2 . 1 . 2 .  a ,  2 . 3  and a p p e n d i x  B.

I t  i s  a t  once  a p p a r e n t  t h a t  f o r  3" > 0 . 2 5  t h e r e  i s  a  w ide

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

I n u i ' s  t h e o r y  w i t h o u t  c o r r e c t i o n  f a c t o r s  g i v e s  v a l u e s  w h ich  
0 . 2 5  6 >? ^  w hereas  th e  M ic h e ll^ th e o ry  g iv es  good agreem ent i n  th e  range
W e r e s t i m a t e  i n  t h e  r a n g e ^ O . 3 3 ^  v ^ 0 . 4 5  t h e r e a f t e r  t e n d i n g  to

u n d e r e s t i m a t e  t h e  v a l u e s  o f  C^.  B u t  c o m p a r i s o n  b e t w e e n  t h e o r y  and 

e x p e r i m e n t  f o r  J  > 0 .4 5  i s  o f  d o u b t f u l  v a l u e  f o r f e a s o n s  s t a t e d  a b o v e .

At P r o u d e  Numbers l e s s  t h a n  0 . 3 3  b o t h  t h e o r i e s  e x h i b i t  e x a g g e r a t e d  

o s c i l l a t i o n s  i n  v a l u e s  w h ich  a r e  s l i g h t l y  o u t - o f - p h a s e  w i t h  t h e  

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

a r e  u n f o r t u n a t e l y  common f e a t u r e s  o f  t h e  c a l c u l a t e d  wave r e s i s t a n c e  a t  

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

l i n e a r i s  ac t ions a d o p t e d  w i t h i n  t h e  t h e o r y  and t h e  t o t a l  n e g l e c t  o f  

v i s c o u s  e f f e c t s .  I t  i s  p r o b a b l e  t h a t  b o u n d a r y  l a y e r  g row th  n e a r  t h e  

s t e r n  wou ld  damp o u t  t h e  o s c i l l a t i o n s  to  a c e r t a i n  e x t e n t  and  t h i s  h a s  

b e e n  d e m o n s t r a t e d  by H a v e lo c k  (1 2 ,  p . 5 2 8 ) .  The  e f f e c t  o f  n o n -  

l i n e a r i t i e s  i s  t o  a  c e r t a i n  e x t e n t  unknown,  b u t  i t  a p p e a r s  f rom  

f i g u r e  37 t h a t  c o m p l e t e  f u l f i l m e n t  o f  t h e  body  s u r f a c e  b o u n d a r y  

c o n d i t i o n ,  e q u a t i o n  ( 2 . 1 . 8  b ) ,  o b t a i n e d  by I n u i ' s  method g i v e s  s l i g h t l y
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2 . 2 1 8 0 . 1 0 0 0 . 3 0 0

C.195 2 .2 8 0 0 . 1 1 0 0 . 3 2 5

0 . 2 0 0 3 .2 2 9 0 . 1 2 0 O. 4 88

0 . 2 0 5 3 .9 3 2 C . I 25 0 . 5 3 9

C.210 3 , 6 8 3 O . I 3O 0 . 5 3 2

0 . 2 2 0 ■2.641 0 . 1 3 5 0 . 9 2 9

0 . 2 3 0 3 .7 9 2 0 . 1 4 0 0 . 8 8 9

0 . 2 4 0 4 . 9 6 2 [ 0 . 1 5 0 1 . 3 3 2

0 . 2 5 0 4 . 3 5 9 1 0 . 1 6 0 1 . 1 7 3

0 . 2 6 7 3 . 3 6 1 0 . 1 8 3 2 . 5 6 6

C .2 8 0 4 . 7 4 3 0 . 1 9 2 1 . 6 9 8

0 . 3 0 0 6 .8 2  3 0 . 2 0 0 3 . 1 4 8

0 , 3 2 5 5 . 7 9 1 0 . 2 1 8 2 . 2 0 3

0 . 3 5 0 4 . 3 5 1 0 . 2 3 6 5 . 0 5 4

0 . 4 0 0 6 . 9 1 1 0 . 2 5 0 3 . 9 68

0 . 4 5 0 1 0 . 0 5 0 0 . 2 6 7 3 .5 5 5

0 . 5 0 0 1 0 .9 5 0 0 . 2 7 7 5 .3 5 3

0 . 5 5 0 1 0 . 3 5 0 . 0 . 3 0 1 8 . 1 1 9

0 . 6 0 0 9 . 2 5 9 0 . 3 1 6 7 . 0 4 3

0 . 6 5 0 8 . 1 3 6 0 . 3 3 3 5 . 2 6 0

0 . 3 5 4 4 .  800

0 . 4 0 0 1 0 . 5 1 0

C.450 16.A20

0 . 5 0 0 1 7 . 7 9 0

C.550 1 6 . 8 7 5

C .600 1 5 .3 6 0

c . 050 1 3 .7 0 0
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w o rs e  a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  a t  low s p e e d s  t h a n  

t h e  f u l l y  l i n e a r  t h e o r y .  At h i g h  s p e e d s  t h e  l i n e a r  t h e o r y  g i v e s  

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

The a u t h o r  c o n c l u d e s  t h a t  t h e  c o m p l e t e l y  l i n e a r  K i c h e l l - H a v e l o c k  

t h e o r y  i s  b e t t e r  t h a n  t h e  p a r t i a l l y  n o n - l i n e a r  . t h e o r y  o f  I n u i  w i t h o u t  

e m p i r i c a l  c o r r e c t i o n  f a c t o r s .

B u t  a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  s t i l l  l e a v e s  much 

t o  be d e s i r e d ,  p a r t i c u l a r l y  a t  low s p e e d s .  T h i s  may be b e c a u s e  f r e e  

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

c a l c u l a t i o n s .  The c o n t r i b u t i o n  t o  r e s i s t a n c e  f rom t h e  n o rm a l  p r e s s u r e s  

i n  t h e  wave s y s t e m  above  t h e  p l a n e  z=o h a s  b e e n  i l l u s t r a t e d  i n ,  f o r  

e x a m p le ,  r e f e r e n c e s  22,  59 ,  64 and 6 5 . Shown i n  f i g u r e  58 i s  t h e  

c a l c u l a t e d  v e r t i c a l  d i s t r i b u t i o n  o f  t h e  wave r e s i s t a n c e  a t  a  P ro u d e  

Number o f  O . 3OO. C o m p a r i so n  o f  t h i s  d i a g r a m  w i t h  i t s  c o u n t e r p a r t s  i n  

t h e  above  r e f e r e n c e s  r e v e a l s  t h a t  an a p p r e c i a b l e  p a r t  o f  t h e  wave 

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

f r e e  s u r f a c e .

A f u r t h e r  d i f f i c u l t y  e n c o u n t e r e d  i n  t h e  a p p l i c a t i o n  o f  t h e  

M i c h e l l - H a v e l o c k  t h e o r y  t o  I n u i d  S201 was due t o  i t s  c u r v e d  k e e l  l i n e .

I t  i s  s e e n  f ro m  f i g u r e s  B3> 34> B8 and B9 t h a t  p r e s s u r e s  r e l a t i v e  t o  

t h e  w a t e r l i n e s  i n  t h e  v i c i n i t y  o f  t h e  c u r v e d  k e e l  w ere  c a l c u l a t e d  as 

i f  e a c h  w a t e r l i n e  was i n d e p e n d e n t  o f  i t s  n e i g h b o u r s  ; o n l y  t h e  d e p t h  

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

m o d e l  w ere  t a k e n  i n t o  a c c o u n t .  I t  i s  u n l i k e l y  t h a t  t h e  a c t u a l  p r e s s u r e  

d i s t r i b u t i o n  w i l l  a p p e a r  as su ch  and t h e  s t a g n a t i o n  p r e s s u r e s  

o b s e r y e d  i n  f i g u r e s  B3» B4 end  B8 on t h e  c u r v e d  k e e l  may n o t  o c c u r  

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

co m p le x  w i t h  t h e  p r o b a b i l i t y  o f  s t r o n g  downward f l o w  c o m p o n e n t s .  T n i s  

i s  i l l u s t r a t e d  i n  f i g u r e  39 w here  i t  i s  s u g g e s t e d  t h a t  r o t a t i o n a l  f l o w  

c o u l d  o c c u r  t h u s  c o n t r a v e n i n g  one 01 t h e  b a s i c  a s s u m p t i o n s  o f  t h e  

t h e o r y .  I t  a p p e a r s  t h a t  f o r  t h e  I n u i d  h u l l  s h a p e  t h e  m a t h e m a t i c a l  mode] 

a d o p t e d  to  r e p r e s e n t  t h e  f l o w  wa3 i n a d e q u a t e .

V a l u e s  o f  d* d e f i n e d  by e q u a t i o n  (2 .3 .7 ) w e re  calculated for the 

s p e e d  r a n g e  0 . 1 0 -  ?  - O . 65  and  a r e  shown i n  f i g u r e  4 0 . Interesting
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f e a t u r e s  o f  t h i s  p l o t t i n g  a r e  b o t h  t h e  o s c i l l a t o r y  n a t u r e  o f  t h e  

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

wave r e s i s t a n c e  c u r v e ,  and t h e  f a c t  t h a t  d 1 r i s e s  t o  a  maximum 

a t  ^  = 0 . 4 0  and t h e n  s i n k s  to  an a p p r o x i m a t e l y  c o n s t a n t  v a l u e .

2 . 7 •  3• Ve r t i c a l  F o r c e s  and Trimming lioment

M e a s u re d  v e r t i c a l  f o r c e  and moment c o e f f i c i e n t s  a r e  g i v e n  i n  

t a b l e  16 and f i g u r e s  41 4 2 .  G iven  i n  t a b l e  17 a r e  c a l c u l a t e d

v a l u e s  o f  Cg, , C^ and C^ which  a r e  a l s o  shovm i n  f i g u r e s  34> 35>

41  and 4 2 .

2 .7 *  3*a « M e a s u re d  V e r t i c a l  F o r c e s  and Tr imming Moment

F i g u r e  41 i n d i c a t e s  t h a t  t h e  m e a s u r e d  s i n k a g e  f o r c e  c o e f f i c i e n t

shows the same general characteristics as the measured mean sinkage

c o e f f i c i e n t  shown i n  f i g u r e  3 4 * At low s p e e d s  i t  a p p e a r s  to  a p p r o a c h

a constant value as indicated by the theory given in section 2.1.5*

There is a phase shift between minimum measured C and minimum 
* s

measured C„ ,, the former occurring at }  = 0.52 and the latter at

= O . 4 5 . This is probably due to the changes in flow over the hull 

when restrained from sinking and trimming, necessary for the neasuremeni 

of Cz.

Measured trimming moment shows much scatter in the range 

0.1- "5* - 0 . 3 *  This may be due to oscillations in the curve not 

sufficiently well defined by the experimental spots, or inaccurate 

measurement of bow and stern forces ; trimming moment M is the 

difference of two nearly equal moments at low speeds and any errors 

in measurement will be magnified when M is plotted in a non- 

dimensional form.

2 . 7 . 3 . b . C a l c u l a t e d  V e r t i c a l  F o r c e  and T r im m ing  Moment 

V e r t i c a l  F o r c e  C o e f f i c i e n t  0? and Mean S i n k a g e  C o e f f i c i e n t  Cg

R e s u l t s  g i v e n  i n  f i g u r e  34 i n d i c a t e  t h a t  f o r ? <  0.2, c l o s e  

a g r e e m e n t  b e t w e e n  m e a s u r e d  and c a l c u l a t e d  mean s i r x a g e  i s  o b t a i n e d .

At-higher speeds the calculated and measured curves, while showing 

similar features, diverge, the calculated values being approximately
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'• j  — • 1 p;3 

■-<- - .  .. £ c v . i c 2 n  1  
V ,  r * — ' y

0 . 25c -2 .7 3 5 -v r , / /- ; . 4 b o C.CBB - C .727 - 9 .2 6 7

C.247 - 2 . 6 3 5 -3 .6 1 0 0 .0 9 8 - 1 .505 -4 .5 4 5

C.305 - 2 .836 - 2 .816 0.102 - 1 . 876 - 4 .126

0 .1 1 8 - 2 .1 5 8 - 5 .3 5 S 0 .111 - 2 .007 - 3 .1 5 3

0 . 13C - 2 . 1 2 3 - 5 . 0 1 4 0 .120 - 1.890 - 2 .30  6

0 .1 5 6 - 2 . 4 7 3 - 4 . 0 4 6 0 .470 •7 ^  r— / "- 5 . c?o +4-- 445

0 .141 - 2 .4 6 6 - 3 . 4 7 3 0 .2 7 3
[

• - 2 .7 1 4 - 2 .481

O . I 69 - 2 .4 5 5 - 3 .0 7 1 C.281
]

- 2 .9 4 7 -2 .7 4 0

O.424 - 3 . 8 4 8 ■h1.  725
f

i ^  n o 7 1 ^ - 9 t -2 .3 9 0 -3 .7 3 9

0 .1 8 7 - 2 .200 - 3 .1 2 9 C.360 -3 .2 5 2 - 1 .9 2 4

0 .2 0 0 - 2 .4 4 9 - 3 . 2 4 7 c .  373 - 3 . 3 1 7 - 1 .198

0 .216 - 2 .562 - 3 . 8 8 2 0 .3 3 7 -3 .5 9 1 - C .176

C.234 - 2 . 476. - 3 .7 0 2 C .4C0 - 3 .7 3 8 -*-0.784

C.261 - 2 . 74s - 2 .852 0 .3 9 6 - 3 .816 +0.369

0 .2 1 6 - 2 . 47s - 2 .212 0 .230 - 3 .0 5 1 7  °  £  7

0 .2 7 3 ' - 2 .905 - 3 . 5 4 5 0 .432 - 3 . 9 9 6  • +2 .866

0 .289 - 2 .5 5 3 - 2 .495 0 .3 5 4 ^  • - ^ n - 2 .6 8 0

0 .3 2 0 - 3 .C16 -2 .3 3 3 O.415 - 4 .001 +1.733

0N
~

\

N
'N•

O

- 3 .111 - 2 .5 0 1 O.409 -3 .S 5 8 +1.281

c .  343 -3 .C 73 - 2 .203 0 .3 1 4 - 3 .0 2 7 - 2 .7 0 4

0 ,3 0 6 - 2 .920 - 1 .8 4 7 0 .4 4 5 - 4 .0 5 1 +3.771

C.270 - 2 .8 4 1 - 2 .696 O.464 - 3 .3 6 0 +4.276

C . 295 - 2 . 9 7 8 - 2 .509 0 .477 - 3 .7 9 9 +4.609

0 .265 - 5.631 - 2 .5 8 7 0 .483 - 5.816 +4.899

0 .2 8 1 - 2 . 8 8 3 - 2 .6 2 4 c . 637 - 2 .136 +4.280

0  9 0 0 -2 .9 7 2 - 2 .4 3 8 C.520 - 3 .2 9 3 +4.826

3 = v //~T , c, .  S/5-P3V*, a. = ::/i.-psiT2, » e . s  rt. ,  s -  15.714sen«_j  ̂-

A l l  r e s u l t s  c o r r e c t e d  f o r  "blockage and t i d e  e f f e c t s .

irCir-DIMSITSIOirAI. VURTIClf FCRCU AZ;D ?Rr 2 :11:3 

- 1TAX3D HULL

Table 16
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3 - V 102 V 1C3 3 V 102 •

001—1•0

0 . 4 9 8 - 3 . 5 7 9 +4 . 9 9 5 0 . 6 0 2 - 2 . 4 3 2 +4 . 8 0 7

0 . 4 5 0 - 3 . 9 4 3 + 3 . 5 1 3 C . c l 8 - 2 . 2 9 1 + 4 .4 8 7

0*479 - 3 . 8 0 5 +4 . 5 6 8 0 . 6 5 2 - 2 . 1 1 0 + 4 . 2 5 8

0 . 5 1 6 - 3 . 3 7 9 +5 . 0 1 7 0 . 6 4 4 - 2 . 1 3 9 +4 . 2 6 6

0 . 5 5 6 - 2 . 9 4 2 +5 . 1 5 2 C.670 - 1 . 9 6 5 + 3 . 8 9 6

0 . 2 5 3 - 2 . 8 4 1 - 4 . 0 0 3 C. 6 26 - 2 . 2 3 8 + 4 .3 9 7

0 . 5 3 5 - 3 . 1 8 3 +5 . 25 2 0 . 2 5 5 - 2 . 8 5 6 - 4 . 2 7 2

0 . 5 5 3 - 2 . 9 5 1 +5 . 1 0 9 O. 484 - 3 . 6 9 9 + 4 .6 7 7

0 . 5 7 7 - 2 . 7 2 1 +4 .8 6 0 C . 469 -3 *853 +4 . 2 6 3

0 . 5 9 4 - 2 . 5 1 6 + 4 .7 1 7

T a b l e  16 C e n t .
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2 V 102 C .1 0 3 nv S CT

0 .1 9 0 - 2 .0 5 3 +0.3C7 - 0 .057 +C.024

0.195 - 2 .0 5 5 +0.455 - 0 .C93 +0.037

0 .2 0 0 - 2 .1 1 4 +0 .526 - 0 .100 +O.C45

0 .205 - 2 .194 +0.534 - 0 .110 +C.040

C .210 - 2 .C65 +0.529 - C .108 +O.C49

0 .2 2 0 - 2 .066 +0.740 - 0 .119 +0 .0 7 6

C . 23O - 2 .0 6 3 +0.943 - 0 .130 +C.106

0 .2 4 0 - 1 .9 9 6 +0 .824 - 0 .137 +0 .101

0 .2 5 0 - 2 .1 1 6 +0.742 - 0 .157 +0 .098

0 .2 6 7 - 2 . 0 5 9 +1.431 - 0 .174 +0.216

0 .2 8 0 - 2 . 1 8 2 + 2 .158 -0 .2 C 3 +0.359

0.3C0 - 2 . 0 7 7 +2 .396 - 0 .2 2 2 +0 .457

0 .3 2 5 - 2 .0 1 6 +2 .0 3 6 - 0 . 2 5 3 +0.456

0 .350 - 1 . 9 8 3 + 2 .468 - 0 . 2 3 9 +0.641

0 .4 0 0 - 2 . 1 1 3 +5.469 - 0 .402 + I .855

0 .4 5 0 - 2 .242 +6 .438 - 0 .5 3 9 +2.763

0 .5 0 0 - 1 . 8 3 7 + 6.413. - C .546 + 3 .398

0 .5 5 0 - 1 .3 9 9 +5.737 - 0 .5 0 5 + 3 .678

0 .6 0 0 - I .043 +4.921 - o . 446 +3.755

C . 65O -C .7 5 1 +4.170 -C .377 +3.734

CALCUI ATHD V2RTICAI FCRC2, t r  1:2 :1:; 0 Vr T "TIpT fp

h t a f  s i r x a u h  ai.'d t r i i :  c c z 7 ? i g i j i ; ? s  
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half the measured values. This is probably due to deficiencies 

in the theory end the fact that the calculated values correspond 

to tne model when restrained from sinking and trimming whereas 

the measured values do not. Moreover, the calculated C„, equation
O

(2 *3.0), will become inaccurate at high speeds where the value 

for lbs/0.1 inch immersion, obtained from the Inuid hydrostatic 

particulars, will be unrealistic.

It is apparent in figure 37 that better agreement between theory 

and experiment is obtained when the model is free to trim.

Figure 41, relating to Q , once again indicates good agreement 

between theory and experiment for 5 < 0.20. Oscillations in the 

calculated curve are well reproduced by the measured curve both in 

phase raid relative amplitude, but the calculated values of C„ at
CA

higher speeds are about half their measured counterparts. It is 

of interest to speculate on the reasons for this disagreement:

K.S.M. Davidson, in his discussion of reference 80 suggested 

that the vertical force 2 was very little affected by viscosity. If 

this is so any disagreement between theory and experiment shown in 

figure 41 Eiust be due to other deficiencies in the theory of which 

the largest is the neglect of non-linearities. At low speeds flow 

disturbances are small and a linear theory might be expected to rive 

reasonable results. This is apparently the case with vertical forces 

but not so with wave resistance where at low.speeds, calculated values 

greatly exceed measured values. This point is discussed further in 

part
✓

Figure 43 shows the calculated distribution in depth of 

vertical force for a Frcude number of C . 3CO. It is apparent that 

most of the vertical force is concentrated near the lower waterlines 

T.hore 3r/Bz values are of appreciable magnitude. Inaccuracies in 

estimation of both CpfpC)rn and br/*z in this region will have a 

crofound effect on the calculated values of C„ and will account for* Si

part of the discrepancy between calculation and observation apparent 

in figure 41«
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FIG. 43

CALCULATED VERTICAL DISTRIBUTION
OF 6CZ FOR WHOLE HULL. 

}  » 0  -3 0 0
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F i g u r e  44 shows a c o m p a r i s o n  o f  m e a s u re d  and c a l c u l a t e d  v a l u e s  

o f  t h e  r a t i o  z / R = c o t  an \j/ ••/here ^  i s  d e f i n e d  i n  f i g u r e  2.  Agreement 

i s  p o o r  o v e r  t h e  whole  s p e e d  r a n g e ,  b u t  i t  a p p e a r s  t h a t  a t  h i g h  

s p e e d s  t h e  m e a su re d  said c a l c u l a t e d  c u r v e s  n i g h t  c o a l e s c e .  Cnee 

a g a i n  d i s a g r e e m e n t  i s  w orse  i n  t h e  low s p e e d  r a n g e ,  due t o  o v e r -  

e s t i m a t i o n  o f  R^ by t h e  l i n e a r  t h e o r y  h e r e .  M o r e o v e r ,  i t  a p p e a r s  

t h a t  t h e  r e l a t i o n s h i p  b e t w e e n  v e r t i c a l  f o r c e  and wave r e s i s t a n c e  i s  

c om plex  and n o t  w e l l  r e p r o d u c e d  t h e o r e t i c a l l y .  T h i s  i s  u n f o r t u n a t e .  

Had t h e r e  b e e n  b e t t e r  a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  a  

s i m p l e  and a c c u r a t e  method  o f  d e d u c i n g  R, . f rom  m e a s u r e d  v a l u e s  o f  ZW

w ould  h a v e  r e s u l t e d  f rom t h e  a p p l i c a t i o n  o f  t h e  e q u a t i o n

S measureW * ' M easured)
'  ^  fc{calculated) (2 .7 .9 )

I n  t h e  l i g h t  o f  r e s u l t s  o b t a i n e d  f rom t h i s  i n v e s t i g a t i o n ,  s u c h  

a method seems u n p r o m i s i n g .

T r im m ing  Moment C o e f f i c i e n t  and Tr im  C o e f f i c i e n t  C ^

F i g u r e  35 i n d i c a t e s  p o o r  a g r e e m e n t  b e tw e e n  c a l c u l a t e d  and 

m e a s u r e d  v a l u e s  o f  C^ o v e r  t h e  whole  s p e e d  r a n g e  0 , 2 - ^  5 c , 6 5 .  P o o r  

a g r e e m e n t  o c c u r s  a g a i n  i n  f i g u r e  42 w here  c a l c u l a t e d  and m e a s u re d  

v a l u e s  o f  C^ a r e  co m p a re d .  I n  b o t h  f i g u r e s  t h e  s i g n  o f  t h e  

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

r a n g e  0 . 2 -  5- - 0 . 3 7 #

O s c i l l a t i o n s  i n  t h e  c a l c u l a t e d  C^ may be  r e p r o d u c e d  i n  t h e  

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

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

p r o b a b l y  due as much to  n e g l e c t  o f  v i s c o u s  e f f e c t s  a s  t o  n e g l e c t  o f  

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

i s  t o  r e d u c e  t h e  w a v e -m a k in g  p r o p e r t i e s  o f  t h e  s t e r n  (1 2 ,  P*573)« 

I n c o r r e c t  wave h e i g h t s  a r e  t h e r e f o r e  c a l c u l a t e d  m  t h e  a f t - b c i y , m  

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

b e t w e e n  c a l c u l a t e d  and  m e a s u r e d  t r i m m i n g  moments .  The v i s c o u s  

com ponent  o f  M h a s  b e e n  d i s c u s s e d  t h e o r e t i c a l l y  by  B e s s h o  i n  

r e f e r e n c e  84> and i s  r e f e r r e d  t o  a g a i n  i n  P a r t  3*
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F r e e  s u r f a c e  n o n - l i n e a r i t i e s  a r e  shown i n  a p p e n d i x  A t o  be 

i m p o r t a n t  n e a r  bow and s t e r n .  As 3 r / S z  = o a t  t h e  f r e e  s u r f a c e  f o r  

t h i s  model  t h e r e  c a n  be no c o n t r i b u t i o n  t o  11 f rom  f r e e - s u r f a c e  p r e s s u r e s -  

But i f  t h e  i n d i c a t i o n s  shown i n  A ppend ix  A a p p l y  t o  t h e  r e m a i n d e r  o f  t h e  

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

bow and s t e r n  w i l l  u n d o u b t e d l y  a f f e c t  t h e  c a l c u l a t e d  t r i m m i n g  moment la.

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

a c c u r a t e  d e t e r m i n a t i o n  o f  Sf j /dz n e a r  t h e  k e e l  i s  i m p o r t a n t .  I n c o r r e c t  

v a l u e s  o f  o r / d z  i n  t h e s e  r e g i o n s  c o u l d  h a v e  l a r g e  e f f e c t s  on t h e  

c a l c u l a t e d  v a l u e  o f  K.

F l u i d  i n e r t i a  f o r c e s  a c t i n g  on t h e  f o r e - b o d y ,  v o r t e x  f o r m a t i o n

o v e r  t h e  a f t - b o d y  and s u r f a c e  t e n s i o n  a l l  h a v e  an unknown e f f e c t  on

m e a s u r e d  t r i m  and t r i m m i n g  moment ; t h i s  u n c e r t a i n t y  w i l l  r e m a i n  u n t i l

a  more  s o p h i s t i c a t e d  t h e o r y  i s  e v o l v e d  o r  u n t i l  t h e  p r e s e n t  t h e o r y  i s

e x t e n d e d  t o  h i g h e r  o r d e r s .

N e v e r t h e l e s s  t h e  c o n c l u s i o n  em erges  t h a t  c a l c u l a t e d  v a l u e s  o f  Z

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

M and R, . do n o t .  T h i s  i s  p r o b a b l y  b e c a u s e  Z i s  l i t t l e  a f f e c t e d  by w

v i s c o u s  f o r c e s  and any d i s c r e p a n c y  b e t w e e n  m e a su re d  and c a l c u l a t e d  

v a l u e s  o f  Z i s  p r o b a b l y  due t o  t h e  n e g l e c t  o f  n o n - l i n e a r i t i e s  i n  t h e  

b a s i c  t h e o r y .  Tr imming moment M and r u n n i n g  t r i m  may a f f e c t ,  and 

be a f f e c t e d  by,- v i s c o u s  f o r c e s  t o  a n a r k e d  e x t e n t .  I t  r e m a i n s  t o  oe 

s e e n  w h e t h e r  Z i s  i n  f a c t  a f f e c t e d  by a c h a n g e  i n  v i s c o s i t y  and  t h i s  

i s  d i s c u s s e d  i n  more d e t a i l  i n  p a r t s  3 4*

2 • 7 • 4 •  Form R e s i s t a n c e

One o f  t h e  aims o f  t h i s  i n v e s t i g a t i o n  was t o  com pare  fo rm  f a c t o r s  

d e d u c e d  by t h e  m e thods  o f  s e c t i o n s  2 .4 *  and 2 . 7 . 1  b .

V a l u e s  o f  r ,  d e f i n e d  by e q u a t i o n  ( 2 . 7 « 2 . )  and d e d u c e d  f ro m
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f i g u r e  33 a r e  shov/n i n  f i g u r e  45 and t a b l e  18 .  They a r e  compared  

w i t h  v a l u e s  g i v e n  by Sharma (55> P*410,  t a b l e  3 . 8 ) and v a l u e s  

d e d u c e d  f rom  e q u a t i o n s  ( 2 . 4 . 5 ) a^d ( 2 . 4 . 1 5 ) .  F i g u r e  46 com pares  

e q u a t i o n s  ( 2 , 4 * 3 )  and ( 2 . 4 *1 2 ) u s i n g  b o t h  m e a s u r e d  and c a l c u l a t e d  

v a l u e s  o f  and C,^. From t h e s e  d i a g r a m s  i t  i s  a p p a r e n t  t h a t

i )  The fo rm f a c t o r  r  i s  n o t  c o n s t a n t  o v e r  t h e  r a n g e  o f  

s p e e d s  c o n s i d e r e d ,

i i )  F r i c t i o n  fo rm r e s i s t a n c e  r ^ p  a l s o  v a r i e s  o v e r  t h e  s p e e d  

r a n g e .

i i i )  T h e r e  i s  i n  g e n e r a l  an  i n c r e a s e  i n  r  a s  s p e e d  i n c r e a s e s .  

T h i s  i s  a p p a r e n t  b o t h  f rom  S h a r m a 1s r e s u l t s  and f ro m  

d e d u c t i o n s  made f r o m  f i g u r e  35*

i v )  F r i c t i o n  fo rm  r e s i s t a n c e  i s  a  s m a l l  f r a c t i o n  o f  t o t a l  fo rm 

r e s i s t a n c e .  T h e r e f o r e ,  f o r  t h e  model  i n  q u e s t i o n ,  

c o n s t i t u t e s  t h e  p r e d o m i n a n t  p a r t  o f  t h e  fo rm  r e s i s t a n c e .  

F i g u r e  46 shows t h a t  a  d i s c r e p a n c y  b e tw e e n  m e a s u r e d  and 

c a l c u l a t e d  v a l u e s  o f  r ^ p  e x i s t s ,  w i t h  a g r e e m e n t  b e t t e r  a t  low s p e e d s  

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

Cg f o r  w h ich  t h e o r y  and e x p e r i m e n t  a g r e e  w e l l  a t  low s p e e d s .  A l s o ,  

due t o  b e i n g  a p p r o x i m a t e l y  t e n  t i m e s  f o r  5  < 0 . 4 0 , 

i n t e r a c t i o n  b e t w e e n  f r i c t i o n  fo rm  r e s i s t a n c e  and v/ave r e s i s t a n c e  

i s  s m a l l  i n  t h i s  s p e e d  r a n g e .  The c a l c u l a t e d  c u r v e  shows no t e n d e n c y  

f o r  r ^ p  t o  i n c r e a s e  as s p e e d  i n c r e a s e s .  T h i s  may be  due t o  

i n a c c u r a c i e s  a r i s i n g  f ro m  mean s i n k a g e  m e a s u re m e n t  o r  i t  may b e  due 

t o  a  v i s c o u s  e f f e c t  on mean s i n k a g e  t t h e  g ro w th  o f  t h e  b o u n d a r y  

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

I t  would  seem h o w e v e r  t h a t  v i s c o u s  p r e s s u r e  f o r c e s  p r e d o m i n a t e  

i n  fo rm  r e s i s t a n c e .  I t  h a s  b e e n  i n f e r r e d  above  ( s e c t i o n  2 . 7 * 3 * ^ )  

t h a t  t r i m  X a f f e c t s  and i s  a f f e c t e d  by b o u n d a ry  l a y e r  g r o w t h .  As 

Hyp i s  d e p e n d e n t  on b o u n d a r y  l a y e r  s h a p e ,  t h i s  s u g g e s t s  t h a t  t h e r e  

m u s t  be some f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  Ryp and  X . I - Ioreover ,  

b o u n d a r y  l a y e r  g r o w th  w i l l  be a f f e c t e d  by t h e  n o rm a l  p r e s s u r e
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2
r

f rom P i a. 
33

r  f rom  
f f

e q i i c  t i o n
( 2 . 4 . 5 )

r  f rom
J l -

e q u a t i o n  
(0  ■' i o ^

r
f f

c a l c u l a t e d

0 . 1 1 - 0 , 0 6 6 0 . 0 2 8 0 . 1 9 0 0 . 0 1 9

0 . 1 2 0 . 1 6 8 0 . 0 5 8 0 . 0 2 4 0 . 1 9 3 0 . 0 1 9

0 . 1 3 0 . 1 6 0 0 . 0 5 4 0 . 0 2 3 0 . 2 0 0 0 . 0 2 0

0 . 1 4 0 . 1 6 7 0 . 0 4 8 0 . 0 2 1 0 .2 0 5 0 . 0 2 0

0 . 1 5 0 . 1 6 2 0 . 0 4 9 0 . 0 2 1 0 . 2 1 0 0 . 0 1 9

0 . 1 6 0 . 1 6 0 . O.O49 0 . 0 2 1 0 . 2 2 0 0 . 0 1 9

0 . 1 7 0 . 1 4 8 0 . 0 5 0 0 . 0 2 1 0 . 2 3 0 0 . 0 1 9

0 . 1 8 0 . 1 3 6 0 . 0 5 2 0 . 0 2 2 0 . 2 4 0 0 . 0 1 9

0 . 1 9 0 . 1 1 8 0 . 0 5 3 0 . 0 2 2 0 . 2 5 0 0 . 0 2 0

0 . 2 0 0 . 1 0 7 0 . 0 5 6 0 .C 24 0 . 2 6 7 0 . 0 1 9

0 . 2 1 0 . 1 4 8 0 . 0 5 8 0 . 0 2 4 0 . 2 8 0 0 . 0 2 0

0 . 2 2 0 . 1 6 9 0 . 0 5 8 0 . 0 2 5 0 . 3 0 0 0 . 0 2 0

0 . 2 3 0 . 1 9 0  -• 0 . 0 5 9 0 . 0 2 5 0 . 3 2 5 0 . 0 1 9

0 . 2 4 0 . 2 3 0 0 . 0 6 1 0 . 0 2 6 0*350 0 . 0 1 9

0 . 2 5 - 0 . 0 6 1 0 . 0 2 6 0 . 4 0 0 0 . 0 2 0

0 . 2 6 - 0 . 0 6 2 0 . 0 2 7 0 . 4 5 0 0 . 0 2 3

0 . 2 7 - O.C65 0 . 0 2 3 C. 5 0 0 0 . 0 2 0

0 . 2 8 0 . 2 8 5 0 . 0 6 7 0 . 0 2 9 0 . 5 5 0 0 . 0 1 6

0 . 2 9 0 . 4 2 3 O.O69 0 . 0 3 0 j 0 . 6 0 0 0 . 0 1 3

0 . 3 0 0 . 4 0 0 C .0 7 1 0 . 0 3 0 j c . 6 5 0
i

0 . 0 1 0

0 . 3 2 0 . 3 2 6 0 . 0 7 4 0 . 0 3 2
1

0 . 3 5 - 0 . 0 7 8 0 . 0 3 3

0 . 3 7 3 - 0 . 0 8 2 0*035

0 . 4 0 0 0 . 6 1 1 0 . 0 9 0 0 . 0 3 9

- 0 . 5
HOTE: PORK PaCTOR, r  = &/Rf WHERE R = -g-p3V2 ( l .  328 Rn  +0.C4R

PORK FACTORS -  ITjXSD HULL

T a b l e  1 8
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distribution over the hull and the surface waves. This suggests 

that

r  .  f - u ,  a  , r., )v p  '  w ) Yo

in a similar manner to the conclusion

.... (2 .7 .9 )

t
reached in section 2.4#

Unfortunately no simple analysis similar to that given in 

section 2.4* seems likely to define the relation in equation 

(2.7#9)• Guilloton suggested (68) that, using the Froude Circular 

Constant notation,

© D\, = MK>. t>. ^ )
PV . . . .  (2 .7*10)

He found that a value of m = 6 gave good agreement with

measured values for the particular model under consideration. This

rather arbitrary relationship between R^p and X seems to be

excessively simple : trim x and trimming moment M are strongly

related to the potential flow and the model wave system as has been

shown in 2.7.3*1)> s0 that a relation such as equation (2 .7 .9 .) seems

more appropriate. It would appear that a comprehensive analysis

such as that of Tanaka (9 6 ) would yield useful results if applied

to floating bodies. The analysis would be greatly complicated by

the introduction of a free surface with its boundary condition,

equation (2 .1 .1 3 ).

Hence an empirical investigation of some relationship between x

and Ryp might prove useful. Before such an investigation can be

considered, it is necessary.to investigate if in fact a change in

R^p is obtained as a result of a change in trim, thus implying a

relation between Ryp and X  • This was one of the aims of the

bulbous bow investigation described in part 3 below.



2 * 8 .  CQNCLUSICKS AND DEDUCTIONS

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

d e s c r i b e d  a b o v e ,  t h e  f o l l o w i n g  ma in  c o n c l u s i o n s  and d e d u c t i o n s  emerge

( C o n c l u s i o n s  m arked  * a p p l y  o n l y  t o  t h e  I n u i d  S201 i n  t h i s  

p a r t i c u l a r  i n v e s t i g a t i o n  s t h e y  may n o t  be  v a l i d  i n  g e n e r a l # )

* l )  Wave r e s i s t a n c e  c a l c u l a t e d  u s i n g  t h e  M i c h e l 1 - H a v e l o c k  w h o l l y  

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

r e s i s t a n c e  t h a n  t h a t  c a l c u l a t e d  u s i n g  I n u i ' s  me thod  w i t h o u t  c o r r e c t i o n  

f a c t o r s  ; a g r e e m e n t  i s  good a t  h i g h  s p e e d s .

2)  I n u i f s m e thod ,  w h ich  assum es  no p r i o r  kno w led g e  o f  t h e  h u l l

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

c a l c u l a t i o n  o f  Z and M, u n l e s s  L a g a l l y ! s Theorem i s  u s e d .

* 3 ) The M i c h e l 1 - H a v e l o c k  l i n e a r i s e d  t h e o r y  g i v e s  m o d e r a t e l y  good 

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

v a l u e s  C„.  A greem en t  i s  b e s t  a t  low  F r o u d e  Numbers,  and t h e  p h a s e s  o f  

o s c i l l a t i o n s  i n  t h e  C c u r v e s  a r e  c o r r e c t l y  p r e d i c t e d  by c a l c u l a t i o n .  

Mean s i n k a g e  m e a s u r e d  w i t h  t h e  model  f r e e  t o  t r i m  a g r e e s  b e t t e r  

w i t h  c a l c u l a t i o n  t h a n  t h a t  m e a s u r e d  w i t h  t h e  model  r e s t r a i n e d  f ro m  

t r i m m i n g  b u t  n o t  s i n k i n g .

4 ) M e a s u re d  and c a l c u l a t e d  v a l u e s  o f  0„ t e n d  t o  a  c o n s t a n t
l i

v a l u e  a t  z e r o  and i n f i n i t e  F ro u d e  Numbers,  t h e  c o n s t a n t  r e p r e s e n t i n g  

a  downward v e r t i c a l  f o r c e  a t  5 1 = o and an  upw ard  v e r t i c a l  f o r c e  a t  

^  = + « .

* 5 )  P o o r  a g r e e m e n t  b e t w e e n  m e a s u r e d  t r i m  c o e f f i c i e n t s  and  t h o s e  

c a l c u l a t e d  by t h e  K i c h e l l - H a v e l o c k  t h e o r y  i s  o b t a i n e d  o v e r  t h e  r a n g e  

0 . 2 -  w - C . 6 5 . The s i g n  o f  t h e  c a l c u l a t e d  i s  w rong  a t  low s p e e d s  

and f l u c t u a t i o n s  i n  t h e  c u r v e  a r e  o u t - o f - p h a s e  w i t h  m e a s u r e m e n t .

6) V e r t i c a l  f o r c e  Z i s  l i t t l e  a f f e c t e d  by v i s c o s i t y  w h e re a s  

t r i m m i n g  moment M i s  p r o b a b l y  s t r o n g l y  a f f e c t e d  by v i s c o s i t y .

* 7 )  The r a t i o  Z /R^ = c o t  an  <JJ shows p o o r  a g r e e m e n t  b e t w e e n
< j t ^

m e a s u r e m e n t  and c a l c u l a t i o n  o v e r  t h e  r a n g e  0 . 2 -  ^  - 0 . 6 5 *  A greem en t  

i m p r o v e s  as  s p e e d  i n c r e a s e s .



“* 165 “•

Mr N
8 ; The fo rm  f a c t o r  r  i s  n o t  c o n s t a n t  h u t  i n c r e a s e s  

w i t h  F ro u d e  Number*

9)  F r i c t i o n  fo rm  r e s i s t a n c e  R ^ i s  a  s m a l l  p a r t  o f  t h e  

t o t a l  form r e s i s t a n c e  ; 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  R^p 

p r e d o m i n  8, t e s *

1 0 )  F r i c t i o n  fo rm  r e s i s t a n c e ,  v e r t i c a l  f o r c e ,  wave 

r e s i s t a n c e  and  f l a t  p l a t e  f r i c t i o n  r e s i s t a n c e  a r e  c o n n e c t e d  ;

a  s i m p l e  a n a l y s i s  o f  t h e i r  r e l a t i o n s h i p  i s  g i v e n  i n  s e c t i o n  2 . 4 *

11)  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 ,  r u n n i n g  t r i m  and wave 

r e s i s t a n c e  a r e  p r o b a b l y  c o n n e c t e d .  T h e r e  i s  a  v i s c o u s  com ponent  

i n  t h e  t r i m m i n g  moment*

C o n c l u s i o n s  (9 )»  ( 1 0 )  and ( 1 1 )  s u g g e s t  t h a t  a  m o d i f i c a t i o n  

t o  v e r t i c a l  f o r c e  and t r i m m i n g  moment would p r o d u c e  a  

m . o d i f i c a t i o n  i n  fo rm  r e s i s t a n c e *
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5 . BULBOUS 30 ''/ IKVTcTIOATICi:

5 . 1 .  The A c t i o n  o f  a B u lbous  Bow.

Bulbous  bov/s a r e  i n t e n d e d  to  r e d u c e  r e s i s t a n c e  a t  a c e r t a in  

s p e e d .  The ir.echanism by v h i c h  t h e  y  do t h i s  i s  by no me ans c 1 e a r , 

b u t  i t  seems p r o b a b l e  t h a t  t h e y  can  c a u s e  c a n c e l l a t i o n  o f  some 

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

i n  a n a l y s i n g  t h e  a c t i o n  o f  a b u l b o u s  bow as  a wave c a n c e l l i n g  

d e v i c e .  Ve s t a t e  b r i e f l y  t h e  a p p r o a c h e s  a d o p t e d  by t h r e e  p r i n c i p a l  

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

some a p p a r e n t l y  anom alous  r e s u l t s .

5 . 1 . 1 .  Wi .pi ey * s • Appro ach

W ig le y  ( 2 5 ) assumed t h a t  i t  was p o s s i b l e  to  s u p e r i m p o s e  t h e  

wave fo rm s  o f  t h e  h u l l ,  ^ , and t h e  b u l b ,  , to  g i v e  t h e  w av e - fo rm  

o f  t h e  h u l l / b u l b  c o m b i n a t i o n  :

C H B . . . . . .

T h i s  i m p l i e d  t h a t  t h e  b u l b  had  no a p p r e c i a b l e  i n f l u e n c e  on 

t h e  wave s y s t e m  o f  t h e  h u l l  a l o n e  and W ig ley  s t a t e d  t h i s  would be

t h e  c a s e  p r o v i d e d  t h a t  t h e  a r e a  o f  t h e  h u l l !s s i d e  c o v e r e d  by th e

b u l b  was w e l l  be low  t h e  w a t e r  s u r f a c e .

An e x p r e s s i o n  f o r  wave r e s i s t a n c e ,  due t o  H a v e lo c k  ( 1 2 , P . 339)

i s

[ % (F' 2 + F* ^  w,5{> * g 
• T J .  ..............  ( 3 * 1 *2 )

c o r r e s p o n d i n g  t o  a  f r e e  wave p a t t e r n  g i v e n  by

i  r f» LF,j4MUK.x>a4fte '̂.\<w6c.afc«fc&uc«6c»ujO<i.8jW4,e) <̂ 6

 ( 3 - 1 . 3 )

where  F and F a r e  a m p l i t u d e  f u n c t i o n s  d e r i v e d  f rom  t h e  h u l l  s h a p e ,  
l  s

W ig ley  s t u d i e d  s p h e r i c a l  b u l b s  ( r e p r e s e n t e d  by a p o i n t  d o u b l e t )  

and s p h e r o i d a l  b u l b s  ( r e p r e s e n t e d  by a  l i n e  s o u r c e ) .  From known

e x p r e s s i o n s  f o r  t h e  f r e e  wave fo r m s  o f  t h e s e  b u l b s  TJ and u s i n g
B

e q u a t i o n  ( 3 . 1 . 1 )  he  was a b l e  t o  d e d u c e  F and F f o r  a m a t h e m a t i c a l
1 2

h u l l / b u l b  c o m b i n a t i o n  i n  t e rm s  o f  t h e  a m p l i t u d e  f u n c t i o n s  A(e), 8(e)
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f o r  t h e  h u l l  and b u l b  r e s p e c t i v e l y .  I n s e r t i n g  t h e s e  v a l u e s  o f

F and F i n t o  e q u a t i o n  ( 5 . 1 . 2 ) s h o v e d  t h a t  t h e  wave r e s i s t a n c e  1 2  '

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

t h e  h u l  1 hh „  b u l b  R-g and an i n t e r f e r e n c e  r e s i s t a n c e  R-j-:

R-H+g 5 + (2.. 4- B..

( 3 . 1 . 4 )

w he re  Rj was fo u n d  to  be

( 3 . 1 . 5 )

w here  d^ = d i s t a n c e  o f  c e n t r e  o f  b u l b  f ro m  t h e  bow and t h e  o r i g i n  

h a s  b e e n  s h i f t e d  t o  t h e  bow.

By a s u i t a b l e  c h o i c e  o f  d and a t  a  s u i t a b l e  s p e e d  V, Rj c o u l d  

be n e g a t i v e  and t h u s  would  r e d u c e  Kg+£ i n  e q u a t i o n  ( 3 . I . 4 ) .

W ig ley  i n v e s t i g a t e d  t h e  optimum v e r t i c a l  and f o r e  and a f t  

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

f o u n d  ;

i )  when d = 0 ,  RT was p r e d o m i n a n t l y  n e g a t i v e .
1 x

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

n e a r e r  t h e  s u r f a c e  t h a n  a d i s t a n c e  e q u a l  t o  i t s  own 

t o t a l  t h i c k n e s s ,

i i i )  t h e  maximum t h i c k n e s s  o f  t h e  b u l b  s h o u l d  be  k e p t  as  

low as  p o s s i b l e .

3 . 1 . 2  I n u f s  Approach

Assuming e q u a t i o n  ( 3 * 1 . 1 )  t o  be  t r u e  I n u i  ( 2 4 ) d e r i v e d  an 

e q u a t i o n  f o r  t h e  wave r e s i s t a n c e  o f  t h e  h u l l / b u l b  c o n f i g u r a t i o n  :

•Vn» * 2LPVl [*  t  A C e ) - oie
4 J_.    ( 3. 1 . 6)

X

w h ic h  may be  w r i t t e n

A A
v AteY’co**© ete + f 1 BCeVcw3© d& -  1 I C«3e 0L9

-J  -x
I  *

+ f 18 (eVcM3© cL& -  1 f l

-U '■U

Rh t  P’j M
  ( 5 . 1 . 7)
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as  i n  e q u a t i o n  ( 3 . 1 . 4 ) *  ( N o te  t h a t  t h e  o r i g i n  i s  a t  m i d s h i p s  i n  

e q u a t i o n  ( 3 . 1 . 7 ) . )

I n u i ,  w o r k i n g  f rom  e q u a t i o n  ( 3 . 1 . 6 ) i n s t e a d  o f  ( 3 «1 . 7 ) 

s o u g h t  a  b u l b  w i t h  a m p l i t u d e  f u n c t i o n  B ( 0 ) t o  m i n i m i s e  t h e  wave 

r e s i s t a n c e  o f  t h e  h u l l / b u l b  c o n f i g u r a t i o n .  U s i n g  p o i n t  d o u b l e t s  

i n  c o n j u n c t i o n  w i t h  c e r t a i n  I n u i d  s h a p e s ,  he  was a b l e  to  o b t a i n  

l a r g e  r e d u c t i o n s  i n  t o t a l  r e s i s t a n c e .  Tank t e s t s  were  r u n  f o r  

c o m p a r i s o n  c o n c u r r e n t l y  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s  and w ere  

u s e d  t o  o b t a i n  opt imum b u l b s  h a v i n g  a l a r g e  d i a m e t e r  w i th  t h e i r  

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

3 . 1 . 5 .  P i e n f s A pproach

P i e n  ( 2 7 )  e x t e n d e d  t h e  work o f  I n u i  t o  g e n e r a t e  low 

r e s i s t a n c e  h u l l  f o rm s  which  d i d  n o t  r e l y  on l a r g e  b u l b s  f o r  wave 

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

f o rm  :

S'*
~  j  ‘ i

  ( 3 . 1 . 8)

was d i s t r i b u t e d  on a s u r f a c e  The wave r e s i s t a n c e

i n t e g r a l  g i v e n  by e q u a t i o n  ( 3 . 1 . 2 ) was e x p r e s s e d  i n  t e rm s  o f  t h e

c o e f f i c i e n t s  a . . and m i n i m i s e d  by s e t t i n g  . - 0 .  The s o u r c e
1J

d i s t r i b u t i o n  c o e f f i c i e n t s  t h u s  o b t a i n e d  were  t h e n  u s e d  t o  d e r i v e  

a  h u l l  fo rm  by s t r e a m l i n e  t r a c i n g  t e c h n i q u e s  u s i n g  t h e  ' I n v e r s e  

Method* d e s c r i b e d  i n  s e c t i o n  2 . 2 . 2 .

P i e n  e x t e n d e d  h i s  i n v e s t i g a t i o n s  by a d d i n g  l i n e  d o u b l e t s  t o  

c a n c e l  f r e e  s i n e  waves and l i n e  s o u r c e s  t o  c a n c e l  f r e e  c o s i n e  waves 

and t h u s  d i f f e r e d  f ro m  I n u i  who u s e d  p o i n t  d o u b l e t s  e x c l u s i v e l y .

P i e n  f u r t h e r  s t a t e d  i n  t h e  d i s c u s s i o n  t o  r e f .  24 t h a t  i t  i s  n o t  

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

u s e d  to  b l e n d  t h e  s p h e r i c a l  b u l b  i n t o  t h e  main  h u l l  b e i n g  

e q u i v a l e n t  to t h e  i n t r o d u c t i o n  o f  an a d d i t i o n a l  s o u r c e .

D e s p i t e  u s i n g  t h e  * I n v e r s e  Method* f o r  r e l a t i n g  h u l l  fo rm s  t o  

t h e i r  s o u r c e  d i s t r i b u t i o n ,  t h e  a p p r o a c h e s  o f  b o t h  I n u i  and P i e n  h a v e  

much t o  recommend th em .  H u l l  fo rm s  o f  low r e s i s t a n c e  c a n  be 

g e n e r a t e d  on a h i g h - s p e e d  d i g i t a l  c o m p u t e r .  T h e s e  h u l l  f o rm s  g i v e  

l a r g e  r e s i s t a n c e  r e d u c t i o n s  when com pared  to  c o n v e n t i o n a l  h u l l  s h a p e s ( 2 c
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3 . 1 . 4  Ham Bov; and V i s c o u s  R e s i s t a n c e

A ram bow i s  a b u l b o u s  bow w i t h  a h i g h  v a l u e  o f  ram a r e a  

r a t i o  A^ i n  c o m p a r i s o n  to  t h e  b u l b  a r e a  r a t i o  Ag. The r a t i o s  Ag 

and Ag h a v e  s t a n d a r d  d e f i n i t i o n s  due t o  t h e  N a t i o n a l  P h y s i c a l  

L a b o r a t o r y  and t h e s e  a r e  shown i n  f i g u r e  47 .

Anomalous f u l l - s c a l e  r e s i s t a n c e  r e s u l t s  h a v e  o c c u r r e d  when 

s h i p s  w i t h  ram bows were  r u n  i n  t h e  b a l l a s t  c o n d i t i o n  w i t h  t h e  ram 

j u s t  belov;  t h e  f r e e  s u r f a c e .  Model  p r e d i c t i o n s  were  n o t  f u l f i l l e d . .  

U n u s u a l l y  l a r g e  r e s i s t a n c e  r e d u c t i o n s  o c c u r r e d  w h ich ,  i n  some c a s e s ,  

i n d i c a t e  t h a t  t h e  v i s c o u s  r e s i s t a n c e  was b e i n g  r e d u c e d  a s  w e l l  a s  

t h e  wave r e s i s t a n c e .

Such phenomena ( 1 0 8 )  h a v e  d e f i e d  e x p l a n a t i o n  and h a v e  c a s t  

d o u b t  on t h e  v a l i d i t y  o f  F r o u d e ' s  Law o f  Com par ison  f o r  s u c h  h u l l  

s h a p e s .

I n i t i a l l y  t h e s e  e f f e c t s  on r e s i s t a n c e  o f  t h e  ram b u l b  a t  low 

im m e r s io n  were  t h o u g h t  t o  be c o n f i n e d  t o  s h i p s  o f  f u l l e r  f o rm ,  and 

a p a r t i a l  e x p l a n a t i o n  i n  t e rm s  o f  wave c a n c e l l a t i o n  was a d v a n c e d  f o r  

s h i p s  w i t h  s m a l l  l e n g t h - b e a m  r a t i o s  (1 0 9 )*  T h i s  s t i l l  l e f t  

u n a n s w e r e d  s e v e r a l  q u e s t i o n s  r e g a r d i n g  t h e  e f f e c t  o f  t h e  b u l b  on 

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

f l o w  c o n d i t i o n s  a r o u n d  t h e  bow were  s t r o n g l y  i n f l u e n c e d  by t h e  b u l b  

im m e rs io n  and t h e  t r i m .

A s t u d y  by Couch and Moss ( l l O )  r e i n f o r c e d  t h e  v ie w  t h a t  t r i m  

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

e x t r a p o l a t i o n  f rom  model  r e s u l t s  t o  f u l l  s i z e  c o u l d  be  s e r i o u s l y  i n  

e r r o r  f o r  t h e  b a l l a s t  c o n d i t i o n .  T h i s  was t h o u g h t  t o  b e  due t o  t h e  

m o d i f i c a t i o n  o f  v i s c o u s  f l o w  by t h e  b u l b .  T h i s  i n v e s t i g a t i o n  a l s o  

showed t h a t  l a r g e  b u l b s  p r o t r u d i n g  f o r w a r d  as  f a r  as  p o s s i b l e  a r e  

b e s t  and t h e  d i s t r i b u t i o n  o f  vo lum e  l o n g i t u d i n a l l y  may b e  more 

c r i t i c a l  t h a n  s i z e  a l o n e .
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FIG. L I

N.PL. STANDARD DEFINITIONS 
FOR BULBOUS BOWS

F.R

S.WL.

S.W.L .

W.t.
C L OF S H IP

PLAN VIEW

B U L B  AND RAM DATUM LINE
NOSE O F  BULB

A1 = AREA OF RAM.
A 2= AREA OF BULB.
AyXlOO = RAM AREA RATIO, A„.

A J 2
A,x100= BULB AREA RATIO,A.

2 —

a m

A„= MAXIMUM SECTION AREA OF SHIP TO S.WL.
r l
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S t u d i e s  "by C le m e n t s  ( i l l )  of' r e s i s t a n c e  r e s u l t s  f o r  mode ls

w i t h  ram hows o f  v a r i o u s  t y p e s  f i t t e d  t o  t a n k e r s  and h u l k  c a r r i e r s

e m p h a s i s e d  o n c e  a g a i n  t h e  i m p o r t a n c e  o f  b u l b  i m m e r s io n .  I t  was 

s u g g e s t e d  t h a t  t h e  d r a f t  f o r w a r d  s h o u l d  he as  k e p t  t o  a  minimum, 

p r o v i d e d  t h e  p o i n t  o f  maximum e x t e n s i o n  o f  t h e  r a n  how i s  

im m e rs e d .

A s u r v e y  o f  e x p e r i m e n t a l  r e s u l t s  f o r  f i n e r  h u l l  forms  f i t t e d  

w i t h  ram hows (1 1 2 )  i n d i c a t e d  o n c e  a g a i n  t h a t  l a r g e  r e s i s t a n c e  

r e d u c t i o n s  w ere  o b t a i n e d  b o t h  i n  t h e  l o a d  and b a l l a s t  c o n d i t i o n s .

The p r i n c i p a l  c o n c l u s i o n s  a r i s i n g  f ro m  t h e s e  s u r v e y s  a r e  t

i )  Ram bows a p p e a r  t o  a f f e c t  v i s c o u s  as w e l l  as  wave r e s i s t a n c e ,

i i )  Ram i m m e r s io n  i s  i m p o r t a n t .  G r e a t e r  r e s i s t a n c e  r e d u c t i o n s  

a r e  o b t a i n e d  w i t h  a r e d u c e d  im m e rs io n  f o r  f u l l  fo rm s  and ,  

t o  a  c e r t a i n  e x t e n t ,  f o r  f i n e  f o r m s ,

i i i )  The ram must  be k e p t  im m ersed  a t  a l l  d r a f t s ,

i v )  T r im  i n  t h e  b a l l a s t  c o n d i t i o n  i s  i m p o r t a n t  f o r  s t a b l e  f l o w  

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

v)  E x t r a p o l a t i o n  f ro m  model  t o  f u l l - s c a l e  i s  . l i a b l e  t o  s e r i o u s  

e r r o r s .

v i )  B u l b s  w hich  p r o t r u d e  w e l l  a h e a d  o f  t h e  f o r w a r d

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

I t  s h o u l d  be  n o t e d  t h a t  c o n c l u s i o n s  i ) ,  i i ) ,  and  v i )  above  

d i r e c t l y  o p p o s e  some o f  V i g l e y ' s  and I n u i * s  p o s t u l a t e s  o b t a i n e d  

f ro m  l i n e a r i s e d  wave r e s i s t a n c e  t h e o r y .
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3 . 2 . TH 1C DESIGN C? A BULBOUS 30V/ FCR IlIIIID 52C1

3 . 2 . 1 .  D e s ig n  c r i t e r i a .

The f o l l o w i n g  p r i n c i p a l  c o n c l u s i o n s  were  r e a c h e d  as a  r e s u l t  o f  

t h e  i n v e s t i g a t i o n  d e s c r i b e d  i n  p a r t  2 :

i )  The  v e r t i c a l  h y d ro d y n a m ic  f o r c e  Z i s  c o n n e c t e d  i n  some 

way w i t h  p a r t  o f  t h e  fo rm  r e s i s t a n c e .  T h i s  s m a l l  component  o f  

r e s i s t a n c e  i s  t h e  f r i c t i o n a l  fo rm r e s i s t a n c e ,  A d e p e n d e n c e

o f  on Z i s  a p p r o x i m a t e l y  d e m o n s t r a t e d  by t h e  a n a l y s i s  o f  

s e c t i o n  2 . 4 #3 *

i i )  R u n n in g  t r i m  h a s  an  e f f e c t  on v i s c o u s  r e s i s t a n c e .  I t  i s  

p r o b a b l e  t h a t  t r i m  h a s  an e f f e c t  on b o u n d a r y  l a y e r  g ro w th  and i s  

t h u s  i n  some way r e l a t e d  t o  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 ,  Ryp*

i i i )  At low s p e e d s  w here  s u r f a c e  wavemaking i s  u n i m p o r t a n t ,  

c a l c u l a t e d  and m e a s u r e d  v a l u e s  o f  Z a g r e e  w e l l .

I t  was d e d u c e d  t h a t  a  c h a n g e  i n  Z s h o u l d  be a c c o m p a n ie d  by a  

m o d i f i c a t i o n  i n  f r i c t i o n  fo rm  r e s i s t a n c e ,  a  r e d u c t i o n  i n  Z g i v i n g  

r i s e  t o  a  r e d u c t i o n  i n  Rpp- I t  a l s o  seemed p r o b a b l e  t h a t  a  

m o d i f i c a t i o n  t o  r u n n i n g  t r i m  would h a v e  a marked  e f f e c t  on v i s c o u s  

r e s i s t a n c e .

I t  t h e r e f o r e  became a p p a r e n t  t h a t  a b u l b  d e s i g n e d  t o  a l t e r  Z 

and  M m i g h t  show c h a n g e s  i n  v i s c o u s  r e s i s t a n c e .  No a t t e m p t  was made 

t o  d e s i g n  t h e  b u l b  t o  c a n c e l  waves and  t h u s  r e d u c e  wave r e s i s t a n c e .

5 . 2 . 2 .  W i g l e y f s Work on Submerged  B o d ie s  i n  M ot ion

W i g le y  ( 8 0 )  and o t h e r s  h a v e  i n v e s t i g a t e d  h y d ro d y n a m ic  f o r c e s  

on v a r i o u s  s ubm erged  b o d i e s .  ( S e e  S e c t i o n  1 . 4 . 2 . ) .

W ig le y * s  r e s u l t s  f o r '  subm erged  s p h e r o i d s  a r e  r e p r o d u c e d  i n  

f i g u r e  4 8 * I 'he f o l l o w i n g  c o n c l u s i o n s  may be drawn f rom  h i s  

r e s u l t s  :

i )  The v e r t i c a l  f o r c e s  f o r  a  subm erged  s p h e r o i d  i n  t h e  p r e s e n c e

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

o v e r  t h e  w ho le  s p e e d  r a n g e ,

i i )  As t h e  im m e r s io n  r a t i o  f / l s d e c r e a s e s ,  i . e . ,  t h e  c l o s e r  t h e

a x i s  o f  t h e  s p h e r o i d  a p p r o a c h e s  t h e  f r e e  s u r f a c e ,  t h e  m a g n i t u d e s  o f

b o t h  t h e  wave r e s i s t a n c e  c o e f f i c i e n t  and  v e r t i c a l  f o r c e  c o e f f i c i e n t  

i n c r e a s e  c o n s i d e r a b l y .
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NC3. £ 8

R =  Wave-resistance of spheroid.
P =  Beam/length ratio.
/  =  Length of spheroid. 

c =  Speed.
N =  Froude number =  c / \ /^7. 
g  =  Acceleration due to gravity.
A =  Displacement of spheroid.
/  =  Depth of immersion of axis of spher

/j£ * O 0 5

1
j s ^ m  0-10

V V y

/ t y - 0 - 2 0

\ ? ■— ■ ~-------- -

o •2 0 - 4  O •6 0 - 8  1 - 0  1-2 1-4 1-6 1*8 2
SCALE OF FROUDE NUMBER N

Fig. 1.—T he coefficient of wave-resistance o f  a submerged spheroid.

L =  Vertical force.
P =  Beam/length ratio.
/  =  Length o f spheroid. 
c =  Speed.

N  =  Froude number =  c /y /g l .  
g  =  Acceleration due to gravity.
A =  Displacement of spheroid.
/  =  Depth of immersion of axis of spheroid.

lO

- 5

“15.
SCALE OF FROUDE NUMBER N

Fig. 2.—The coefficient of vertical force for a submerged spheroid

R E P R O D U C E D  FROM T R A N S  R.I.N.A. V O L .95,1953 , p .2 7 0 ,2 7 1 .
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i i i )  F o r  low F r o u d e  Numbers,  l a r g e  p o s i t i v e  ( u p w a r d s )  f o r c e s  

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

i v )  The f a c t o r  by w h ich  f o r c e s  end moments,  c a l c u l a t e d  on t h e  

a s s u m p t i o n  o f  a f i n e  body ,  must  be m u l t i p l i e d ,  i n c r e a s e s  w i t h  

i n c r e a s e  o f  b e a m / l e n g t h  r a t i o  6, i . e . ,  a  f a t  s p h e r o i d  m ig h t  be 

e x p e c t e d  t o  h a v e  a l a r g e r  v e r t i c a l  f o r c e  c o e f f i c i e n t  t h a n  a  

f i n e  o n e .

A s p h e r o i d a l  b u l b  p r o t r u d i n g  a h e a d  o f  t h e  bow m i g h t  e x h i b i t  

ch  a r a c t e r i s t i c s  s i m i l a r  t o  t h o s e  m e n t i o n e d  ab o v e  f o r  a  subm erged  

b o d y .  I n  p a r t i c u l a r ,  a t  low v a l u e s  o f  i l (w h e re  N i .

b e i n g  t h e  l e n g t h  o f  t h e  s p h e r o i d ) ,  t h e  b u l b  wou ld  e x e r t  an 

upw ard  f o r c e  on t h e  h u l l  w hich  wou ld  b o t h  r e d u c e  mean s i n k a g e  

and a l t e r  t h e  t r i m .  I f  t h e  b u l b  im m e rs io n  i s  k e p t  low,  t h e  

m a g n i t u d e  o f  t h e  f o r c e  i t  e x e r t s  on t h e  h u l l  w i l l  be  i n c r e a s e d  

as shown i n  f i g u r e  48*

The v e r t i c a l  f o r c e  due to  t h e  p r e s e n c e  o f  t h e  f r e e  s u r f a c e  

w i l l  be  m o d i f i e d  by l i f t  f o r c e s  a r i s i n g  f rom c i r c u l a t i o n  i f  t h e  

r u n n i n g  t r i m  i s  a l t e r e d .  T h e s e  l i f t  f o r c e s  w ere  n e g l e c t e d  i n  

t h e  d e s i g n  o f  t h e  b u l b  as i t  was i n t e n d e d  to  c o m p a r e c a l c u l & t i o n  

and m e a su re m e n t  w i t h  t h e  model  r e s t r a i n e d  f rom  s i n k i n g  and 

t r i m m i n g .

3 . 2 . 5 .  The C h o ic e  o f  B u lb  S hane  P a r a m e t e r s .

I n  o r d e r  t h a t  a  s u f f i c i e n t l y  l a r g e  f o r c e  would  be e x e r t e d  

by t h e  b u l b  on t h e  mode l ,  t h e  v a l u e  o f  N had  t o  b e  s m a l l#

A ssum ing  f o r  t h e  moment t h e  b u l b  t o  be  a  c o m p l e t e  s p h e r o i d  o f

l e n g t h  1 a t t a c h e d  to  t h e  model  o f  l e n g t h  L i n  some way, we have  

t h e  f o l l o w i n g  r e l a t i o n  f o r  II :

3 /1 "
V ^    ( 3 . 2 . 1 )

From e q u a t i o n  ( 3 # 2 . l )  i t  i s  s e e n  t h a t ,  f o r  II t o  be 

s u f f i c i e n t l y  s m a l l ,  l s mus t  be l a r g e .  T h i s  i n d i c a t e s  t h a t  t h e  

b u l b  m us t  p r o t r u d e  w e l l  ah e a d  o f  t h e  bow.

Two d e s i g n  c r i t e r i a  a r e  now e s t a b l i s h e d  s

i )  The b u l b  s h o u l d  p r o t r u d e  w e l l  a h ea d  o f  t h e  bow.

i i )  The u p p e r  s u r f a c e  o f  t h e  b u l b  s h o u l d  be c l o s e  t o  th e
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l o) L e n g th  o f  e q u i v a l e n t  s p h e r o i d 2 . CO f t .

b , B r e a d t h  M " »» 4 . 8 0  i n .

e.  h A s 0 . 2 0

f / i s 0 . 1 2 5

f ,  d e p t h  o f  im m e rs io n  o f  C .L .  o f  s p h e r o i d  • 5 . 0 0  i n .

^  e q u i v a l e n t  s p h e r o i d 0 . 1 6 7 5  f t 3

V, b u l b 0 . 1 1 5 2  f t 3

s u r f a c e  a r e a  o f  b u l b 1 . 7 6 2  f t 2

ram a r e a  r a t i o 1 7 7 . 6 4 ^

b u l b  a r e a  r a t i o 1 7 . 7 6 4 /

y, V b u l b / V e q .  s p h e r o i d O.676

s u r f a c e  a r e a  o f  h u l l  and b u l b 1 7 . 0 7 6  f t 3

B u lb  P a r t i c u l a r s  T a b l e  19

N J

V  YZS 
( l b )

Z ( M e a s . ) 
( l b )

Z
/  Change %

( I b . f t )
I'(Me a s )  
( I b . f t )

M
p Change

0 . 2 0 . 0 9 6 0 . 0 4 - 0 . 6 +7 + 0 . 1 8 - 1 . 5 + 12

0 . 5 0 . 1 4 5 0 .1 2 - 2 . 2 +6 + 0 .5 5 - 2 . 8 +20

0 . 4 0 . 1 9 3 0 . 2 5 . - 3 . 7  . +7 + 1 .0 9 - 4 . 2 +26

0 . 5 0 . 2 4 1 0 . 5 3 - 6 . 2 +5 + I . 4 6 - 8 . 1 +18

0 . 6 0 . 2 8 9 - 0 . 0 9 - 1 0 .2 -1 - 0 . 4 1 - 7 . 7 5 -5

0 . 8 C.5 8 6 - 0 . 5 8 - 2 2 . 5 - 3 - 2 . 5 6 - 1 . 1 0 - 8 5

+ ■• F o r c e  Upwards  ; + /  Change -  r e d u c t i o n  i n  s i n k a g e  f o r c e  and
t r i m  by h e a d  ;

T r im  by h e a d  -  n e g a t i v e

E s t i m a t e d  F o r c e  and Moment Changes 

due t o  S p h e r o i d a l  B u lb T a b l e  2 0
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f r e e  s u r f a c e .  I t  s h o u l d  r iot p i e r c e  t h e  f r e e  s u r f a c e  c r

t h e  b u l b ’ w i l l  c e a s e  t o  a c t  as  a subm erged  body*

T h es e  two c r i t e r i a  a r e  i n  a c c o r d  w i t h  c o n c l u s i o n s  i i ) ,  i i i )

end v i )  r e a c h e d  f rom  t h e  e m p i r i c a l  s t u d y  o f  ram bows d e s c r i b e d

i n  s e c t i o n  3*1*4*

I t  was' f u r t h e r  assumed t h a t  t h e  r e s u l t a n t  v e r t i c a l  f o r c e

a c t i n g  on t h e  h u l l  and b u l b  c o m b i n a t i o n  was e q u a l  t o  t h e  sum o f

t h e  v e r t i c a l  f o r c e s  due to  t h e  b u l b  and h u l l  a c t i n g  s e p a r a t e l y #

( S e e  f i g u r e  49*)

I n  o r d e r  t o  o b t a i n  an i d e a  o f  t h e  s i z e  o f  t h e  b u l b ,  v a l u e s

o f  t h e  v e r t i c a l  f o r c e  due to  t h e  b u l b  Z-g w ere  c a l c u l a t e d  f rom

V i g l e y * s  r e s u l t s .  Q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  c a l c u l a t i o n

and o b s e r v a t i o n  was n o t  e x p e c t e d  due to  t h e  a p p r o x i m a t e  n a t u r e

o f  t h e  t h e o r y  u s e d  to  c a l c u l a t e  t h e  f o r c e s  on t h e  s p h e r o i d .

The t h e o r e t i c a l  r e s u l t s  w ere  u s e d  i n  t h e  d e s i g n  o f  t h e  b u l b

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

and m e a s u r e d  v a l u e s  o f  v e r t i c a l  f o r c e s  w ere  l a t e r  co m p a re d .

The b u l b  was n o t ,  h o w e v e r ,  a  c o m p l e t e  s p h e r o i d  due  t o  i t s

b e i n g  f a i r e d  i n t o  t h e  h u l l .  The v e r t i c a l  f o r c e  due  to  t h e  b u l b

d i f f e r e d  f rom t h e  v e r t i c a l  f o r c e  a c t i n g  on t h e  e q u i v a l e n t

s p h e r o i d  Z . A r e d u c t i o n  f a c t o r  v wheres '

t-- Z a

Z *   ( 5 . 2 . 2 )

was i n t r o d u c e d .  F o r  t h e  i n i t i a l  d e s i g n ,  a  v a l u e  o f  0 . 6 0  was

assum ed  f o r  v ; t h i s  e n a b l e d  l g , f / l s and  j? t o  be e s t i m a t e d ,

A more r a t i o n a l  e s t i m a t i o n  f o r  v c o u l d  t h e n  be  made f ro m  t h e

r e l a t i o n  t

Y - V
1 —  B U L B ________________

^ E O U IV A L E N T  SPHEROID     ( 3 * 2 . 3 )

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

J u s t i f i c a t i o n  f o r  e q u a t i o n  ( 3 . 2 . 3 ) was o b t a i n e d  f rom

W ig le y * s  c a l c u l a t i o n s ;  a  v a l u e  o f  Zg i s  g i v e n  by



D
IR

E
C

T
IO

N
 

OF
 

A
D

V
A

N
C

E
-  177 -

u.

KJ

UJ
caM

u.
CO

N
< M

CO

>  INI

_J

a .

•J cc

CO u .

U JUJ

UJ

L U

CO

UJ

SP
H

ER
O

ID
A

L 
BU

LB
 

- 
D

ES
IG

N
 

C
O

N
C

E
P

T
.



ca 178

Z  » C A* N 4 A  '     ( 3 *2 .4 )S  I S P H E R O I D

Thus f o r  a c o n s t a n t  ? , f / l „  and N, Z i s  p r o p o r t i o n a l  t o  t h e

volume o f  d i s p l a c e m e n t .  O t h e r  f a c t o r s ,  such  as c h a n g e s  i n  t h e  

s h a p e  o f  t h e  b u l b  f rom  t h a t  o f  a  s p h e r o i d ,  i n v a l i d a t e  e q u a t i o n  

( 3 * 2 , t )  . to some e x t e n t  b u t  t h i s  r e l a t i o n  f o r  v was c o n s i d e r e d  

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

3 . 2 , 4 .  The B u l b .

A b u l b  was d e s i g n e d  u s ' i n g  t h e  c o n c e p t s  o u t l i n e d  i n  s e c t i o n  

3 * 2 .3  and i t s  g e o m e t r i c a l  p r o p e r t i e s  a r e  shown i n  f i g u r e  50 and 

t a b l e  1 9 . ho a r b i t r a r y  f a i r i n g  was a t t e m p t e d  i n  o r d e r  t o  b l e n d  

t h e  b u l b  i n t o  t h e  h u l l  as. i t  was c o n s i d e r e d  t h a t  t h i s  m ig h t  g i v e  

r i s e  to  f o r c e s  o t h e r  t h a n  t h o s e  due  to  t h e  b u l b  a l o n e  t h e r e b y  

m a k i n g * f i n a l  c o n c l u s i o n s  l e s s  c e r t a i n .

I t  i s  s e e n  t h a t  t h e  b u l b  i s  s p h e r o i d a l  a h e a d  o f  t h e  bo-; and 

c y l i n d r i c a l  a f t  o f  t h e  bow u n t i l  i t  i n t e r s e c t s  t h e  h u l l .  T h i s  was 

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

A wooden b u l b  was made end i t s  s u r f a c e  made sm o o th .  I t  was 

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

was b u r n i s h e d  and  w a x - p o l i s h e d  to  a c h i e v e  t h e  same s u r f a c e  f i n i s h  

as t h a t  o f  t h e  I n u i d .

The b u l b  was f i x e d  to  t h e  model  a s  shown i n  p l a t e  5* P l a t e  

t u r b u l e n c e  s t i m u l a t i o n  s t u d s  were  f i t t e d  C.05  1£ f rom  t h e  n o s e  o f  

t h e  b u l b  a t  s. s p a c i n g  o f  10 mm. ; t h e s e  a r e  a l s o  shown i n  p l a t e  3 .

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

f o r  t h i s  b u l b  a r e  shown i n  T a b l e  20 and F i g u r e  51 ,  V a lu e s  o f  

Z-d and Mg, t h e  v e r t i c a l  f o r c e  and moment d u e  t o  t h e  b u l b ,  were 

c a l c u l a t e d  f ro m  r e f e r e n c e  80 ,  ( M e a s u re d  v a l u e s  o f  Z and M 

were  u s e d  i n  p r e f e r e n c e  t o  c a l c u l a t e d  v a l u e s  due to  t h e  p o o r  

a g re e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  shown i n  p a r t  2 . )

I t  i s  s e e n  t h a t  w h e r e a s  t h e  p r o b a b l e  c h a n g e s  o f  s i n k a g e  

f o r c e  a r e  s m a l l ,  l a r g e  c h a n g e s  i n  t r i m m i n g  moment m ig h t  o c c u r .
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SPHEROIDAL BULB

ELEVATION
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FIG. 51
VERTICAL FORCE FROM SPHEROID.

p- 0 - 2 0
b  «  2 - 4 *  - i =  12*  
f / t - 0 1 2 5
FR OM  WIGLEY,  T R A N S . R . I . H . A . ,  V O L .  9 3 ,  P 2 7 2 .

0  0

Z ,  C O R R E C T E D - 1 - 1 5 Z ;

0-6
UPWARD FORCE

0 - 4

0-2

0-3 0 -70-4 0 -5

0-2
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3.5*  mod31. ^ x?:.:r i m ;:hts

Model t e s t s  were  p e r f o r m e d  on t h e  I n u i d  S2C1 w i t h  s p h e r o i d a l  

b u l b .  The e x p e r i m e n t s  h a d  t h e  f o l l o w i n g -  a im s ;

i )  M easu rem e n t  o f  t o t a l  r e s i s t a n c e ,  s i n k a g e  and t r i m  o v e r  

a  l i m i t e d  r a n g e  o f  s p e e d s .  C om par ison  o f  t h e s e  r e s u l t s  

w i t h  t h o s e  o b t a i n e d  i n  s e c t i o n  2 . 5 . 2 .  was t h e n  p o s s i b l e ,

i i )  M e a s u re m e n t  o f  v e r t i c a l  h y d ro d y n a m ic  f o r c e  and  t r i m m i n g  

moment w i t h  t h e  model  r e s t r a i n e d  from s i n k i n g  and 

t r i m m i n g .  C om par i son  o f  t h e s e  r e s u l t s  w i t h  t h o s e  

o b t a i n e d  w i t h o u t  t h e  b u l b  would  t e s t  t h e  h y p o t h e s e s  

o u t l i n e d  i n  s e c t i o n  3*2 .

i i i )  M e as u rem e n t  o f  wave p a t t e r n  r e s i s t a n c e .  C om par ison  w i t h  

wave r e s i s t a n c e  d e d u c e d  by S harma ( 5 5 )  f o r  t h e  sanre model  

. w i t h o u t  t h e  b u l b  would  i n d i c a t e  any a l t e r a t i o n  o f  t h e  

fo rm  r e s i s t a n c e  a r i s i n g  f rom t h e  a c t i o n  o f  t h e  b u l b .

The e x p e r i m e n t a l  m e thods  u s e d  f o r  t h e  m e a s u re m e n t  o f  t o t a l  

r e s i s t a n c e ,  s i n k a g e  end t r i m  h a v e  b e e n  d e s c r i b e d  i n  s e c t i o n  2 . 5 . 2 .  

R e s u l t s  o b t a i n e d  w i t h  t h e  b u l b o u s  bow a r e  g i v e n  i n  t a b l e  21 ,  

V e r t i c a l  f o r c e s  were m e a s u r e d  as d e s c r i b e d  i n  s e c t i o n  2 . 5 * 3 -5  

r e s u l t s  o b t a i n e d  w i t h  t h e  b u l b o u s  bow a r e  g i v e n  i n  t a b l e  2 2 .

3 . 3 . 1 .  M e a s u re m e n t  o f  Wave P a t t e r n  R e s i s t a n c e

Wave p a t t e r n  r e s i s t a n c e  was m e a su re d  u s i n g  t h e  method o f  

Gadd and  Hogben (5 4 )*

T r a n s v e r s e  wave p r o f i l e s  were  m e a s u re d  u s i n g  a comb o f  45

wave p r o b e s  s p a c e d  2 i n c h e s  a p a r t .  The comb was mounted  on a

s u b - c a r r i a g e  as  shown i n  f i g u r e  52 and t h e  p o i n t e r s  a d j u s t e d  

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

Two t r a n s v e r s e  wave ’ c u t s 1 w ere  m e a su re d  a t  each  s p e e d  o v e r  

a  s p e e d  r a n g e  o f  0 . 1 5  -  ?  -  0 . 3 0 .

A c u t  s p a c i n g  o f  2 r V V 7 f  yas  u s e d  as recommended i n  

r e f e r e n c e  54 t o  a v o i d  m a t h e m a t i c a l  s i n g u l a r i t i e s  i n  t h e  

s u b s e q u e n t  a n a l y s i s .  The p o s i t i o n  o f  t h e  c u t s  a f t  o f  t h e  mode l  X 

was a p p r o x i m a t e l y  i n  a c c o r d  w i t h  t h a t  u s e d  by Sharma (51 and

• 5 3 ) ;  v a l u e s  o f  c u t  s p a c i n g  and X a r e  g i v e n  i n  t a b l e  2 3 .
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Carriage 
Speed f t / s e c

Tide 
f t / s e c

R es is tance
lbs

Temu.
V c s

Bow
n0

Ste rn

3.064 -0.007 0.725 16.00 -0.049 -0 .074

3.023 +0.001 0.716 16.10 - 0.078 - 0.102

3.054 - 0.030 0.719 16.12 - 0.090 - 0.113

2.107 0 0.342 16.16 - 0.038 - 0.068

4.004 - 0.005 1.134 16.16 -0.227 -0.175

3.400 - 0.013 0.875 16.18 - 0.132 - 0.140

2.510 - 0.012 0.484 16.19 -0.049 -0.083

4.400 - 0.032 1.400 16.20 -0.280 -0 .172

3.267 - 0.020 0.808 16.12 -0 .144 - 0.178

2.674 - 0.011 0.539 15.91 - 0.072 - 0.123

3.673 - 0.021 0.973 15.81 - 0.187 - O . I64

4.202 - 0.021 1.246 15.77 '-0.284 -0.209

4.512 - 0.020 1.302 15.85 -O .3O4 - 0.206

5.807 +0.C08 1.044 16.34 -0.212 - 0.172

4.647 - 0.015 1.567 16.55 -0.351 -0.243

4.757 0 1.725 16.78 -0.529 -0.253

4.965 - 0.014 2.100 16.95 -0.559 -0.288

5.210 0 2.602 17.06 - 0.401 -0 .330

2.007 0 0.305 17.25 0 -0.034

1.910 -0.021 0.230 17.27 0 -0.011

2.255 -0.015 0.379 17.27 -0.008 -0.058

3.064 -0 .013 0.721 17.25 -0.079 -0.116

2.720 -0.019 0.558 17.21 -0 .008 -0 .071

2.838 -0.020 0.610 17.15 -0 .034 -0 .073

5.450 0 2.963 17.10 - -

5.591 -0 .008 2.908 16.20 -0.451 -0.337

4.199 - 0.013 1.247 16.15 -0.253 - 0.171

2.572 -0.015 0.431 16.10 -0.041 -0.061

3.406 -0.010 0.859 16.10 -0.110 -0.113

2.882 -0 .002 0.642 16.11 - 0.052 -0 .094

P l a t e  Stud Turbu lence  S t i m u l a t i o n

T o t a l  R e s i s t a n c e ,  Sinkage and Trim R e s u l t s  -  Model w i th  Bulb

TABLR 21
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C a r r i a g e
Speed
f t / s e c

Tide 
f  t . /  s e c .

R e s i s t a n c e  
l b .

Temp. 
cC

Cs
Bov;

Cs
S t e r n

3.196 - 0 .007 0 .7 6 6 16 .18 - 0.112 - 0 . 1 3 3

2 .519 - 0 .011 0 .474 16 .24 -0 .C82 - 0 .0 9 7

1 .995 - 0 .011 0 .300 16 .32 - 0 .0 4 3 - 0 .0 5 5

1 .830 - 0 .010 0 .259 16.35 - 0 .020 - 0 .030

5 .0 8 1 - 0 .010 2 .329 16 .35 -0 .3 5 8 - 0 .2 9 7

2 .3 5 9 - 0 .0 1 5 0 .4 1 6 1 5 .97 - 0 .0 6 9 - 0 .0 9 7

1.762 - 0 .0 1 6 0 .239 16 .00 - 0 .0 3 7 - 0 .0 3 2

1 .5 0 7 - 0 .0 1 6 0 .1 8 3 16 .02 - 0 .0 2 8 -O.O36

5.430 - 0 .0 2 1 0 .862 1 6 .0 6 - 0 .1 3 8 - 0 . 1 1 3

5 .5 4 6 - 0 .0 1 9 3.077 1 6 .1 0 - 0 .4 9 9 - 0 .3 6 8

5 .5 6 1 - 0 .0 1 9 3 .092 1 6 .1 4 -O .484 -0 .3 7 9

3.337 - 0 .005 0 .855 1 6 .3 0 - 0 .1 4 2 - 0 . 1 3 5

3 .003 - 0 .0 0 7 0 .6 9 4 1 6 .3 4 - 0 . 0 6 7 - 0 . 1 1 3

2 .279 - 0 .0 0 7 0 .389 16.37 - 0 . 0 1 1 -O.O48

2 .2 8 6 - 0 .021 0 .392 1 6 .4 0 +0.011 - 0 .030

2 .7 2 2 - 0 .0 0 1 O.563 16.43 -0 .0 1 1 - 0 .0 6 2

2 .550 - 0 .C07 0.492 16.47 - 0 .0 3 0 - 0 .0 6 6

1 .942

LT\
OO•O1 0 . :279 . 16 .50 - 0 .0 2 3 -O.O39

1 .876 - 0 .0 0 5 0 .2 7 3 15 .90 - 0 .0 4 5 - 0 .0 4 1

2 .7 2 3 - 0 .0 0 5 0 .537 15 .90 -0 .C89 - 0 .1 2 2

3 .544 - 0 . 0 0 6 0 .929 15 .91 - 0 . 1 7 9 - 0 . 1 5 9

4 .4 6 8 - 0 . 0 0 9 1 .400 15 .93 - 0 . 3 3 4 - 0 . 2 3 8

4 .1 2 4 - 0 .C09 1.187 15 .94 - 0 .246 - 0 .2 1 0

3.933 - 0 .0 0 5 1 .091 1 6 .04 - 0 .190 - 0 .1 4 1

1 .999 - 0 .0 1 2 C.302 16.05 - 0 . C I 3 - 0 .0 4 7

2 .2 4 8 -C .009 C.365 1 6 .08 - C .024 - 0 .0 4 8

4 .452 - 0 .0 1 1 1 .384 16.15 - C .296 -0 .2C2

2 .807 - 0 . 0 0 8 0.585 16 .21 -C .033 - 0 .0 6 9

5 • 866 - 0 . 0 2 0 3.400 1 6 .27 -C .557 - 0 .4 4 1

5 .959 +0.026 3.565 16 .22 - 0 . 5 9 3 - 0 .5 2 5

5 . 7O8 - 0 . 0 3 7 3.224 16 .27 - 0 . 5 4 4 - 0 .3 9 5

T a b l e  2 1  C o n t ,
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Carriage 
Speed f t / s e c

Tide
f t / s e c

R es is tance
lb s

Temp.
°C

cs
Bov

c s
S te rn

6.169 +0.013 3.976 16.31 -0.559 - 0.651

2.794 +0.018 0.538 16.41 -O.O69 -0.097

6.479 +0.001 5.030 16.42 -O.436 -0.998

6.758 -0.037 6.225 16.49 - 0.242 - 1.252

6 .60  6 +0.018 5.563 16.52 -0.354 -1.133

4.732 +0.001 1.684 16.61 -0.317 -O.246

4.656 -0.027 1.558 I 6.64 -0 .313 -0.239

4.935 +0.001 2.059 16.70 -0.354 -0.287

2.366 - 0.010 0.420 16.74 0 -O.O44

1.998 0 0.307 16.76 0 - 0.030

2.829 - 0.010 0.609 16.79 - 0.019 -0.069

TABLE 21 Gontd.
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?
7/

Bow
l b s .

z~ + o t o r n

l b s .
T o t a l
l b s .

"5 - - J— ....-  * 0
Moment ,  V. 

l b . f t .

C .174 - 1 . 5 7 2 - 1 . 4 9 1 -  7 C ~ ? - 0 . 7 9 7

C . 2CC - 2 . 3 1 7 - 2 . 1 1 7 - 4 . 4 3 3 - 1 . 4 3 7

0 . 1 2 9 - 0 . 6 8 1 - C . 845 - 1 . 5 2 6 + 0 .3 0 1

0 . 2 3 9 - 3 . 4 2 5 - 3 . 2 2 8 - 6 . 6 5 3 - 1 . 8 0 3

0 . 2 3 8 - 3 . 3 7 9 7 1 — J # 1 - 6 . 5 5 9 - 1 . 7 9 5

0 .4 1 5 - 1 0 . 8 5 6 - 1 7 . 3 0 6 - 2 8 . 1 6 4 + 1 7 . 3 U

0 . 1 4 3 - 0 . 9 0 9 - 1 . 1 3 7 - 2 . 0 4 6 + 0 .4 3 6

0 . 1 0 9 - 0 . 5 0 4 - O . 525 - 1 . 0 2 9 - 0 . 1 0 5

0 . 1 5 8 - 1 . 0 4 6 - 1 . 2 6 0 - 2 . 3 0 6 + 0 .3 3 9

0 . 1 4 0 - 0 . 7 7 8 - 0 . 8 6 6 - I . 644 +0 . 0 2 4

0 . 1 8 3 - 1 . 6 7 4 - 1 . 7 9 1 - 3 . 4 6 5 - 0 . 1 8 5

0 . 1 9 2 - 1 . 9 7 S - 2 . 0 3 1 - 4 .OO9 - 0 . 4 9 7

0 . 2 2 1 - 2 . 9 1 9 - 2 . 6 9 6 - 5 . 6 1 5 - 1 . 7 1 7

0 . 2 1 2 - 2 . 4 1 2 - 2 . 5 1 8 - 4 . 9 3 O - 0 . 4 7 5

0 . 1 7 0 - 1 . 3 2 5 - 1 . 50 2 - 2 . 8 2 7 +0 .1 2 7

0 . 1 5 3 - 1 . 0 4 9 - 1 . 2 3 3 - 2 . 2 8 3 +0 . 2 4 2

0 . 2 5 1 - 4 . 0 4 0 - 3 . 6 0 3 - 7 . 6 4 3 - 2 . 7 9 4

0 . 2 3 4 - 3 . 2 8 7 - 3 . 0 8 2 - 6 . 3 7 0 - 1 . 7 8 1

0 . 2 7 4 - 4 . 7 0 8 - 4 . 5 3 3 - 9 . 2 4 0 - 2 . 1 6 6

0 . 262 - 4 . 4 0 4 - 4 . 0 1 6 - 8 . 4 1 9 - 2 . 7 5 5

0 . 2 9 7 - 5 . 6 0 9 - 5 . 5 0 3 - 1 1 . 11 2 - 2 . 2 4 7

0 . 2 8 6  ' - 5 . 2 4 6 - 5 . 2 1 5 - 1 0 . 4 6 1 - 1 . 8 8 1

0 . 1 5 0 - 1 .C0C - 1 . 2 3 5 - 2 . 2 3 6 +0 . 4 2 4

0 . 1 1 9 - 0 . 5 9 7 - 0 . 6 2 1 - 1 . 2 1 8 - 0 . 1 2 2

0 . 1 6 1 - 1 . 3 4 0 - 1 . 2 9 6 - 2 . 6 3 7 - 0 . 5 9 7

0 . 1 5 9 - 1 . 0 9 6 - 1 . 2 5 8 - 2 . 3 5 3 +0 . 1 5 4

0 . 3 5 2 - 8 . 4 5 2 - 8 . 5 2 9 - 1 6 . 9 8 2 - 2 . 6 1 6

0 . 3 3 0 - 7 . 1 5 2 - 6 . 9 3 6 - 1 4 . 0 8 8 - 3 . 1 2 9

0 . 3 1 6 - 6 . 4 9 4 - 6 . 3 2 7 - 1 2 . 8 2 2 - 2 . 7 4 7

0 . 1 5 3 - 1 . 0 3 2 - 1 . 1 0 8 - 2 . 1 4 0 - 0 . 1 0 4

Froude  Numbers c o r r e c t e d  f o r  b l o c k a g e  and  t i d e  e f f e c t s

M e a s u re d  V e r t i c a l  F o r c e s  and  Tr imming  Moment 

-  E u l l  and Bulb
T a b l e  2 2
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? Bov
l b s .

z ~ +0 1 e r n
l b s .

ZTot
l b s .

Trimming 
Moment, II 
l b . - f t .

0 .3 4 2 - 7 . 7 4 3 - 7 . 4 4 7 - 1 5 . 1 9 0 -3*569

0 . 3 1 2 - 6 .2 6 4 - 6 . 1 5 9 - 1 2 . 4 2 3 - 2 . 4 6 7

0 . 3 6 4 - 8 . 9 2 3 - 9 . 3 1 9 - 1 8 . 2 4 3 - 1 . 7 3 8

0 . 1 0 9 - 0 . 4 5 5 - 0 . 5 2 7 - 0 .9 8 2 + 0 .0 8 2

0 . 2 1 1 - 2 . 1 8 1 - 2 . 6 5 6 - 4 . 8 3 7 + 0 . 8 0 4

0 . 3 9 4 - 1 0 . 4 0 7 - 1 3 . 6 1 5 - 2 4 .0 2 2 +6 . 9 1 0

0 . 3 8 0 - 9 . 5 6 1 - 1 1 . 1 9 8 - 2 0 .7 6 0 + 2 .0 8 5

0 . 2  66 - 4 . 3 2 5 - 4 . 0 4 6 - 8 . 3 7 0 - 2 . 3 7 4

0 . 1 4 8 - 0 . 9 1 3 - 1 .0 6 2 - 1 - 9 7 5 +0 . 1 7 8

0 . 1 4 9 - 1 . 0 1 2 - 1 . 0 5 7 - 2 . 0 6 9 - 0 . 1 9 4

0 . 1 8 2 - 1 . 6 5 6 - 1 . 6 9 1 - 3 . 3 4 7 - 0 . 4 4 7

0 . 1 8 0 - 1 . 5 5 5 - 1 . 7 2 1 - 3 . 2 7 6 +0 . 0 1 0

0 . 2 3 4 - 3 .O46 - 2 . 9 9 4 - 6 . 0 4 0 - 1 . 2 0 1

0 . 2 9 3 - 5 . 4 0 5 - 5 . 3 1 0 - 1 0 . 7 1 4 - 2 . 1 4 2

0 . 1 9 9 - 1 . 9 4 8 - 2 . 0 8 5 - 4 . 0 3 2 - 0 . 2 1 5

0 . 1 2 3 - 0 . 7 3 7 - 0 . 7 4 1 - 1 . 4 7 8 - 0 . 2 4 0

O . 36O - 8 . 5 6 9 - 8 . 7 8 1 - 1 7 . 3 5 0 - 2 . 2 1 9

0 . 2 2 4 - 2 . 9 6 5 - 2 . 7 4 4 - 5 . 7 0 9 - 1 . 7 2 4

T a b l e  22 C o n t .
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Run
S peed
ft/sec

2 A
Cut s p a c i n g  

f t .

X
f t .

a 3 -993 0 . 4 4 6 1 2 . 8 5 6

b 4 . 1 9 3 0 . 4 9 2 1 2 .8 7 9

c 4 . 5 2 6 0 . 5 7 2 1 2 .9 1 9

d 4 .7 4 2 0 . 6 2 6 1 2 .9 4 6

e 4 . 8 9 2 O.669 1 2 .9 6 7

f 5 . 0 4 1 0 .7 0 5 1 2 .9 8 5

S 4 . 2 4 3 0 . 5 0 5 1 2 .8 8 5

h 4 . 1 2 6 0 .4 7 5 1 2 .8 7 0

i 4 . 4 4 3 0 . 5 5 3 1 2 .9 0 9

h 4 . 1 2 6 0 . 4 7 5 1 2 .8 7 0

i 4 . 4 4 3 0 . 5 5 3 1 2 .9 0 9

j 3 .5 6 1 0 . 3 5 2 1 2 .8 0 9

k 3 .195 0 . 2 8 4 1 2 .7 7 5

1 2 . 7 2 9 0 . 2 0 9 1 2 .7 3 7

m 3 .0 1 2 0 . 2 0 9 1 2 . 7 3 7

n 2 . 4 6 3 0 . 1 7 1 1 2 . 7 1 8

0 2 , 8 6 2 0 . 2 2 8 1 2 .7 4 7

P 3 .7 1 0 O.383 1 2 . 8 2 4

N.B. Cuts  a t  x = , - (X  12A)

Wave P a t t e r n  M e a s u re m e n ts  -

S p eed s  and Cut S p a c i n g s

T a b l e  25
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A c o m p u t e r  p ro g ra m ,  s i m i l a r  t o  t h a t  g i v e n  i n  r e f e r e n c e '  54> 

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

and com puted  a wave p a t t e r n  r e s i s t a n c e  c o e f f i c i e n t .  Also 

com puted  were  t h e  a n a l y t i c a l  wave p r o f i l e s  and t h e s e  were  compared  

w i t h  t h e  m e a s u r e d  v a l u e s .  See  f i g u r e  53 a*1!  t a b l e  2 4 .

A c c u ra c y  o f  t h e  m e a s u r e d  wave p r o f i l e  o r d i n a t e s  v a r i e d  from 

a p p r o x i m a t e l y  ^ 0 . 0 5  i n c h e s  a t  low s p e e d s  t o  - 0 . 1 0  i n c h e s  a t  h i g h e r  

s p e e d s  w here  manua l  a d j u s t m e n t  o f  t h e  p o i n t e r s  was more d i f f i c u l t .  

The e r r o r  a n a l y s i s  d e s c r i b e d  i n  s e c t i o n  2 . 6 .  was assumed  t o  be 

a p p l i c a b l e  t o  t h e  b u l b o u s  bow e x p e r i m e n t s .
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F1G.53

1NU1D AND BULB

CALCULATED & MEASURED WAVE PROFILES

3 = 0-303
KEY

♦— ♦ MEASURED  

o— o CALCULATED

0 2

2-0 3-0 4-0 7 0

- 0 2

TANK WALL

-0  6

JANK CENTRELINE

7-05 0 6-04 02-0

-feet

-0  6

-0 8
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i y
f t .

x = - 1 2 . 6 3 3  f x = - 1 3 . 3 3 8  f t .

S"J i
Me a s .

V
C a l c .

R c s i  du a l Si"
Me a s .

Si ”
C a l c . R e s i d u a l

0 0 - 0 . 3 0 0 - 0 . 3 2 3 +0 . 0 2 3 - 0 .1 3 0 - 0 . 1 6 0 +0 . 0 3 0

1 0 . 1 6 7 - 0 . 2 9 0 - 0 . 2 8 6 - 0 . 0 0 4 - 0 .1 7 0 - 0 . 1 5 8 - 0 . 0 1 2

2 0 . 3 3 3 - 0 . 2 8 0 - 0 . 2 5 7 - 0 . 0 2 3 - 0 . 1 4 0 - 0 . 1 4 6 +0 . 0 0 6

3 0 . 5 0 0 - 0 . 3 0 0 - 0 . 3 1 3 +0 . 0 1 3 - 0 .1 3 0 - 0 . 1 3 2 +0 . 0 0 2

4 0 . 6 6 7 - O . 36O - 0 . 3 7 2 +0 . 0 1 2 - 0 . 1 5 0 - 0 . 1 4 8 - 0 . 0 0 2

5 0 . 8 3 3 - 0 . 3 7 0 - 0 . 3 5 6 - 0 . 0 1 4 - 0 . 1 8 0 - 0 . 1 8 1 +0 . 0 0 1

6 1 . 0 0 0 - O . 34O - 0 . 3 3 2 - 0 . 0 0 8 - 0 . 1 9 0 - 0 . 1 8 7 - 0 . 0 0 3

7 1 . 1 6 7 - 0 . 3 5 0 - 0 . 3 6 2 +0 . 0 1 2 - 0 . 1 8 0 - 0 . 1 8 1 +0 . 0 0 1

8 1 . 3 3 3 - 0 . 3 7 0 - 0 . 3 9 5 +0 . 0 2 5 - 0 . 2 2 0 - 0 . 2 1 0 - 0 . 0 1 0

9 1 . 5 0 0 - 0 . 4 2 0 - 0 . 3 9 2 - 0 . 0 2 7 - 0 . 2 4 0 - 0 . 2 5 0 +0 . 0 1 0

10 1 . 6 6 7 - 0 . 4 4 0 - 0 . 4 0 6 -O .O 34 - 0 . 2 5 0 “ 0 . 2 5 5 +0 . 0 0 5

11 1 . 8 3 3 - 0 . 3 7 0 - 0 . 4 3 4 +O.O64 - 0 . 2 9 0 - 0 . 2 6 6 - 0 .0 2 3

12 2 . 0 0 0 - 0 . 4 7 0 - O .409 - 0 . 0 6 1 - 0 . 2 8 0 - 0 . 3 2 3 +0 . 0 4 3

13 2 . 1 6 7 - 0 . 3 9 0 - O . 36I - 0 . 0 2 9 - O . 34O - 0 . 3 4 0 0

14 2 . 3 3 3 - 0 . 3 3 0 - 0 . 4 0 0 +0 . 0 7 0 - 0 . 3 1 0 - 0 . 2 5 1 - 0 .0 5 9

15 2 . 5 0 0 - 0 . 5 2 0 - 0 . 5 2 1 +0 . 0 0 1 - 0 . 1 4 0 - 0 . 1 7 7 +0 . 0 3 7

16 2 . 6 6 7 - 0 . 6 6 0 - 0 . 6 1 6 -O.O44 - 0 . 2 7 0 - 0 . 2 6 5 - 0 . 0 0 5

17 2 . 8 3 3 - 0 . 6 6 0 - 0 , 6 6 4 +0 . 0 0 4 - 0 . 4 8 0 - O . 4 6 I - 0 . 0 1 9

18 3 .0 0 0 - 0 . 6 5 0 - 0 . 6 9 7 + 0 . 0 4 7 - 0 . 6 2 0 - 0 . 6 1 9 - 0 . 0 0 1

19 3 .1 6 7 - 0 . 6 7 0 - 0 . 6 5 2 - 0 . 0 1 8 - 0 . 7 9 0 - 0 . 7 1 3 +0 . 0 2 3

20 3 . 3 3 3 - 0 . 5 3 0 - 0 . 4 8 8 - 0 .0 4 2 - 0 . 7 9 0 - 0 . 7 6 3 - 0 . 0 2 7

21 3 .5 0 0 - 0 . 3 1 0 - O .3 4 6 +0 . 0 3 6 - 0 . 7 2 0 - 0 . 7 1 0 - 0 . 0 1 0

22 3 .6 6 7 - 0 . 3 2 0 - 0 . 3 4 8 + 0 . 0 2 8 - 0 . 5 6 0 - O .562 +0 . 0 0 2

23 ' 3 .8 3 3 - 0 . 4 2 0 - O . 36I - 0 . 0 5 9 - C . 46O - 0 . 4 9 1 +0 . 0 3 1

24 4 . 0 0 0 - 0 . 1 4 0 - 0 . 2 0 9 +0 . 0 6 9 - O . 63O - O .566 - 0 . 0 6 4

25 4 . 1 6 7 0 - 0 . 0 0 4 + 0 . 0 0 4 - 0 . 5 5 0 - 0 . 5 8 9 - 0 . 0 0 1

26 4 -3 3 3 - 0 . 0 2 0 + 0 .0 1 1 - 0 . 0 5 1 - 0 . 3 5 0 -C.4C9 +C.C59

27 4 . 5 0 0 - 0 . 1 3 0 - 0 . 1 4 2 +C.C12 - 0 . 23C - 0 . 2 0 3 - 0 .0 2 7

28 4 . 6 6 7 - 0 . 2 0 0 - 0 . 2 2 7 + 0 .0 2 7 - C .220 - C . 2 0 8 - 0 . 0 1 2

M easu red  and c a l c u l a t e d  wave p r o f i l e s  -  -  0.505
T a b l e  2 4
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i y
f t

x = - 12.633 f t . X 11 i M
1 

• Vjm CO f t .

< i »
Me as.

'S. •>1Calc.
Residual 1Me a s .

* i "Calc.
Residual

29 4.833 - 0 .150 - 0 .1 5 4 -O.O36 -0 .340 - O . 36I +0.021

30 5.000 0.010 -0 .035 +0.045 - 0.380 - 0 .421 +0.041

31 5.167 0.050 0.049 +0.001 -0 .390 -0 .331 -0 .0 5 9

32 5.333 0 .1 0 0 0.135 -0 .0 3 5 - 0.160 - 0 .210 +0.050

33 5.500 0 .260 0.236 +0.024 - 0 . 1C0 - 0 .121 +0.021

34 5.667 0 .280 0 .3 0 4 - 0 .0 2 4 -0 .080 - 0.042 - 0 .038

35 5.833 0 .320 0.321 - 0 .001 0.030 0 .033 - 0 .C03

36 6.000 0 .320 0.318 +0.002 0 .110 0.095 +0.015

37 6.167 O .33O 0.323 +0.007 0 .170 0.166 +0.003

38 6.333 0.300 0.337 -0 .037 0.240 0 .253 - 0 .013

39 6.500 0.370 0.351 +0.019 0.310 0.313 - 0 .003

40 6.667 0.340 0.342 -0.002 0 .350 0.328 +0.022

41 6.833 0.290 0.302 -0.012 0 .320 0.327 - 0.007

42 7.000 0.270 0.262 +0.008 0.330 0 .333 - 0 .003

43 7.167 0.260 0 .251 +0.009 0.340 0 .338 +0.002

44 7.333 0 .230 0 .255 -0 .025 0.340
_______

0.338 +0.002

TABLE 24 Contd.
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% 4 -  DISCUSSION CF RESULTS

3• 4• 1 • R e s i s t a n c e ,  S i n k a g e  and Tr im -  I-lodel F r e e  

T o t a l  R e s i s t a n c e

R e s u l t s  f o r  t o t a l  r e s i s t a n c e  c o e f f i c i e n t s  a r e  g i v e n  i n  t a b l e  2 

and com pared  w i t h  t h o s e  f o r  t h e  n a k e d  h u l l  i n  f i g u r e  5 4 . A l l  

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

e f f e c t s .

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

i s  shown i n  f i g u r e  55*

I t  i s  s e e n  t h a t  i n  t h e  s p e e d  r a n g e  0 . 2  0 . 4  l a r g e

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

b u l b .  Be low a  F r o u d e  Number o f  0 . 2 0  t h e r e  i s  a  s l i g h t  i n c r e a s e  i n  

r e s i s t a n c e .

The I n u i d  S201 h u l l  h a s  no s h o u l d e r s  o r  o t h e r  d i s c o n t i n u i t i e s .  

T h e r e  i s  t h e r e f o r e  l i t t l e  c a n c e l l a t i o n  o f  waves by t h e  h u l l  i t s e l f  

due  t o  i t s  s h a p e .  The I n u i d  S201 i s  t h u s  a r e s i s t f u l  fo rm and t h e  

a d d i t i o n  o f  any ap p e n d a g e  w hich  i n t e r f e r e s  w i th  t h e  wave s y s t e m  

may g i v e  r i s e  t o  l a r g e  r e s i s t a n c e  r e d u c t i o n s .  A t o t a l  r e s i s t a n c e  

e s t i m a t i o n  u s i n g  G e r t l e r ^  ( 1 1 3 )  method f o r  a  c o n v e n t i o n a l  s h i p  

h a v i n g  t h e  same fo rm  p a r a m e t e r s  as  I n u i d  S201 i s  shown i n  f i g u r e  54* 

I n  t h e  s p e e d  r a n g e  0 . lj-3f^ 0 . 2 7  t h e  c o n v e n t i o n a l  h u l l  s h a p e  h a s  

m a r k e d l y  l o w e r  r e s i s t a n c e  v a l u e s ,  and no r e s i s t a n c e  ‘hump* a t  a 

F r o u d e  Number o f  0 . 2 5 .  T h e s e  o b s e r v a t i o n s  a r e  o f  i m p o r t a n c e  when 

c o m p a r in g  Ĉ . v a l u e s  f o r  t h e  I n u i d  w i t h  and w i t h o u t  a  s p h e r o i d a l  b u l b .

Mean S i n k a g e

V a l u e s  o f  mean s i n k a g e  c o e f f i c i e n t  Cg , g i v e n  i n  t a b l e  2o ,  a r e  

com pared  w i t h  t h o s e  f o r  t h e  n a k e d  h u l l  i n  f i g u r e  5 6 * The mean 

s i n k a g e  f o r  t h e  h u l l  and b u l b  i s  s e e n  to  b e  l e s s  t h a n  t h a t  f o r  t h e  

h u l l  a l o n e  o v e r  t h e  whole  s p e e d  r a n g e .

I n  t h e  s p e e d  r a n g e  0 . 1 0 5 < ? - C . 20 t h e  mean s i n k a g e  showed a 

c u r i o u s  b e h a v i o u r .  The c u r v e  e x h i b i t e d  l a r g e  o s c i l l a t i o n s  w h ich  

w ere  r e p e a t a b l e  and  w e re  m o d e r a t e l y  w e l l  d e f i n e d  by t h e  e x p e r i m e n t a l
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3 A n l O 2 Cj ::1C3c A.:: 10 2 C,MlO3 t £ A  :cl0 s n --ipP

0.165 O ; 7r) A s • 't 3 .652 0 .3 3 0 4.756 5-9CC c .113 5. OOO 4.673

C.103 5. 336 4 .697 C.526 4 .768 6 ,006 n 1 *<-1 5.452 4*359

0 .1 8 3 5 .3 3 6 4 .717 0.253 5 .004 4 .2 6 8 0 .2 1 4 5 .172 4 .4 4 8

0 .127 5 .7 4 5 4 .627 0.142 5.613 4 .657 0 .270 4 .943 4 .2 1 3

0 .242 5 .049 4 .2 5 4 0 .205 5 .214 4 .4 6 8 O.249 5 .020 4 .201

0 .2 1 0 5 .192 4 .369 0 .1 7 4 5 .3 8 8 4 .6 4 4 0 .237 5 *066 4 .240

0 .1 5 1 5 .542 4 .6 2 8 0 .193 - 5 .279 4 .6 3 8 0 .120 5 .3 1 6 4 .592

0 .2 6 9 4 .945 4 .2 4 4 0 .151 5 .544 4 .5 4 1 0 .135 5 .673 4 .372

C . I 96 5 .2 6 0 4 .5 9 8 0 .1 2 0 5 .817 4.532 0 .269 4 .947 4 .2 0 8

0 .1 6 1 5 .475 4 .557 0 .1 1 0 5 .9 2 4 4.702 0.169 5 .420 4 .484

0 .2 2 1 5 .139 4 .370 0 .3 0 7 4.822 5 .4 2 6 0 .3 5 4 4 .6 9 4 5 .953

0 .2 5 3 5 .OO5 ' 4 .2 6 8 0 .142 5.619 4.542 0 . 362 ' 4 .673 5 .953

0 .260 4 .9 8 0 4 .2 3 3 0 .1 0 6 5 .976 4 .7 0 6 0 .3 4 3 4 .721 5*999

0 .2 3 1 5 .0 9 5 4 .3 0 7 0 .090 6.182 4 .942 0 .374 4*645 6 .223

0 .280 4 .9 0 7 4 .3 8 5 0 .2 0 6 5 .2 1 0 4 .449 0 .170 5*414 4.470

0 .2 8 8 4 .882 4.580 0 .334 4 .744 6 .025 0.392 4 .6 0 4 7 .161

0 .2 9 9 4 .844 5.146 C.335 4 .741 6 .023 c .406 4.575 8.283

0 .315 4 .7 9 7 5 .7 5 4 0 .2 0 1 5 .233 4 .6 2 3 c .401 4*585 7 .579

0 .1 2 1 5 .8 0 3  * 4 .575 0 .1 8 1 5 .3 4 6 4 .644 0 .2 8 6 4 .886 4 .514

0 .1 1 4 5 .8 7 8 3 .904 0 .1 3 7 5 .6 5 6 4 .5 3 1 0.280 4 .907 4 .3 6 8

0.135 5 .672 4.562 0 .137 5 .659 4 .594 0 .299 4 .847 5 .072

0 .1 8 4 5 .3 2 6 4 .671 C . I 64 5 .451 4 .5 7 1 C.142 5 .6 1 3 4 .557

O . I 65 5 .459 4 .6 1 4 0 .1 5 4 5 .526 4 .575 0 .121 5 .809 4 .6 3 4

0 .170 5 .412 4 .632 0 .117 5 .847 4 .4 7 6 0 .170 5.412 4 .6 1 4

I. = 8 . 6  f t .  S = 1 7 . 0 7 6  f t 8 , 3  = v / / i L ,  A =  ( l o g  a,,  -  2 ) - s
'  10 11

an = 7i./s> , 0 . = ac/icS78.

A l l  r e s u l t s  c o r r e c t e d  f o r  b l o c k a d e ,  t e m p e r a t u r e  and t i d e  e f f e c t s .

H o n - d i m e n s l o r . a l  R e s i s t a n c e  R e s u l t s  -  

H u l l  and B u lb  -  P l a t e  S t u d  S t i m u l a t i o n

T a b l e  25
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FIG. 54

MEASURED TOTAL RESISTANCE COEFFICIENTS

.0010

♦— 4 NAKED HULL.

• — •  HULL AND BULB.
• —♦ESTIMATION FOR NAKED HULL from ref. 113. 
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Cs CT £ Cs c x £ 0 s Cx

0 . 1 8 9 - 0 . 0 6 2 +C.O25 j O.326  
1

- 0 . 3 9 4 - 0 . 1 1 4 c .1 6 4 - 0 . 1 0 5 +O.O32

0 . 1 8 3 - 0 . 0 3 9 +0 . 0 2 4
1

0 .2 5 3 - 0 . 2 1 2 - 0 . 0 8 2 c . 2 1 4 - O . I 69 - 0 . 0 2 0

0 . 1 8 3 - 0 . 1 0 1 +0 . 0 2 3 0 . 1 4 2 - 0 . 0 5 1 +0 . 02C 0 . 2 7 0 - 0 . 2 8 6 -O .O 96

0 . 1 2 7 - 0 . 0 5 3 +0 . 0 3 0 0 .2 0 5 - 0 . 1 1 2 +C.0 0 3 0 . 2 4 9 - 0 . 2 2 8 - O .O 36

0 . 2 4 2 - 0 . 2 0 1 - 0 .0 5 2 0 . 1 7 4 - 0 . 0 7 3 +C.042 0 . 2 3 7 - 0 .1 6 6 -O .O 49

0 . 2 1 0 - 0 . 1 3 6 + 0 .0 0 7 0 . 1 9 3 - 0 . 1 2 2 +0 . 0 2 1 0 . 1 2 0 - 0 . 0 3 0 +O.O34

0 . 1 5 1 - 0 . 0 6 8 +0 . 0 3 8 0 . 1 5 1 - 0 . 0 8 9 +0 .0 1 5 0 . 1 3 5 -O .O 36 +0 . 0 2 4

0 . 2 6 9 - 0 . 22.6 - 0 . 1 0 7 0 . 1 2 0 - 0 . 0 4 9 +0 . 0 1 2 0 .2 6 9 - 0 . 2 4 9 -O.O94

0 . 1 9 6 - 0 . 1 6 1 + 0 . 0 3 4 0 . 1 1 0 - 0 . 0 2 5 +0 . 0 1 0 0 .1 6 9 - 0 . 0 5 1 +O.O36

0 . 1 6 1 - 0 . 0 9 7 +0 . 0 5 1 0 . 3 0 7 - 0 . 3 2 7 - 0 . 0 6 1 0 . 3 5 4 - 0 . 4 9 9 - 0 . 1 1 6

0 . 2 2 1 - 0 . 1 7 5 - 0 . 0 2 3 0 .1 4 2 - 0 . 0 8 3 + 0 .0 2 8 0 .3 6 2 - 0 . 5 5 9 - C . O 67

0 . 2 5 5 - O . 2 4 6 - 0 . 0 7 5 0 . 1 0 6 -C .O 34 - 0 . 0 0 6 0 . 3 4 3 - 0 . 4 7 0 - 0 . 1 4 9

0 . 2 6 0 - 0 . 2 5 5 - 0 . 0 9 6 0 . 0 9 0 - 0 . 0 3 2 +0 . 0 0 6 0 . 3 7 4 - 0 . 6 0 5 +0 . 0 9 2

0 . 2 3 1 - 0 . 1 9 2 - 0 . 0 3 9 0 . 2 0 6 - 0 . 1 2 6 - 0 . 0 2 5 0 . 1 7 0 -O.O 83 + 0 . 0 2 8

0 . 2 8 0 - 0 . 2 8 7 - 0 . 0 8 8 0 . 3 3 4 - 0 . 4 3 3 - 0 . 1 3 2 0 . 3 9 2  ' - C .7 1 7 +0 . 5 6 2

0 . 2 8 8 - 0 . 2 9 1 - 0 . 0 7 6 0 . 3 3 5 - 0 . 4 3 2 - 0 . 1 0 6 0 . 4 0 6  ■ - 0 . 7 4 7 +1 . 0 1 0

0 . 2 9 9 - C .3 2 4 - 0 . 0 7 1 0 . 2 0 1 - 0 . 1 3 8 - 0 . 0 0 6 c .401 - 0 . 7 4 4 + 0 .7 7 9

0 . 3 1 5 -O . 3 6 6 - 0 . 0 7 1 0 . 1 8 1 - 0 . 0 9 0 +0 . 0 4 6 0 . 2 8 6 - 0 . 2 8 1 - 0 . 0 7 1

0 . 1 2 1 - 0 . 0 1 7 + 0 . 0 3 4 0 . 1 3 7 - 0 . 0 3 0 +0 . 0 3 7 0 . 2 8 0 - 0 . 2 7 6 - 0 . 0 7 4

0 . 1 1 4 - 0 . 0 0 6 +0 . 0 1 1 0 . 1 3 7 - 0 . 0 1 0 +0 .0 4 2 0 . 2 9 9 - 0 .3 2 1 - 0 . 0 6 7

0 . 1 3 5 - 0 . 0 3 3 +0 . 0 5 0 0 . 1 6 4 - 0 . 0 3 7 +0 .0 5 1 C . I 42 - 0 . 0 2 2 +O.0 4 4

0 . 1 8 4 - 0 . 0 9 8 +0 . 0 3 6 0 . 1 5 4 - 0 . 0 4 8 +0 . 0 3 6 C. 121 - 0 .0 1 5 - 0 .0 3 0

O . I 63 - 0 . 0 3 9 +0 . 0 6 3 0 . 1 1 7
1

- 0 . 0 3 1 +0 . 0 1 6 0 . 1 7 0 -O .O 44 +0 .0 5 0

0 . 1 7 0 - 0 . 0 5 4 +0 . 0 3 9 0 . 1 1 3 - 0 . 0 4 3 -C .C 03

3 . V / / g L ,  C =s ^ v 3 + s s ) s i c o / l , -X = ( s s - s _0 x I
r>

.GO/1,, I, = 8 . 6  f J

A l l  r e s u l t s  c o r r e c t e d  f o r  b l o c t a + e  and t i d e  e f f e c t s

N o n - d i m e n s i o n a l  S i n k a r e  and Tr im  R e s u l t s  

-  H u l l  and Bulb

T a b l e  2 6
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FIG. 56

MEAN SINKAGE COEFFICIENTS

0 30 20 1

- 0-1

KEY

♦ NAKED HULL 
o~o HULL AND BULB

* FIRST RUN of the day- 
model unwiped

- 0 3

C5

- 0 5

-0 6

- 0 7

-0  8
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s p o t s .  I t  was i n  t h i s  s p e e d  r a n g e  t h a t  r e d u c t i o n s  i n  mean 

s i n k a g e  due t o  t h e  a c t i o n  o f  t h e  b u l b  were  a n t i c i p a t e d  ( s e e  

t a b l e  20 ) .  I t  seems p r o b a b l e  t h a t  t h e  b u l b  was a c t i n g  as  a  

submerged  body and p r o d u c i n g  an upward  f o r c e  a t  low s p e e d s .

T h i s  c a u s e d  a r e d u c t i o n  i n  t r i m  by t h e  h e a d  ( s e e  f i g u r e  5^)  b r i n g i n g  

t h e  b u l b  n e a r e r  to  t h e  f r e e  s u r f a c e  and i n c r e a s i n g  Z^, i n  a c c o r d
.D

w i t h  V i g l e y ’ s c a l c u l a t i o n s .

T h e s e  l a r g e  r e d u c t i o n s  i n  mean s i n k a g e  were n o t  r e p r o d u c e d  

on t h e  f i r s t  r u n  o f  t h e  day u n l e s s  t h e  model  was w ip ed  b e f o r e  t h e  

r u n .  Mean s i n k a g e  v a l u e s  o b t a i n e d  w i t h o u t  w i p i n g  t h e  model  were  

g r e a t e r  t h a n  t h o s e  o b t a i n e d  a t  t h e  same s p e e d  s e v e r a l  r u n s  l a t e r .  

T h e s e  r e s u l t s  a r e  a l s o  shown i n  f i g u r e  56*

WAVE TROUGH, GIVING RISE TO A THIN 

FILM OF WfiJER OVER THE UPPER 
FP SURFACE OF THE BULB.

S.WL.

WAVE CREST OVER 
BULB NOSE

WAVE PROFILE OVER BULB AT LOW SPEEDS

FIG. 57

I t  was o b s e r v e d  t h a t  t h e  f l o w  o v e r  t h e  b u l b  a t  low s p e e d s  

was c h a r a c t e r i s e d  by a wave t r o u g h  a s  shown i n  f i g u r e  57 &n<i 

p l a t e  6 .  At F r o u d e  Numbers c o r r e s p o n d i n g  t o  t h e  p e a k s  i n  t h e  

Cp c u r v e ,  t h i s  wave t r o u g h  gave  r i s e  t o  a v e r y  t h i n  f i l m  o f  w a t e r  

o v e r  t h e  b u l b .  U n d o u b t e d l y  s u r f a c e  t e n s i o n  as w e l l  as  v i s c o s i t y  

was i m p o r t a n t  t o  m a i n t a i n  s t a b l e  f l o w  c o n d i t i o n s .  I n  t h e  a b s e n c e  

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

c o r r e c t  b u l b  f o r c e s  w ould  n o t  be  g e n e r a t e d  and t h e  mean s i n k a g e  

p e a k s  would  n o t  b e  o b ta in ed * .  I t  i s  p r o b a b l e  t h a t  d u r i n g  t h e
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f i r s t  ru n  o f  th e  day c o r r e c t  f lo w  c o n d i t i o n s  were n o t  p r e s e n t  

o v e r  t h e  b u lb  a t  low sp eed s  so t h a t  anomalous r e s u l t s  were 

o b t a i n e d .

Tri ia

V a lu e s  o f  t h e  t r i m  c o e f f i c i e n t  Cx  a r e  g i v e n  i n  t a b l e  2 6 

and a r e  com pared  w i t h  t h o s e  o b t a i n e d  w i t h o u t  t h e  b u l b  i n  f i g u r e  

58 .

I t  i s  s e e n  f rom  f i g u r e  58 t h a t  f o r  0 . 1 0 ^ ? l 0 . 2 C  t h e  t r i m  i s  

by t h e  s t e r n  f o r  t h e  h u l l  w i t h  b u l b .  T h i s  c o n t r a s t s  w i t h  t r i m  

r e s u l t s  o b t a i n e d  v/- i thout t h e  b u l b  where t r i m  i s  s e e n  to  be by t h e  

h e a d  i n  t h i s  s p e e d  r a n g e .  I n  t h e  r a n g e  0 . 2 0 ^ ^ 0 . 2 6  t h e  a d d i t i o n  

o f  t h e  b u l b  r e d u c e d  t r i m  by t h e  hea.d b u t  f o r  t h e  r a n g e  0 . 2 6 -̂  - 0 . 5 7  

t h e  model  w i t h  t h e  b u l b  t r i m s  more by t h e  h e a d .  Over t h e  r e m a i n d e r  

o f  t h e  s p e e d  r a n g e  t h e  model  w i t h  t h e  b u l b  e x h i b i t s  l e s s  t r i m  by  

t h e  s t e r n  t h a n  t h e  n a k e d  h u l l .

T h e s e  t r i m  r e s u l t s  a l l  i n d i c a t e  t h a t  t h e  b u l b  i s  a c t i n g  as

a s u b m erg ed  body as s u g g e s t e d  i n  s e c t i o n  5*2 .  An upw ard  v e r t i c a l

f o r c e  from the  b u lb  a t  low speeds  r e d u c e s  t r i m  by th e  h e a d .  As

s p e e d  i n c r e a s e s ,  t h e  ! b u l b  F r o u d e  Number, N* i n c r e a s e s  and t h e
*

v e r t i c a l  f o r c e  f rom  t h e  b u l b  b e g i n s  to  a c t  downward,  t h u s  

r e d u c i n g  t r i m  by th e  s t e r n .

The g e n e r a t i o n  o f  l i f t  by t h e  b u l b  p r o b a b l y  a c c o m p a n ie s  t h e  

v e r t i c a l  f o r c e  Z^« M o re o v e r ,  f l u i d  i n e r t i a  f o r c e s  w i l l  a l so -  a p p e a r  

a s  t h e  a n g l e  o f  a t t a c k  o f  t h e  b u l b  c h a n g e s  due t o  t r i m  ( 8 0 , p . 275)*  

The g e n e r a t i o n  o f  l i f t  would  a l m o s t  c e r t a i n l y  be a f f e c t e d  by t h e  

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

i m p o s s i b l e ,  t o  e s t i m a t e  a c c u r a t e l y .  I t  a p p e a r s  f ro m  t h e  t r i m  

r e s u l t s  a t  5* > 0 . 5 6  t h a t  t h e  l i f t  f o r c e ,  i f  i t  a c t s  u p w ard s  f o r  a 

p o s i t i v e  a n g l e  o f  a t t a c k ,  i s  s m a l l  com pared  to  t h e  h y d ro c y n a m ic  

v e r t i c a l  f o r c e  Zpj* D i r e c t  m e a su re m e n t  o f  Zg w i t h  t h e  mode l  

r e s t r a i n e d  f ro m  s i n k i n g  and t r i m m i n g ,  i . e . ,  w i t h  t h e  b u l b  

p r e v e n t e d  f rom p r e s e n t i n g  an  a n g l e  o f  a t t a c k  t o  t h e  f l o w ,  i s  

d i s c u s s e d  i n  s e c t i o n  5*4*2 .  b e l o w .
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I t  i s  of  i n t e r e s t  to compare the  t r i m  changes  cue  to  th e  

b u lb  ( f i g u r e  ^Q) w i th  th e  r e s i s t a n c e  changes  ( f i g u r e  54)* In  

t h e  speed  ra n g e  C . I C - c f - 0 . 2 C  a r e s i s t a n c e  i n c r e a s e  i s  s e e n  to 

c o r r e s p o n d  to  a change from t r i m  by th e  head to  t r i m  by th e  

s t e r n .  I t  w i l l  be shown below t h a t  i n  t h i s  speed  range  th e  

b u lb  p roduces  an in c re e . s e  in  v i s c o u s  r e s i s t a n c e  ( s e e  s e c t i o n  

3 .4*4)*  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  by a l t e r i n g  th e  t r i m  a t  

low s p e e d s ,  th e  b u l b  m o d i f i e s  t h e  v i s c o u s  f low  o v e r  th e  h u l l .  

I t  i s  p r o b a b l e  t h a t  t h e  t r i m  a n g le  has  a marked e f f e c t  on 

boundary  l a y e r  g row th  ( s e e  Hobson (114 P*277))  £-n d thus  i s  

r e l a t e d  to  t h e  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 ,  Ryp* (See  s e c t i o n

2 . 7 - 4 . )

I f  a c o r r e l a t i o n  c o e f f i c i e n t  Pc i s  d e f i n e d  by

i t  i s  f o u n d  t h a t  t h e  c u r v e s  r e p r e s e n t i n g  change  i n  t r i m  due 

t o  t h e  b u l b , '  6 t ,  and ch an g e  i n  t o t a l  r e s i s t a n c e  due t o  t h e  b u l b ,

5Rp, a r e  w e l l  c o r r e l a t e d  o v e r  t h e  r a n g e  0 .1 o 5 > ^ 5 o . 4 0 *  The 

c o r r e l a t i o n  c o e f f i c i e n t  i s  g i v e n  by

*  O *  ( o 7  2

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

as c a r e  i s  n e e d e d  i n  r e l a t i n g  c a u s e  to  e f f e c t  when c o n s i d e r i n g  

t h e  com plex  f l u i d  f l o w  a ro u n d  h u l l  and b u l b .  I t  i s  n o t  s u g g e s t e d  

t h e r e f o r e  t h a t  a  c h a n g e  i n  t o t a l  r e s i s t an.ce i s  c a u s e d  i n  some way 

by c h a n g e  o f  t r i m  : wave i n t e r f e r e n c e  u n d o u b t e d l y  a c c o u n t s  f o r  

m os t  o f  t h e  r e s i s t a n c e  r e d u c t i o n .  Change o f  t r i m  i s  b u t  one 

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

f l o w  o v e r  t h e  h u l l  due t o  t h e  b u l b ,  one c o n s e q u e n c e  o f  which  i s  

a  r e d u c t i o n  i n  t o t a l  r e s i s t a n c e .

3 * 4*2 .  Wave P a t t e r n  R e s i s t a n c e  and Wave P r o f i l e s  

Wave P a t t e r n  R e s i s t a n c e

Wave p a t t e r n  r e s i s t a n c e  c o e f f i c i e n t s  Cw^ a r e  g i v e n  i n  t a b l e  27
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Run
3

G x 104 v/p

a C . 24C . 1*854

b C.252 1 . 2 9 4

c 0 .2 7 2 1 . 6 2 2

d 0 . 2 3 5 5 .8 3 6

e 0 . 2 9 4 5 . 5 4 0

f O. 5 0 5 9 . 0 8 4

/T*O 0 . 2 5 5 1 . 4 8 1

h 0 . 2 4 8 1 .3 5 9

i 0 . 2 6 7 1 . 4 5 5

0 0 . 2 1 4 2 . 1 7 2

k C.1 9 2 2 . 2 1 2

1 O . I 64 0 . 7 0 1

n 0 . 1 8 1 1 . 5 5 1

n 0 . 1 4 S 0 . 5 1 3

0 0 .1 7 2 4 . 5 2 5

p
s

0 . 2 2 5 2 . 3 7 5

3 =  V / / s L ,  C = -1 /-J -p S Y 3y ° vp v.pT

S = 1 7 . 0 7 6  f t 2 L = 3 . 6  f t .

E o n - d i m e n s i o n a l  Wave P a t t e r n  H e s i s t c . n o e R e s u l t s

-  E i i l l  and B u lb

T a b l e  2 7
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and com pared  w i t h  v a l u e s  m e a s u r e d  by Sharma f o r  t h e  nak ed  h u l l  

i n  f i g u r e s  59 and 6 0 .

I t  s h o u l d  be  remembered  t h a t  su c h  a c o m p a r i s o n  i s  o n l y  v a l i d

i f

i )  The v a l u e s  o f  C m e a s u r e d  by Sharma and t h e  a u t h o r  a r e  '  w P

n o t  s u b j e c t  to  s c a l e  e f f e c t ,

i i )  The e r r o r s  b e t w e e n  S h a r m a fs I n u i d  and t h e  Glasgow I n u i d

h a v e  a s m a l l  e f f e c t  on C .wp

i i i )  The d i f f e r e n c e s  i n  e x p e r i m e n t a l  m e thods  o f  m e a s u r i n g  C

a t  Hamburg and Glasgow h a v e  n e g l i g i b l e  e f f e c t  on wave

p a t t e r n  r e s i s t a n c e .

Of t h e s e  c o n d i t i o n s ,  ( i i i )  i s  l i k e l y  t o  be  t h e  m o s t  i m p o r t a n t ,

Sharma o b t a i n e d  s e v e r a l  'wave  c u t s *  d u r i n g  eac h  r u n  and s o l v e d  a

r e d u n d a n t  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  t o  o b t a i n  a m p l i t u d e s  end

ph a s e s .  At G lasgow o n l y  one  c u t  was o b t a i n e d  d u r i n g  e a c h  r u n  a t

any s p e e d .  T h i s  s p e e d  had  t o  b e  r e p e a t e d  f o r  a n o t h e r  r u n  t o  o b t a i n

a s e c o n d  c u t .  Prom t h e s e  two c u t s  a m p l i t u d e s  and p h a s e s  w ere

c a l c u l a t e d  u s i n g  t h e  method  o f  r e f e r e n c e  54* I n a c c u r a c i e s  i n  t h e

method  u s e d  a t  Glasgow h a v e  b e e n  d i s c u s s e d  e l s e w h e r e  (54)> b u t  i t

was assumed t h a t  t h e y  would  not. s e r i o u s l y  a f f e c t  t h e  c o m p a r i s o n

o f  C v a l u e s  due t o  t h e  l a r g e  c h a n g e s  i n  wave p a t t e r n  r e s i s t a n c e  wp

b r o u g h t  a b o u t  by t h e  b u l b .

L a r g e  r e d u c t i o n s  i n  C w ere  o b t a i n e d  o v e r  t h e  s p e e d  r a n g ewp
< •> <-

0 .20 -^ T  - 0 . 3 0  w i t h  c o m p l e t e  c a n c e l l a t i o n  o f  t h e  r e s i s t a n c e  hump 

o b t a i n e d  w i t h  t h e  n a k e d  h u l l  a t  a F r o u d e  number  o f  0 , 2 7 .

Wave F r o f i l e s

Wave p r o f i l e s  a l o n g  t h e  h u l l  w i t h  and w i t h o u t  t h e  b u l b  a r e  

shown i n  p l a t e s  7 > 8 j 9 and 10 f o r  F r o u d e  Numbers o f  0 . 1 7 2  and  0 .356*  

Wave p r o f i l e s  f o r  t h e  h u l l  b u l b  c o n f i g u r a t i o n  a r e  shown i n  p l a t e s  

1 1 ,1 2  and 13 f o r  a r a n g e  o f  P ro u d e  N um bers .

I t  i s  s e e n  t h a t  a t  a  P r o u d e  Number o f  0 . 1 7 2  t h e  b u l b  s h i f t s  

t h e  bow wave c r e s t  a f t .  I t  was o b s e r v e d  t h a t  t h e  u p p e r  s u r f a c e  o f  

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

a c c e l e r a t i n g  t h e  f l o w  and c a u s i n g  a l a r g e  p e r t u r b a t i o n  v e l o c i t y
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NAKED HULL 0 - 172  PLATE 7

HULL AND B U L B  - 3 = 0 - 1 7 2  ^ Al E —

NAKED HULL ^  °  ™  f ™ * - *

HULL AND B U L B 3 s0-35& P L A T E  10
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in the negative x-direction. This large horizontal component of 

flow appeared to delay formation of the how wave crest until aft 

of station +9*'5 &t which point the flow was presumably downwards 

over the aft end of the bulb. (See figure 6l.) At this speed it 

seemed probable that there was a slight reduction in wave pattern 

resistance (see figure 6 c ) .  This con only he inferred, as no wave 

pattern results were available below a Froude kumber of 0*192 for 

the model without the bulb*

At a Froude Humber of 0 * 3 it appeared that the bulb was 

not acting in this way as there was no shift of the bow wave crest* 

It is probable that the reduction in wave pattern resistance at 

this speed was due to wave interference effects discussed in 

section

The above discussion is based on observation and supposition 

and should be tested by detailed flow and pressure measurements*

It is well-known that the form of the water-lines near the free 

surface have a greater effect on pressure resistance than those 

near the keel* Thus a bulb near the free surface which modified 

the flow over the upper waterlines would be expected to alter the 

pressure resistance markedly. Linear superposition of the hull 

wave system and bulb wave system to give the total wave system 

was assumed by Vigley and others as shown in section It is

doubtful if this approach is justified for a bulb close to the 

free surface and a fresh approach, such as consideration of the 

'venturi* effect of the bulb and free surface, seems appropriate* 

3*4*3* Vertical Forces and moments - Tiedel Restrained

Vertical forces, moments ana non-dimensional coefficients, 

measured with the model restrained, are given in taole 28. Forces 

and moments are compared with these obtained with the non-bulbous 

model in figures 62 and 63 j vertical force and moment coefficients 

are compared with those obtained with the non-bulbous model in 

figures 65 and 66. All results have been corrected for blockage, 

temperature and tide effects.
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5 °z x 1CS CT. x 10*
4

C„ x 1 C2 C„ x 10a
1'*

0 .1 7 4 - 2 . 2 1 7 - 0 . 6 7 1 0.161 -2 .2 1 2 - 0 .5 8 2

0 .2 0 0 - 2 . 4 2 1 - 0 . 9 1 2 0.159 -2 .0 4 1 +0.156

0 .129 - 2 . 0 0 3 +O.46O 0.352 -  2 .  Q  Q q -0 .5 3 7

c .2 3 9 - 2 . 5 4 0 - 0 . 8 0 0 0.330 - 2 . 828 - 0 .7 3 0

0 .2  38 - 2 .5 3 2 - 0 . 8 0 6 0 .316 - 2 .8 0 1 -O .698

0 .415 - 3 . 5 ^ 7 +2.549 0 .153 -1 .9 8 9 -0 .1 1 2

0 .1 4 3 - 2 . 1 8 9 +0.542 0.342 - 2 . 8 2 6 - 0 .7 7 6

0 .109 - 1 . 8 9 3 -O .2 2 4 0.312 - 2 .7 9 1 -C .644

C.158 - 2 . 0 2 5 +0.346 0 .3 6 4 -3 .0 0 2 - 0 .3 3 2

0 .1 4 0 - I . 8 3 2 +0.031 0 .109 - 1 . 8 0 4 +0.175

0 .183 - 2 . 2 5 5 - 0 . 1 4 0 0 .211 - 2 .3 6 1 +O.456

0 .192 - 2 . 3 6 4 - 0 . 3 4 9 0 .394 - 3 .3 6 9 +1.127

0 .221 - 2 . 5 1 3 - 0 . 8 9 4 0.380 - 3 .1 3 9 +0.367

0 .212 - 2 . 3 9 5 - 0 . 2 8 3 0 .266 - 2 .5 8 2 - 0 .8 5 2

0 .1 7 0 - 2 . 1 3 3 +0.112 0 .148 - 1 . 9 7 4 +C.207

0 .1 5 5 - 2 . 1 3 5 +0.263 0 .149 - 2 .0 4 0 - 0 . 2 2 2

0 .251 - 2 . 6 5 0 -1 .1 2 8 0.182 - 2 .2 1 3 - 0 . 3 4 4

0 .2 3 4 - 2 . 5 4 5 - 0 . 2 ^ 4 0.180 - 2 .2 0 6 +0.C08

0 .2 7 4 - 2 . 6 8 4 ' -0 .7 3 2 0 .234 - 2 .4 1 7 - 0 .5 5 9

0 .262 - 2 .6 7 2 - 1 .0 1 7 0 .293 - 2 .7 2 9 - 0 . 6 3 4

0 .2 9 7 - 2 . 7 4 3 - 0 . 6 4 5 0.199 -2 .2 2 4 - 0 . 1 3 8

0 .2 8 6 - 2 . 7 9 0 - 0 . 5 8 3 C.123 - 2 .1 1 9 - 0 . 4 0 0

0 . 1 5 0 - 2 . 1 8 0 +0.480 O.36O - 2 .9 2 2 - 0 .4 3 4

0 .119 - 1 .8 9 2 - 0 . 2 2 0 0 .224 - 2 . 4 9 3 - 0 .8 7 5

5  -  V //7 T  c z .  Z/ ipSV2 , C.,. = K/i fSLV2, I. -  8 .6  f t . ,  S  -  17 .076  ft®

All results corrected for blockage and tide effects.

Kon-dimensional Vertical Force end Trimming Ilomert Coefficients
-  Hull and Bulb

T a b l e  2 8
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FIG. 62
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MEASURED TRIMMING MOMENTS
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Vertical Forces

It is seen from figure 62 that there is no apparent change 

in the magnitude of the total vertical force Z due to the action

of the bulb. The slight reduction in 0 observed in figure 64Zi * J

is due entirely to the change in wetted surface S which appears

in the denominator of the coefficient.

The negligible change in total vertical force is in accord

with, the predictions of section 3.2 .4 , summarised in table 2 0 .

Trimming i lonent s .

Whereas no change in total vertical force could be measured,

a marked change in measured trimming moment was observed over the

range Q.iol^5o.40. Figure 63 shows that the addition of the bulb

changed the sign of the trimming moment in the speed range 
<"2 <■O.lO-o -0.20 thereby making the model trim by the stern. This

corroborates^results obtained from the model when free to trim,

jdiscussed in section 3 *4 .1 *

A lso  shown- i n  f i g u r e  63 a r e  t h e  t r i m m i n g  moments e s t i m a t e d

for the hull/bulb configuration using Wigley's values for and

Z in conjunction with an assumed lever arm of 4*4 ft. from midships, s
It is at once apparent that the change in trim is greater them 

anticipated using calculated values of Z^ or Zg . This may be due 

to a combination of the following causes :

i) The bulb wave system has been shown to be characterised by

a pronounced wave trough at certain speeds. This brings

the upper surface of the bulb into closer proximity to the

free surface. Figure 6 6, derived from Wigley*s calculations 

for the equivalent spheroid, shows that a reduction in 

immersion ratio from f/l = 0 . 1 2 5 to 0.100 at any value of3
II can have a marked effect on the vertical force

c o e f f i c i e n t .  F i g u r e  66 shows t h a t  a t  K = 0 . 4 0  su ch  a
\

reduction in immersion increases the value of for the

e q u i v a l e n t  s p h e r o i d  f ro m  4*9 &t f / l  = 0 .1 2 5  t o  6 ,9  a ts

f / l  = 0 . 1 0 0 .  At an im m e r s io n  r a t i o  o f  f / l  = C .1 0 0  t h e  s s

upper surface of the bulb is in the free surface at the
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bow ; i t  i s ' p o s s i b l e  t h a t  t h i s  m ig h t  o c c u r  w i t h  c e r t a i n  

b u l b  wave s y s t e m s ,  

i i )  The f l o w  o v e r  t h e  b u l b  p r o b a b l y  d i f f e r s  c o n s i d e r a b l y  f rom 

t h a t  o v e r  th e  e q u i v a l e n t  s p h e r o i d  due to  t h e  p r e s e n c e  o f  

t h e  h u l l .  I t  i s  s u g g e s t e d  i n  s e c t i o n  3*4*2 .  t h a t  t h e r e  i s  

a  s t r o n g  downward component  o f  f l o w  o v e r  t h e  a f t e r  p a r t  o f  

t h e  b u l b .  F u r t h e r m o r e ,  c o n s t r i c t i o n  o f  t h e  f l o w  b e t w e e n  

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

m o d i fy  t h e  f l o w  and  p r o b a b l y  i n v a l i d a t e  t h e  c o n c e p t  o f  a 

’b u l b  F r o u d e  Humber’ , N, u s e d  i n  t h e  c a l c u l a t i o n  o f  , 

i i i )  I t  may be  s e e n  f ro m  f i g u r e s  62 and 63 t h a t  w h e re a s  t h e  

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

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

v e r t i c a l  f o r c e s  was m a r k e d l y  a l t e r e d ,  t h e r e b y  r e s u l t i n g  i n  

l a r g e  c h a n g e s  i n  t r i m m i n g  moment.  I n  t h e  r a n g e  0 . 1 0 -5 "  - 0 , 4 0  

t h e r e  a p p e a r s  to  be a g r e a t e r  c o n c e n t r a t i o n  o f  f o r c e s  

a c t i n g  i n  t h e  p o s i t i v e  z - d i r e c t i o n  on t h e  f o r e b o d y  and  a 

c o r r e s p o n d i n g  d e c r e a s e  on t h e  a f t  body .  T h i s  c h a n g e  o f  

d i s t r i b u t i o n  i s  a p p a r e n t l y  i n a d e q u a t e l y  r e p r e s e n t e d  by a 

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

i n d i c a t e d  i n  f i g u r e  49* T h e r e  i s  p r o b a b l y  i n t e r f e r e n c e  

b e t w e e n  h u l l  and  b u l b  f o r c e s  o f  w hich  no a c c o u n t  was t a k e n  

i n  t h e  c a l c u l a t e d  v a l u e s  shown i n  f i g u r e  6 3 . However ,  t h e  

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

a f f e c t e d  more by m o d i f i c a t i o n s  t o  the  wave s y s t e m  end t h e  

b o u n d a r y  l a y e r  d i s c u s s e d  i n  i v )  end v)  b e lo w ,

i v )  M o d i f i c a t i o n  o f  t h e  wave s y s t e m  i s  i l l u s t r a t e d  i n  p l a t e  1 4 .

MODEL RE S T R AI NE D 210 P LATE U
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As o b s e r v e d  when t h e  model  we.s f r e e  t o  t r i m ,  t h e  b u l b  

s h i f t e d  th e  bow wave a f t .  T h i s  i n d i c a t e s  t h a t  t h e  upward  

f o r c e  o f  t h e  bow wave now a c t s  f u r t h e r  a f t  i n  a r e g i o n  of  

t h e  h u l l  w here  t h e  s u r f a c e  s l o p e s  cv/ c a  a r e  l a r g e r  t h a n  thos-  

n e a r e r  t h e  bow.

E q u a t i o n  ( 2 . 3 - 5 c )  i n d i c a t e s  t h a t  a c h a n g e  i n  t r i m m i n g  moment 

would  t h e n  r e s u l t .  Downward f l o w  o v e r  t h e  b u l b  and m o d i f i e d  

f l o w  o v e r  t h e  b o t t o m  o f  t h e  h u l l ,  i n  c o n j u n c t i o n  w i t h  t h e  

m o d i f i e d  wave s y s t e m ,  w i l l  a l s o  a l t e r  t h e  v e r t i c a l  f o r c e  

d i s t r i b u t i o n .

F u r t h e r m o r e ,  s t r e a m l i n e s  a p p r o a c h i n g  t h e  c u r v e d  k e e l  

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

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

i n  f i g u r e  6 7 , would  t e n d  t o  l i f t  t h e  bow due to  f l u i d  11

i n e r t i a  f o r c e s  a c t i n g  a t  t h e  k e e l ,  t h u s  r e d u c i n g ' t r i m  by t h e  

h e a d .  1

v )  I t  i s  .shown i n  s e c t i o n  3*4* 4* t h a t  a n a r k e d  c h a n g e  i n  v i s c o u s  

r e s i s t a n c e  o c c u r r e d  o v e r  t h e  s p e e d  r a n g e  0 .21^3^3 :0 .  30.  T h i s  

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

v i s c c u s  f l o w  abound t h e  h u l l  and i m p l i e s  c h a n g e s  i n  t h e  

b o u n d a r y  l a y e r  s t r u c t u r e .  M oreove r ,  i t  i s  shown i n  s e c t i o n  

3 . 4 * 4  t h a t  t h e  a d d i t i o n  o f  t h e  b u l b  c a u s e s  a c h a n g e  i n  

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  RTrD, a s s u m i n g  t h a t  t h e r e  i s  noVjr

c h a n g e  i n  f l a t  p l a t e  r e s i s t a n c e .  As 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  r e s u l t s  f r o m  t h e  g r o w th  o f  t h e  bounda,ry l a y e r  o v e r  

t h e  h u l l  t h e  s u p p o s i t i o n  t h a t  t h e  b u l b  i s  a f f e c t i n g  t h e  

g ro w th  o f  t h e  b o u n d a r y  l a y e r  i s  c o n f i r m e d .

F rom - m e a s u r e m e n t s  o f  n o r m a l  p r e s s u r e s  o v e r  a  s e r i e s  o f  

g e o m e t r i c  a l l y  s i m i l a r  h u l l s ,  i t  was s u g g e s t e d  ( 3 9 )  t h a t  t h e r e  

i s  a com ponent  o f  t h e  t r i m m i n g  moment a r i s i n g  f ro m  v i s c o u s  

s o u r c e s ,  p r e s u m a b l y  f ro m  v i s c o u s  p r e s s u r e  f o r c e s .  Thus a  

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

t h e  v i s c o u s  p r e s s u r e  f o r c e s  m i g h t  be  e x p e c t e d  t o  a f f e c t  t h e  

t r i m m i n g  moment.
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I t  h a s  been  shown i n  s e c t i o n  2 . 7 * 1 .  t h a t  a  change  o f  

t u r b u l e n c e  s t i m u l a t i o n  s t u d s  c a n  h a v e  a marked e f f e c t  on t o t a l  

r e s i s t a n c e .  T h i s  i s  due t o  c h a n g e s  i n  t h e  v i s c o u s  f l o w  a ro u n d  

t h e  h u l l ,  w h ich  mus t  a f f e c t  t h e  t r i m m i n g  moment and h e n c e  s u g g e s t s  

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

when m e a s u r i n g  t r i m m i n g  moments.

I t  i s  shown i n  r e f .  115» P*405 -  409 t h a t  d e e p l y  subm erged  

b o d i e s  o f  r e v o l u t i o n  a t  low i n c i d e n c e  s hed  v o r t i c e s  w i t h i n  t h e  

b o u n d a r y  l a y e r .  Th es e a f  f e e t  t h e  d i s t r i b u t i o n  o f  s i d e - f o r c e  on  

such  a  body ,  t h i s  b e i n g  i n d i c a t e d  i n  f i g u r e  I X . 11 o f  t h e  same 

r e f e r e n c e .  I f  i t  i s  assumed  t h a t  t h e  e f f e c t  o f  t h e  f r e e  s u r f a c e  

i s  su ch  t h a t  t h e  v i s c o u s  f l o w  on th e  I n u i d  i s  s i m i l a r  t o  t h a t  

o v e r  su c h  a body ,  t h e  a d d i t i o n  o f  a  b u l b  w i l l  u n d o u b t e d l y  m o d i fy  

t h i s  v o r t e x  f o r m a t i o n  w i t h  f u r t h e r  m o d i f i c a t i o n  t o  t h e  

d i s t r i b u t i o n  o f  v e r t i c a l  f o r c e s .  Such a m o d i f i c a t i o n  t o  b o u n d a ry  

l a y e r  f l o w  w ou ld  a l s o  b e  o f  i m p o r t a n c e  i n  t h e  c o n s i d e r a t i o n  o f  

r e s i s t a n c e  r e d u c t i o n s  due t o  a  b u l b ,

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

m us t  a l s o  a r i s e  f rom  l i m i t a t i o n s  i n  t h e  t h e o r y .  I n  p a r t  2 i t  

was shown t h a t  t h e  l i n e a r i s e d  c a l c u l a t i o n  u n d e r - e s t i m a t e s  t h e  

m a g n i t u d e  o f  t h e  v e r t i c a l  f o r c e  a c t i n g  on a f l o a t i n g  b o d y .  The

l i m i t a t i o n s  o f  the  t h e o r y  h a v e  b e e n  d i s c u s s e d  and i t  was 

a p p a r e n t  t h a t  t h e  f l o w  a ro u n d  t h e  h u l l / b u l b  c o n f i g u r a t i o n  was 

h i g h l y  n o n - l i n e a r .  A p a r t  f rom  n e g l e c t  o f  v i s c o u s  e f f e c t s ,  

n e g l e c t  o f  f r e e  s u r f a c e  n o n - l i n e a r i t i e s  i s  a  s e r i o u s  o m i s s i o n  

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

i n d i c a t i o n s  g i v e n  by t h e  t h e o r y  were  t h a t  w h e re a s  a s m a l l  ch an g e  

i n  t o t a l  v e r t i c a l  f o r c e  m i g h t  be  e x p e c t e d  due t o  t h e  a c t i o n  o f  

t h e  b u l b ,  l a r g e  c h a n g e s  i n  t r i m m i n g  moment m i g h t  a r i s e .  

Q u a l i t a t i v e l y  t h e  t h e o r y  was c o r r e c t ,  q u a n t i t a t i v e l y  i t  was n o t .  

3 . 4 . 4 .  Form R e s i s t a n c e

F r i c t i o n  form  r e s i s t a n c e  c a l c u l a t e d  u s i n g  t h e  me thod  o f  

s e c t i o n  2 . 4 .  i s  shown i n  f i g u r e  68 .

Cnanges  m  R due t o  t h e  a c t i o n  o f  t h e  b u l b  a r e  com pared



-  2 2 3  -

FIG 68

o>

LU
o

UJ

LL

O
u  >

oo<N
Orooino oo

o

o

ro
o

CM
O



-  224 -

/  I “
\  bJ . .

w i t h  c h a n g e s  i n  R i n  f i g u r e  60 .  The c h a n g e s  i n  t o t a l  r e s i s t a n c e  

a r e  s e e n  t o  be g r e a t e r  t h a n  t h e  c h a n g e s  i n  wave p a t t e r n  r e s i s t a n c e  

o v e r  t h e  s p e e d  r a n g e  0 . 2 2 5 ^  ? ^ 0 . 3 0 . T h i s  i m p l i e s  a c h a n g e  i n  

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

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

t h e r e f o r e  may be  e x p e c t e d  t o  i n c r e a s e  t h e  f l a t  p l a t e  r e s i s t a n c e ,  * 

I n  o r d e r  t o  remove  t h e  e f f e c t  o f  t h i s  a p p a r e n t  f r i c t i o n  r e s i s t a n c e  

i n c r e a s e  on any c o m p a r i s o n  o f  v i s c o u s  r e s i s t a n c e  c h a n g e s ,  a  c u r v e  

g i v e n  by

\  -  / R.wp -  Eyq \  = SRt — = Sfcy

ro 'H uu- ~ f *  H0U-+BUI* /  \  % h  H + 6 /  ^ ..............................  ( % 4 . l )

i s  p l o t t e d  i n  f i g u r e  6 9 #

T h i s  c u r v e  i s  com pared  v / i th  t h e  form f a c t o r  r  d e f i n e d  by

e q u a t i o n  ( 2 . 7 . 2 ) d e d u c e d  b o t h  f ro m  f i g u r e  33 f o r  t h e  h u l l  w i t h o u t  

t h e  b u l b  and *by Sharma i n  r e f e r e n c e  33* I t  i s  a t  o n c e  a p p a r e n t  

t h a t  t h e  c u r v e  g i v e n  by e q u a t i o n  ( 3*4 *1 ) i s  o f  t h e  o r d e r  o f  t h e  

fo rm  r e s i s t a n c e  f o r  t h e  n a k e d  h u l l  i m p l y i n g  t h a t  t h e  b u l b  i s  i n  

f a c t  r e d u c i n g  p a r t  o f  t h e  fo rm  r e s i s t a n c e  o v e r  t h e  r a n g e

0 . 2 l f J ^ 0 . 3 0 .-

F r i c t i o n  fo rm  r e s i s t a n c e ,  c a l c u l a t e d  f o r  t h e  h u l l  w i t h  and 

w i t h o u t  t h e  b u l b  by t h e  method  o f  s e c t i o n  2.4*3> i s  shown i n  

f i g u r e  6 8 . I t  i s  s e e n  t h a t  t h i s  component  o f  r e s i s t a n c e  i s

a l t e r e d  by th e  a d d i t i o n  o f  t h e  b u l b .  B u t ,  as f r i c t i o n  fo rm

r e s i s t a n c e  i s  a- s m a l l  p a r t  o f  t h e  t o t a l  f o r a  r e s i s t a n c e  ( s e e  f i g . 4 5 )> 

i t  was c o n c l u d e d  t h a t  a r e d u c t i o n  i n  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  by 

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

g i v e n  by e q u a t i o n  (3*4*1)*

- But.  t h e  w i d e r  i m p l i c a t i o n s  o f  v i s c o u s  r e s i s t a n c e  m o d i f i c a t i o n  

by t h e  b u lb  a r e  many. The e x t r a p o l a t i o n  o f  model  r e s u l t s  t o  t h e  

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

r e s i s t a n c e  c u r v e  which d e p e n d s  o n l y  on R e y n o l d ' s  Number i n  c o n j u n c t i o n  

w i t h  a fo rm  f a c t o r  r  w hich  a p p l i e s  b o t h  to  mode l  and s h i p .

I l o r e o v e r ,  r  i s  assumed to be  i n d e p e n d e n t  o f  b o t h  F ro u d e  Humber 

and R e y n o l d ' s  Number.  R e c e n t  i n v e s t i g a t i o n s  (59> 6l ,  62) h a v e  shown
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t h a t  v i s c o u s  r e s i s t a n c e  depends  on F ro u d e  Number and t h e  p r e s e n t  

s t u d y  h a s  shown t h a t  r  c a n  be  g r e a t l y  m o d i f i e d  by t h e  a d d i t i o n  

o f  a b u l b .

M o re o v e r ,  due t o  t h e  i m p o s s i b i l i t y  o f  r u n n i n g  t h e  model  a t  

t h e  s h i p  F ro u d e  and R e y n o l d ’ s Numbers s i m u l t a n e o u s l y ,  a r t i f i c i a l  

t u r b u l e n c e  s t i m u l a t i o n  i s  em ployed  o v e r  t h e  model  s u r f a c e  so t h a t  

a s u i t a b l e  t u r b u l e n t  b a s i c  f r i c t i o n  l i n e  may be  u s e d  as an 

e x t r a p o l a t o r . A ls o  shown i n  f i g u r e  69 a r e  t h e  c h a n g e s  o b s e r v e d  

i n  R̂ , when c y l i n d r i c a l  s t u d s  were  c h a n g e d  f o r  p l a t e  s t u d s  on t h e  

b a s i c  I n u i d  S 201 .  P l o t t e d  as a  c u r v e  o f  SR^/R^. i t  i s  seer ,  t h a t  

t h e  c h a n g e  i n  t o t s . l  r e s i s t a n c e  i s  an a p p r e c i a b l e  f r a c t i o n  o f  t h e  

d e d u c e d  fo rm  r e s i s t a n c e .  T h i s  as sum es  t h a t  t h e  change  o f  s t u d s  

d i d  n o t  a f f e c t  t h e  wave r e s i s t a n c e ,  w hich  seems a p l a u s i b l e  

a s s u m p t i o n .  Hence ,  i n  o r d e r  t o  m e a s u r e  t h e  t r u e . v i s c o u s  r e s i s t a n c e  

m o d i f i c a t i o n  ’due t o  a b u l b ,  t h e  t y p e  and p o s i t i o n i n g  o f  t u r b u l e n c e  

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

At s p e e d s  l o w e r  t h a n J  = 0 . 2 1 ,  an  i n c r e a s e  i n  form r e s i s t a n c e  

i s  i n d i c a t e d  by f i g u r e  6 l . T h i s  c o r r e s p o n d s  t o  a r e v e r s a l  o f  t r i m  

due  t o  t h e  b u l b ,  t h e  model  t r i m m i n g  by t h e  s t e r n  a t  t h e s e  s p e e d s .

I t  i s  p o s s i b l e  t h a t  f l u i d  i n e r t i a  f o r c e s  a c t i n g  on  t h e  c u r v e d  k e e l  

t e n d  t o  i n c r e a s e  fo rm r e s i s t a n c e  i n  t h i s  s p e e d  r a n g e  o r  t h a t  a  

com plex  i n t e r - a c t i o n  b e tw e e n  v i s c o u s  f o r c e s  and no rm a l  p r e s s u r e  

f o r c e s  i s  g i v i n g  r i s e  t o . t h e  r e s i s t a n c e  i n c r e a s e .  I t  i s  i m p o r t a n t  

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

i n  t h e  r a n g e d -  0 . 2 0  w h e r e a s  t h e r e  was a t o t a l  r e s i s t a n c e  i n c r e a s e .

Thus i t  i s  s e e n  t h a t  t h e  m o d i f i c a t i o n  i n  v i s c o u s  r e s i s t a n c e  d.ue 

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

o f  s e v e r a l  f o r c e s  and moments .  Not c n l y  can  v i s c o u s  r e s i s t a n c e  be 

r e d u c e d .  I t  c an  a l s o  be  i n c r e a s e d  o v e r  c e r t a i n  s p e e d  r a n g e s .  Tr im 

can  be a l t e r e d  s i g r . i f i c a n t l y  j mean s i n k a g e  con show i n s t a b i l i t y  a t  

low  s p e e d s .  B e c a u s e  fo rm  r e s i s t a n c e  can  be  m o d i f i e d ,  e x t r a p o l a t i o n  

f ro m  model  to  s h i p  must  b e  f r a u g h t  w i t h  u n c e r t a i n t y ,  e s p e c i a l l y  when 

h i g h  b l o c k  c o e f f i c i e n t  fo rm s  w i t h  l a r g e  f o r a  r e s i s t a n c e  a r e
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c o n s i d e r e d .  The model  b o u n d a r y  l a y e r  s t r u c t u r e  i s  a l t e r e d  by l a r g e  

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

s t i m u l a t i o n  u s e d .  I t  h a s  b e e n  shown t h a t  d i f f e r e n t  t y p e s  o f  

s t i m u l a t i o n  s t u d s  a l t e r  t h e  t o t a l  r e s i s t a n c e  by an amount w hich  i s  

a p p r e c i a b l e  i n  c o m p a r i s o n  w i t h  t h e  fo rm  r e s i s t a n c e .  The s i z e  o f  t h e  

m e a s u r e d  v i s c o u s  r e s i s t a n c e  r e d u c t i o n  mus t  t h e r e f o r e  depend on t h e  

t y p e  o f  s t i m u l a t i o n  u s e d .

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

t h e  w r i t e r  o f  r e f .  108 was a b l e  to r e p o r t  an  u n e x p e c t e d l y  l a r g e  f u l l -  

s c a l e  r e s i s t a n c e  r e d u c t i o n  o b t a i n e d  by t h e  a d d i t i o n  o f  a  ram bow t o  a 

t a n k e r .  E x t r a p o l a t i o n  f rom model  to  s h i p  f o r  such  fo rm s  c o u l d  be 

s u f f i c i e n t l y  u n c e r t a i n  f o r  an u n e x p e c t e d l y  l a r g e  f u l l - s c a l e  r e s i s t a n c e  

i n c r e a s e  t o  o c c u r  w i t h  s u b s e q u e n t  economic  p e n a l t i e s .
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3 -5 -  COKCIUUICilS and DLTCGTICnS

R e s u l t s  o b t a i n e d  i n  p a r t  2 i n d i c a t e d  mean s i n k u g e  end t r i m  were  

r e l a t e d  to  v ie -cons  fo rm  r e s i s t a n c e .  A l a r g e  b u lb  was d e s i g n e d  f o r  t h e  

I n u i d  S201 end t e s t e d  w i t h  a v ie w  to  m o d i f y i n g  s i n k a g e  and t r i m  and 

n o t i n g  any ch an g e  i n  v i s c o u s  r e s i s t a n c e .  Wave p a t t e r n •r e s i s t a n c e  was 

m e a s u r e d  f o r  t h e  h u l l / b u l b  c o m b i n a t i o n  and compared  w i t h  t h a t  m e a su re d  

e l s e w h e r e  f o r  t h e  h u l l  a l o n e .

The p r i n c i p a l  c o n c l u s i o n s  o b t a i n e d  f rom t h i s  i n v e s t i g a t i o n  w ere  

as  f o l l o w s  :

1)  The a d d i t i o n  o f  the. b u lb  c a u s e d  ch an g e s  i n  b o th  mean s i n k  age 

and t r i m ,  t h e  l a t t e r  t o  a  marked  d e g r e e .

2 )  I n  t h e  s p e e d  range 0 . 1 - 3  - 0 . 4 0  t h e  b u l b  a c t e d  i n  t h e  manner  

i n d i c a t e d  by W ig ley  f o r  subm erged  b o d i e s ,  . ( r e f .  80.) The d e s i g n  

c o n c e p t  e n u n c i a t e ^ ,  i n  s e c t i o n  3 *2 * seems v i n d i c a t e d  a l t h o u g h  t h e  

m a g n i t u d e  o f  t h e  v e r t i c a l  b u l b  f o r c e s  w ere  much g r e a t e r  t h a n  e x p e c t e d .

3 ) To o b t a i n  l a r g e  v e r t i c a l  f o r c e s  f rom  t h e  b u l b ,  i t  s h o u l d  

p r o t r u d e  w e l l  f o r w a r d  and i t s  u p p e r  s u r f a c e  s h o u l d  be c l o s e  t o  t h e  

f r e e  s u r f a c e .

4 ) When t h e  model  was f r e e  t o  t r i m  i t  was d i f f i c u l t  b o t h  t o  

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

s p e e d s  due  t o  s u r f a c e  t e n s i o n  and v i s c o u s  f l o w  e f f e c t s .

5) A strong correlation between total resistance changes and 

trim changes due to the bulb was found in the speed range 0.1-3 -0.4*

6 ) L a r g e  r e d u c t i o n s  o f  wave p a t t e r n  r e s i s t a n c e  were  o b t a i n e d .

The mechan ism o f  wave c a n c e l l a t i o n  was o b s c u r e  and  p r o b a b l y  n o t  due t o  

a s i m p l e  s u p e r p o s i t i o n  o f  b u l b  and h u l l  wave s y s t e m s .  The bow wave 

was m o d i f i e d  by a s t r o n g  x - c o m p o n e n t  o f  f lo w  due t o  a 1 v e n t u r i *  e f f e c t

b e t w e e n  t h e  f r e e  s u r f a c e  and t h e  u p p e r  s u r f a c e  o f  t h e  b u l b .

7 ) The d i s t r i b u t i o n  o f  v e r t i c a l  f o r c e s  a l o n g  t h e  h u l l  was a l t e r e d  

by t h e  a d d i t i o n  o f  t h e  b u l b ,  t h e i r  t o t a l  m a g n i t u d e  r e m a i n i n g  

a p p r o x i m a t e l y  t h e  same.  T h i s  was due  t o

i )  M o d i f i c a t i o n  t o  t h e  wave s y s t e m

i i )  M o d i f i c a t i o n  o f  t h e  b o u n d a r y  l a y e r .
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8). Viscous pressure resistance was markedly modified by

the bulb: friction form resistance v/ae modified to a lesser extent.

This was connected with marked changes in trim accompanied by small 

changes in mean sinkage. Thus the action of the bulb in modifying 

trim did more to reduce viscous resistance than the modification of 

mean sinkage.

9) The position and typ>e of turbulence stimulation studs can 

affect the measured change in viscous resistance.

10) Extrapolation from mod&l to ship for hull forms with rarn- 

type bulbs is unreliable because the magnitude of the viscous 

resistance change produced by such bulbs is uncertain,

11) The bulb increased viscous resistance over certain speed 

ranges, reducing it over others.

The final conclusion reached was that any resistance change 

due to the action of a bulb is brought about by a complex inter

action of viscous and norms! pressure forces. Changes occur not only 

in total resistance, but also in vertical forces and trimming 

moment. Investigation of these forces end moments may throw light 

on changes in the more obscure components of resistance, such an 

investigation having the additional merit of giving an insight into 

the behaviour of the hydrodynamic force system as a whole.
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4 .  GENERAL DISCUSSION

I n  c o n c l u s i o n  i t  i s  o f  some i n t e r e s t  t o  c o n s i d e r  t h e  above  

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

h y d r o d y n a m i c s .  Some r e s u l t s  w h ich  h a v e  b e e n  o b t a i n e d  a r e  r e l e v a n t  

b o t h  to  t h e  p r o b l e m  o f  e x t r a p o l a t i o n  f ro m  model  t o  s h i p  and t o  h u l l  

d e s i g n ,

4 . 1 .  E x t r a p o l a t i o n  f ro m  Model  t o  S h i p

The p r o b l e m  o f  e x t r a p o l a t i o n  f rom  model  t o  s h i p  i s  co m p lex .  I t  

may b e  l i k e n e d  t o  an i n i t i a l  v a l u e  p r o b l e m  i n  t h r e e  d i m e n s i o n a l  

C^.n7-Rn s p a c e  ( s e e  f i g u r e  7 0 ) .  Model  Ĉ . v a l u e s  a r e  known f o r  a  r a n g e  

O fJ  and Rn  v a l u e s  w h ich  l i e  i n  a  s t r a i g h t  l i n e  a t  an  a n g l e  X ^ t o  t h e  

F r o u d e  Humber a x i s  w he re

to*, s

• •« « .« .  ( 4 . 1 . l )
1

w here  I.m i s  t h e  model  l e n g t h .

S h i p  r e s u l t s  w i l l  l i e  on a  l i n e  a t  a n g l e  \  w here

to*, \  = >L x

where L i s  the  len g th  o f th e  sh ip .

Some fu n c tio n  r e l a t i n g  C ^Jand  Rn i s  needed in  o rd e r  to  

e x tra p o la te  from model to s h ip . Dim ensional a n a ly s is  shows th a t  such 
a r e la t io n s h ip  must in  f a c t  e x is t  and, in  p r in c ip le ,  i t  could  be d e riv ed  

from th e  fundam ental equations o f f lu id  f lo v  -  th e  ? avier~S tokes 

e q u a tio n s . These e q u a tio n s , however, hare proved im possib le  to  solve 
a n a ly t ic a l ly  in  a l l  but the  s im p le s t c a se s .

The assum ption o f  an i r v i s c i d  i r r o r a t i o r a l  f lu id  s im p li f ie s  the 
H av ier-S tokes equations to  those  d escrib ed  in  s e c t io n  2.1# 7hese 

eq u a tio n s  must be f u r th e r  s im p lif ie d  b e fo re  they e re  t r a c ta b le  

a n a ly t ic a l ly  and th e  consequence of th e se  approxim ations has been a 

theo ry  which ap p a ren tly  bears l i t t l e  r e l a t io n  to  the p h y s ic a l p rocesses 

in v o lv ed .
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The i n a d e q u a c y  o f  t h e  t h e o r y  h a s  l e d  t o  e m p i r i c a l  d e t e r m i n a t i o n

o f  t h e  unknown f u n c t i o n  C, C J , R , r  , r  , r  .............. ) where  r  , r  , r  . .t  ^  n ’ ! 2 7 3 '  I s a

a r e  some p a r a m e t e r s  d e f i n i n g  t h e  s h a p e  o f  t h e  b o d y .  I-Iodel t e s t s  u s i n g  

g e o s im s  and F ro u d e * s  I l e thod  i n  c o n j u n c t i o n  w i t h  f l a t  p l a t e  f r i c t i o n  

d a t a  h a v e  l e d  to  an a c c e p t a b l e ,  i f  a p p r o x i m a t e ,  me thod  o f  e x t r a p o l a t i n g  

f rom  mode l  r e s u l t s  t o  f u l l  s c a l e .

However ,  F r o u d e * s  b a s i c  h y p o t h e s e s  'were  c o n c e i v e d  i n  t h e  days  when 

h u l l  f o rm s  w ere  n o t  g r e a t l y  removed i n  s h a p e  f ro m  t h e  • p l a n k s *  u s e d  t o  

d e d u c e  f r i c t i o n a l  r e s i s t a n c e  d a t a  ; b l o c k  c o e f f i c i e n t s ,  p r i s m a t i c  

c o e f f i c i e n t s ,  a n d V / l . 3 w ere  i n  g e n e r a l  s m a l l ,  i m p l y i n g  s m a l l  fo rm  

r e s i s t a n c e .  I n t e r a c t i o n  b e t w e e n  wave r e s i s t a n c e  end v i s c o u s  r e s i s t a n c e  

was p r o b a b l y  s m a l l  and  t h e  a s s u m p t i o n  t h a t  t h e  two m a jo r  com ponen ts  c o u l d  

be  t r e a t e d  s e p a r a t e l y  was a good ’ e n g i n e e r i n g  a p p r o x i m a t i o n * .

But modern  h u l l  f o r m s  w i t h  h i g h  b l o c k  and p r i s m a t i c  c o e f f i c i e n t s  

and l a r g e  v a l u e s  o f  V / L 3  h a v e  h i g h  fo rm  r e s i s t a n c e s  and l a r g e  

i n t e r a c t i o n s  b e t w e e n  wave~making and  v i s c o u s  r e s i s t a n c e .  The above  

i n v e s t i g a t i o n  h a s  shown t h a t  fo rm  r e s i s t a n c e  i s  n o t  c o n s t a n t  w i t h  s p e e d  

and i s  d i f f i c u l t  t o  m e a s u r e  ' ' a c c u r a t e l y .  E x t r a p o l a t i o n  f ro m  model  t o  

s h i p  f o r  f u l l  f o rm s  i s  t h u s  v e r y  d i f f i c u l t .  M o re o v e r ,  s h i p  R e y n o l d ’ s 

Numbers a r e  i n c r e a s i n g  as s h i p  l e n g t h s  t e n d  t o  i n c r e s . s e  w i t h  t h e  r e s u l t  

t h a t  t h e  gap i n  s i z e  b e tw e e n  model  and s h i p  i s  w i d e n i n g .  S u p e r t a n k e r  

m o d e ls  o f  12 m e t r e s  l e n g t h  h a v e  b e e n  t e s t e d  i n  J a p a n  t o  r e d u c e  t h e  s i z e  

gap  and im p ro v e  p r e d i c t i o n ,  b u t  econom ic  and t e c h n i c a l  c o n s i d e r a t i o n s  

m us t  p r e c l u d e  t h e  g e n e r a l  u s e  o f  such  m ode ls  and t h e  r e q u i s i t e  l a r g e  

t a n k s  t o  accommodate  th e m .

Two ways t o  r e s o l v e  t h i s  p r o b l e m  p r e s e n t  t h e m s e l v e s

i )  A c l o s e r  s t u d y  o f  form r e s i s t a n c e  and i n t e r a c t i o n  o f  t h e  v a r i o u s  

co m p o n e n t s  o f  r e s i s t a n c e  t o  im p ro v e  p r e s e n t  m e thods  o f  e x t r a p o l a t i o n  f rom  

m ode l  to s h i p  i s  n e c e s s a r y .  Such  a s t u d y  i s  b e i n g  w i d e l y  p u r s u e d  a t  

p r e s e n t  and t h e  above  i n v e s t i g a t i o n  i s  i n t e n d e d  t o  s u p p le m e n t  t h e  

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

c o m p lex  manner  h a s  a l r e a d y  b e e n  made ( 6 1 )  end makes  t h e  e x t r a p o l a t i o n  

p r o b le m  a l l  t h e  more p e r p l e x i n g .

The above  i n v e s t i g a t i o n  h a s  -shown t h a t  mean s i n k a g e  and r u n n i n g
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t r i m  may be r e l a t e d  t o  t h e  two com ponen ts  o f  fo rm  r e s i s t a n c e  : s i m p l e  

r e l a t i o n s h i p s  b e t w e e n  s i n k a g e ,  t r i m ,  f r i c t i o n  fo rm  r e s i s t a n c e  and 

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  may h o l d  w h ich  would  f a c i l i t a t e  t h e i r  

d e t e r m i n a t i o n  and d i s p e n s e  w i t h  l o n g  and c o s t l y  e x p e r i m e n t a l  

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

i i )  A more r e l i a b l e  m a t h e m a t i c a l  model  o f  t h e  p h y s i c a l  e f f e c t s  o f  

w a t e r  f l o w  p a s t  a s h i p ' s  h u l l  i s  n e e d e d .  I n  an e x p e r i m e n t  t a n k  o n l y  

a  l i m i t e d  number  o f  p h y s i c a l  q u a n t i t i e s  c an  be m e a s u re d  d i r e c t l y .

E xam ples  a r e  t o t a l  r e s i s t a n c e ,  wave p r o f i l e s ,  s i n k a g e ,  v e r t i c a l  f o r c e s  

and n o r m a l  and t a n g e n t i a l  p r e s s u r e s .  To r e l a t e  t h e s e  t o  com ponen ts  o f  

r e s i s t a n c e  w i t h  a v ie w  t o  r e l i a b l e  m o d e l - t o - s h i p  e x t r a p o l a t i o n  demands 

a  sound  t h e o r y .  F o r  e x am p le ,  wave r e s i s t a n c e  c an  o n l y  be  d e d u c e d  : i t  

c a n n o t  be m e a s u r e d  d i r e c t l y ,  w i t h  t h e  r e s u l t  t h a t  i t  . d e f i e s  p r e c i s e  

d e f i n i t i o n .  W i th  a t h e o r y  w h ich  en co m p asse d  t h e  t o t a l  f l o w  o v e r  t h e  

h u l l ,  d e f i n i t i o n  o f  s e p a r a t e  com ponen ts  o f  r e s i s t a n c e  would  be  u n n e c e s s a r y  

as  t o t a l  r e s i s t a n c e  c o u l d  be  c a l c u l a t e d  ab i n i t i o  and com pared  w i t h  

m e a s u r e m e n t .

L i n e a r i s e d  wave r e s i s t a n c e  t h e o r y  i s  d e f i c i e n t  i n  two r e s p e c t s  s 

i t  n e g l e c t s  v i s c o s i t y  and i t  n e g l e c t s  n o n - l i n e a r i t i e s .  I t  was s u p p o s e d
1I

t h a t  t h e  n e g l e c t  o f  v i s c o s i t y  was more s e r i o u s  t h a n  t h e  n e g l e c t  o f  n o n -  

l i n e a r i t i e s .  R e c e n t  work ( 2 2 )  h a s  shown t h a t  t h i s  i s  p r o b a b l y  n o t  

e n t i r e l y  c o r r e c t .  The above  i n v e s t i g a t i o n  h a s  shown t h a t  v e r t i c a l  f o r c e  

Z i s  n o t  a f f e c t e d  by c h a n g e s  i n  v i s c o s i t y  ( f i g u r e  62) ; c a l c u l a t e d  v a l u e s  

o f  Z a g r e e  w e l l  w i t h  m e a su re m e n t  a t  low s p e e d s  where  n o n - l i n e a r i t i e s  

m i g h t  be  e x p e c t e d  to  be  n e g l i g i b l e ,  t h e  a g r e e m e n t  becom ing  p r o g r e s s i v e l y  

w o r s e  as s p e e d  i n c r e a s e s  and n o n - l i n e a r i t i e s  c e a s e  t o  be  n e g l i g i b l e .

T h i s ,  i n  c o n j u n c t i o n  w i t h  r e s u l t s  d e r i v e d  i n  a p p e n d i x  A, s u g g e s t s  t h a t  

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

s u b s t a n t i a l l y  im prove  a g r e e m e n t  b e t w e e n  c a l c u l a t i o n  and o b s e r v a t i o n .

To a c c o m p l i s h  t h i s  a n a l y t i c a l l y  and o b t a i n  a w h o l l y  ( n o t  p a r t i a l )  

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

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

o b t a i n e d  (77> 1 1 6 ) .  The a d v e n t  o f  l a r g e  d i g i t a l  c o m p u t e r s  which can  

h a n d l e  t e d i o u s  and l e n g t h y  n u m e r i c a l  c a l c u l a t i o n s  s u g g e s t s  a  new a p p r o a c h
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t o  t h e  p r o b l e m  o f  s h i p  r e s i s t w i c e  d e t e r m i n a t i o n  : The r o l e  o f  t h e  

c o m p u t e r  would  be t h a t  o f  an e x p e r i m e n t a l  f a c i l i t y  so t h a t  a  r e l i a b l e  

t h e o r y  c o u l d  be  e v o l v e d  w i t h  t h e  h e l p  o f  b o t h  t h e  t e s t  t a n k  and t h e  

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

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

h u l l  fo rm s  ; an exam ple  o f  t h i s  i s  t o  b e  fo u n d  i n  t h e  u s e  o f  

l i n e a r i s e d  t h e o r y  i n  t h e  d e s i g n  o f  b u l b o u s  bov/s.

The p r o b le m s  o f  n u m e r i c a l  c a l c u l a t i o n  o f  f l u i d  f l o w s  a r e  by no 

means m in o r  ; c o r r e c t  d e t e r m i n a t i o n  o f  t h e  r a d i a t i o n  c o n d i t i o n s  and 

f u l f i l m e n t  o f  t h e  f r e e  s u r f a c e  c o n d i t i o n s  would p o s e  m a j o r  p r o b l e m s .

But t h e s e  p r o b l e m s  a r e  n o t  i n s u r m o u n t a b l e  as t h e  work d e s c r i b e d  i n  

r e f e r e n c e  77 s h o w s .  I t  i s  p r o b a b l y  b e t t e r  t o  d i r e c t  e n e r g y  to w a rd  

s o l v i n g  t h e s e  n u m e r i c a l  p r o b le m s  th a n  t o  p e r s e v e r e  w i t h  an i n a d e q u a t e  

b u t  e l e g a n t  t h e o r y  and  an i n a d e q u a t e  e m p i r i c a l  e x t r a p o l a t i o n  

p r o c e d u r e .  Tank  p r e d i c t i o n s  can  be  i n  e r r o r  and t h e  economic  

c o n s e q u e n c e s  o f  low  pow er  e s t i m a t e s  c o u l d  be  u n f o r t u n a t e #

4 # 2 .  H u l l  D e s ig n

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

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

c o e f f i c i e n t s  and l a r g e r  V /l?  v a l u e s .  T h i s  g i v e s  r i s e  t o  h y d r o d y n a m i c a l !  

i n e f f i c i e n t  h u l l  s h a p e s .  To m a i n t a i n  e f f i c i e n c y ,  h u l l  d e s i g n  

m o d i f i c a t i o n s  u s i n g ,  f o r  e x am p le ,  b u l b o u s  bows a r e  e s s e n t i a l .  T h e s e  

r e d u c e  t h e  t o t a l  h u l l  r e s i s t a n c e  w hich  w i l l  n o t  o n l y  r e s u l t  i n  a  

r e d u c e d  f u e l  b i l l ,  b u t  a l s o  many f u n d a m e n t a l  d e s i g n  p a r a m e t e r s  w i l l  

be a f f e c t e d  : e x a m p le s  a r e  t h e  c h o i c e  and s i z e  o f  p r o p e l l i n g  m a c h i n e r y ,  

p r o p e l l e r  d e s i g n ,  c a r g o  s p a c e  ma.de a v a i l a b l e  by a  p o s s i b l y  s m a l l e r  

e n g i n e ,  a d d i t i o n a l  d i s p l a c e m e n t  due to  a b u lb o u s  bow o r  s t e m  and so  on.  

The b u l b o u s  bow i n v e s t i g a t i o n  i n  p a r t  3 h a s  s h o r n  t h a t  

s u b s t a n t i a l  r e s i s t a n c e  r e d u c t i o n s  may be  o b t a i n e d  w i t h  a b u l b  w h ich  

c o n t r a . v e n e s  some o f  t h e  b a s i c  d e s i g n  p o s t u l a t e s  d e d u c e d  f rom  

l i n e a r i s e d  wave r e s i s t a n c e  t h e o r y .  The b u l b  was shown t o  h a v e  a 

marked  e f f e c t  on mew, s i n k a g e  and r u n n i n g  t r i m  j v i s c o u s  r e s i s t a n c e  

was r e d u c e d  which  i n d i c a t e s  a g a i n  t h a t  e x t r a p o l a t i o n  f r o m  m ode l  t o  s h i p

would  b e  u n c e r t a i n #
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F u r t h e r m o r e ,  l i n e a r i s e d  t h e o r y  i n d i c a t e d  a  mode o f  a c t i o n  

o f  a b u l b  n e a r  to  t h e  f r e e  s u r f a c e  which  would  h a v e  b e e n  d i f f i c u l t  

t o  show e m p i r i c a l l y  : m e a s u r e m e n t s  o f  t h e  v e r t i c a l  f o r c e  on a 

subm erged  s p h e r o i d  a t  s p e e d  abound  w i t h  e x p e r i m e n t a l  p ro b lem s #

Thus an i n a d e q u a t e  and  i n c o m p l e t e  t h e o r y  h a s  b e e n  o f  u s e  i n  

s u g g e s t i n g  an u n e x p e c t e d  a s p e c t  o f  t h e  p h y s i c s  o f  b u l b o u s  bows : 

a. c o m p l e t e  t h e o r y  wou ld  b e  o f  s t i l l  g r e a t e r  b e n e f i t #

I t  i s  a p p r o p r i a t e  t o  c o n c l u d e  t h i s  d i s c u s s i o n  w i t h  t h e  words 

o f  S i r  Thomas H a v e l o c k  ( 1 2 ,  p . 2 6 l ) #

” « # # o u r  c h i e f  aim w i l l  h a v e  b e e n  a c h i e v e d  i f  we h a v e  

g a i n e d  more i n s i g h t  i n t o  t h e  n a t u r e  o f  t h e  p r o b le m  ; f o r  i n  t h i s  

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

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

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

s h i p  m o t i o n ” #

4
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5# s u m :ahy of cci'ci.usicits

A mathematical model was tested in calm water and total 

resistance, trim and vertical forces were measured. Measurements 

were compared with calculations made using a linearised theory. A 

large bulb was added to the hull in order to modify the flow thereon 

and thus test some deductions made as a result of the vertical force 

investigation. Total resistance, wave pattern resistance, sinkage, 

trim and vertical forces were again measured after the addition of the 

bulb. The main conclusions emerging from this study are :

1) V/ave resistance of Inuid S201 calculated by the Michell-Havelock 

theory gives better agreement with measurement than that calculated by 

Inui's theory without correction factors#

2) The Michell-Havelock theory gives moderately good agreement 

between calculation and measurement for the vertical force coefficient 

Cg* Poor agreement between theory and experiment was observed in the 

case of trim and trimming moments.

3) The vertical force Z is little affected by viscosity whereas 

the trimming moment M is strongly affected by viscosity#

4 ) Neglect of non-linearities in the theory account for the poor

agreement between calculated and measured Z values#
:

5) Friction form resistance, vertical force, wave resistance and 

flat plate friction resistance are connected.

6) Viscous pressure resistance, running trim, wave resistance and 

flat plate friction resistance are probably connected#

7) The addition of the bulb caused changes in both mean sinkage 

and trim#

8) To obtain large trim changes and hence large viscous pressure 

resistance changes, the bulb should protrude well forward of the bow 

and its upper surface should be close to the free surface#

9 ) Large reductions in v/ave pattern resistance due to the bulb 

were obtained. The mechanism of this resistance reduction is not clear.

1 0 ) The distribution of vertical forces along the hull was altered 

by the addition of the bulb, their total magnitude remaining 

approximately the same#
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11) Vi scous pressure resistance was markedly modified by

the bulb ; friction form resistance was modified to a lesser extent.

12) The position and type of turbulence stimulation studs can 

affect the measured change in viscous resistance.

1 3 ) Extrapolation from model to ship is unreliable for hull-forms 

with ram-type bulbs.

14) A more realistic mathematical model of flow conditions over 

a ship's hull is urgently required#
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APPENDIX A.

FREE SURFACE lERTURTUTIGE VELOCITIES -  THEIR DERIVATION FROM THE 

V/AVE PROFILE

From B e r n o u l l i ' s  Theorem,

f1 + J .  pfy2 +   ̂ “  CO N ST A N T

2    (A 1)

s u b j e c t  t o  t h e  f o l l o w i n g  a s s u m p t i o n s  : 

i )  The f l u i d  i s  i n v i s c i d .  

i i )  The f l u i d  i s  i n c o m p r e s s i b l e  and u n i f o r m ,  

i i i )  The m o t io n  i s  s t e a d y .

A long  a s t r e a m l i n e ,  e q u a t i o n  ( A l )  becomes

h  + i + ps5> - h +j pf r 7 3
(A2)

C o n s i d e r  now a. model  a d v a n c i n g  i n t o  s t i l l  w a t e r  c r e a t i n g  a wave 

s y s t e m .  Cn t h e  f r e e  s u r f a c e ,  t a k i n g  a t m o s p h e r i c  p r e s s u r e  as a  da tum,  

e q u a t i o n  (A2) may be  r e - w r i t t e n  :

(A3)

w here  s u b s c r i p t  1 r e f e r s  t o  c o n d i t i o n s  a t  t h e  mode l ,  s u b s c r i p t  2 

r e f e r s  t o  c o n d i t i o n s  i n  s t i l l  w a t e r  a h ea d  o f  t h e  m o d e l ,  i . e .  q = V 

t h e  s p e e d  o f  a d v a n c e .

But  f rom e q u a t i o n  ( 2 . 1 , 2 . )

f l 1  = ( V + a F  + v x +
( M)

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

o f  t h e  a x es  o f  c o - o r d i n a t e s .

E q u a t i o n s  (A3) and (A4) above  e n a b l e  u , v  and w t o  be c a l c u l a t e d  

on t h e  f r e e  s u r f a c e  f rom t h e  m e a s u re d  wave p r o f i l e .  The h u l l  i s  

assumed t o  h a v e  a s u r f a c e  e q u a t i o n  y = L p ( x , z )  and t h e  f r e e  s u r f a c e  

t o  h a v e  an e q u a t i o n  $ = ( x , y ) .

The f r e e - s t r e a m  v e l o c i t y  q nay  b e  r e s o l v e d  i n t o  i t s  component
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FIG. A I .
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p a r t s  a s  i n  f i g u r e  A l .

From t h i s  f i g u r e  v/e h a v e  i

&M. a = * f

'b'X,

W  06 = 1______

<«♦ ct)')'

IF
Afo 06 =

<L04
f  ■

( .+ ( I T ) '1
o + c & y + c & y ) 4

(A5)

jS = C il )

( , + (E T +  c U y )*

Henc'e, t h e  v a r i o u s  c o m ponen ts  o f  q may be w r i t t e n  :

CV+xc^ = t cM ot cad ji z

( i  + ctY+ ( V j 1 ) 1*

« a .
zf = cyr &*. (LCJ>ia ~   7 1

< 1 + ( £ y  4. ( U T ) ij

JU> -  ^  frx._________________

c. + c & y  ♦ (¥ k)1) 1

(A6)

(A7)
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Values of u,v and v have been calculated in this way for the 

Inuid S2C1 at a Freude hurfoer of C* 300• Results are given in 

t able A1 an d f i / -u r e A 2 .

5 t n . i
i n .

q
f  t / s e c

u
f t / s e c

V
f  t / s e c

w
f t / s e c " l  c' *’2

3 '
3 c <

3 ~  ' '

A

F . F . 3-31 2 . 6?6 - 2 . 6 0 6 1 .105 - 0 . 4 9 9 2 6 . 0 5 4 . 6 0 0 . 9  6 3 1 . 6 1

9h 3 .7 9 2 . 1 9 0 - 2 . 9 3 2 0 . 7 5 3 ^ - 0 . 1 2 8 2 9 .3 0 1 . 8 7 C.C5 3 1 . 2 2

9 3 .5 2 2 . 4 5 6 - 2 . 6 8 5 O . 65I C .526 2 6 .8 2 1 .4 9 1 . 0 4 ? C X r .  -  > * J >

8 1.-55 4 . 0 7 4 - 1 . 1 9 9 0 . 7 4 7 1 . 2 8 6 1 2 . 0 8 4 . 5 8 1 3 .7 5 30 .4 1

6 •- I .05 5 . 5 2 8 0 . 4 3 9 C.652 0 . 7 9 8 4 . 5 5 9 .0 9 1 4 . 7 7 2 8 . 4 1

4 - 1 . 5 0 5 . 6 4 7 0 . 6 5 6 0 . 5 9 9 - O .242 6 .3 0 2 . 3 6 0 . 9 4 9 . 6 0

2 ,-0*60 5 . 3 0 5 0 . 2 9 3 C.180 - 0 . 4 2 8 3 .3 9 1 .0 2 6 .2 7 1 0 . 6 8

0 0 . 1 5 4 . 9 H - 0 . 0 8 5 0 - 0 . 2 1 6 0 . 5 9 0 5 . 2 9 5 * 88

- 2 0 . 2 1 4 . 8 7 8 - 0 . 1 2 0 - 0 . 1 6 6 0 . 1 8 0 1 . 2 5 2 . 0 8 2 . 5 0 5 . 8 3

* - 4 - 0 . 5 5 5 . 2 7 9 0 . 2 8 4 - 0 . 5 7 5 0 . 3 7 5 2 . 8 1 4 . 9 1 4 . 9 1 1 2 . 6 3

- 6 - 0 . 7 8 5 . 3 9 5 O.5 6 4 - O .645 - C .027 3 .5 6 1 1 . 3 7 0 . 0 3 1 4 . 9 6

- 8 - 0 . 4 5 5*228 0 . 1 2 5 -1 .C C8 -0*353 1 .2 0 8 1 .2 0 1 0 . 0 0 9 2 . 4 0

A .P . 0 . 6 8 4 . 6 1 2 - 0 . 8 2 1 - 1 . 9 3 1 - C .3 8 4 8 . 5 4 4-5.61 1 .7 1 5 5 . 9 2

i

NOTE : A = A + i 
1

L + A * 
2 3 J

A = u £/ 2  
1 o> ^2

= v 2/ 2 g
A3

= w2/ 2 a /

i  .  | V u / g | ,  V = 4 . 9 9 2  f t / s e c . ,  5" = 0 . 3 0 0

Table A1

It has been shown in section 2.1.2, that the wave elevation 

i  (x,y,z) is given by

Ja, — I C a9 + -O f

3 -t
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T h i s  becom es ,  a f t e r  l i n e a r i s a t i o n ,

3 l y f
o r

ii (*., y, o) = -  V

3
W r i t i n ' ;

I *= o

w here

A = A + A + A
1 2  5

and A = u 2/ 2 g ,  A = v 2/ 2 g ,  A = w2/ 2 g ,  B = V u /gl « a

t h e  c o n s e q u e n c e s  o f  l i n e a r i s a t i o n  n a y  be  e x am in ed .  V a l u e s  o f

A, At A A a r e  a l s o  shown i n  f i g u r e  A2 a t  each  s t a t i o n  a t  t h e  f r e e  i 2 * a

s u r f a c e  where  t h e y  a r e  e x p r e s s e d  as a p e r c e n t a g e  o f  B. L i n e a r i s a t i o n  

i s  o n l y  v a l i d  a t  t h e  f r e e  s u r f a c e  i f  A i s  s u f f i c i e n t l y  s m a l l  com pared  

t o  B.

F i g u r e  A2 show’s t h a t  A i s  n e v e r  l e s s  t h a n  57° o f  B and i s  g r e a t e r  

th e n  yyf-) o f  B a t  bow and s t e r n .  The n e g l e c t e d  t e r n  A i s  s e e n  to  be 

92$ o f  t h e  l o c a l  v a l u e  o f  B a t  s t a t i o n  -  8 .  T h i s  i s  due  t o  a 

c o m b i n a t i o n  o f  a  low v a l u e  o f  u  w i t h  a l a r g e  v a l u e  o f  v a t  t h i s  p o i n t .  

I t  - i s  p o s s i b l e  t h a t  su ch  l a r g e  v a l u e s  c o u l d  o c c u r  a t  o t h e r  p a r t s  o f  

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

I t  i s  t h e r e f o r e  c o n c l u d e d  t h a t  f r e e  s u r f a c e  n o n - l i n e a r i t i e s  a r e  

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

o f  t h e  l i n e a r i s e d  F r e e  S u r f a c e  C o n d i t i o n  i s  as  g r e a t  a  c o n t r i b u t o r y  

f a c t o r  t o  t h e  p o o r  a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  as t h e  

n e g l e c t  o f  v i s c o s i t y .
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FIG. A2PERTURBATION VELOCITIES & NON-LINEARITIES AT F - 0 - 3 0 0

' fin.
WAVE PR O FIL E  IN N C H E S .

FREE STREAM VELOCITY, g ,  IN FT ./SEC .

SPEED O F  ADVANCE, V -  A-  9 9 2  F T ./S E C .

Vu
AS A PERCENTAGE O F “T "

AS A PERCENTAGE OF

Vu
AS A PERCENTAGE OF

♦ * * ♦ « * )  AS A PERCENTAGE OF —2 5
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APPENDIX 3

the  re duction  > rp  nuiihRicj . i .  evaluation  of  s c ::] i ittecirais used  iit the

ANALYSIS

I n  s e c t i o n  2 . 3 .  "the f o l l o w i n g  r e s u l t s  v/ere d e r i v e d

C p . h . o . j )  *  _ L  

ax.

f dCx)
dH f a,

/<*> 
««r -f  Ĉ -JC) Jj  _ _L alH 5j« t x -

Jo iJL LC*-A?+Cj+g?J'1 ZxJ4(jl Jc zl[(x-A.UCyp2l '

*0̂ * ' .*  a00 > ]
CP/ 6 g g -ŵ o I \*j^cuL I MtB <L9 <l_______ [ v.0l&etqjdik.al(£-jl-

J* VCe1 AB£k B + mk*

U-K*1 

X  - i

d k i\

dI * 6e «  t  k .  k - A )  ju e e J  ,M>.} e  c i e

(Bl)

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

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

n u m e r i c a l l y ,

B . l .  DEFIHITICIT CF THE HULL SURFACE 

3 , 1 . 1 .  C a l c u l a t i o n  o f  ^ n / c x  and if^ /bz v a l u e s

The f o r e  and a f t  symmetry  o f  t h e  h u l l  e n a b l e d  a l l  d e r i v a t i v e s  

t o  be c a l c u l a t e d  f rom  a q u a r t e r  o f  i t s  s u r f a c e  as  shown i n  f i g u r e  31# 

I n i t i a l l y  t h e  u n d e r w a t e r  h u l l  was d i v i d e d  v e r t i c a l l y  i n t o  t e n  

e q u a l l y  s p a c e d  s e c t i o n s  bounded  by t h e  w a t e r - p l a n e s  C to  1C.

W a t e r p l a n e  C c o r r e s p o n d e d  t o  t h e  a t - r e s t  w a t e r p l a n e  and w a t e r p l a n e  1C

t o  t h a t  a t  maximum d r a f t ,  dmax T h i s  l o w e s t  w a t e r p l a n e  was g i v e n  by

t h e  p o i n t  ( 0 ,  0 , -  d ) and was a s s o c i a t e d  w i t h  an i n f i n i t e  v a l u emax

Thec f | / b z  due t o  t h e  s h a p e  o f  t h e  body s e c t i o n s  n e a r  t h e  k e e l ,  

c o n t r i b u t i o n s  o f  t h e  e l e m e n t a i y  p r e s s u r e s  t o  C„ and C,, would
* Zj 1*1

t h e r e f o r e  be i n d e t e r m i n a t e  a t  t h i s  p o i n t .  As t h e  e l e m e n t a r y  p r e s s u r e  

c o e f f i c i e n t s  g i v e n  by e q u a t i o n  ( 3 1 )  v a n i s h  cn  a w a t e r p l a n e  o f  z e r o
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l e n g t h }  p h y s i c a l  c o n s i d e r a t i o n s  s u g g e s t  t h a t  t h e r e  a r e  no

c o n t r i b u t i o n s  t o  C2 and f ro m  p r e s s u r e s  a t  t h i s  p o i n t .  I t  was

t h e r e f o r e  assumed t h a t  CLA, ( L ,  and CL.. a l l  t e n d e d  t o  z e r o  morePC pV P iJ

r a p i d l y  t h a n  I f j / b z  t e n d e d  t o  i n f i n i t y  a t  t h e  p o i n t  (C; 0 ; -  & ) •

Each w a t e r p l a n e  was d i v i d e d  i n t o  t e n  e q u a l  p a r t s  as shown 

i n  f i g u r e  BIB. V a lu e s  o f  d f | / £ x  and 5 f ^ 5 z  were  t h e n  c a l c u l a t e d  

f ro m  t h e  h u l l  o f f s e t s  a t  s t a t i o n s  0 t c  10 f o r  e a c h  w a t e r p l a n e  

u s i n g  t h e  L a g r a n g e  F i v e  P o i n t  n u m e r i c a l  d i f f e r e n t i a t i o n  fo rm u la . :

HJ = u  2. a. â U - - )

M * ”    (B2)

where  t h e  c o e f f i c i e n t s  f o r  v 'a lu e s  o f  j  f rom  0 t o  4 w ere  o b t a i n e d  

f ro m  r e f .  117 P-914* I n  e q u a t i o n  (B2)  h = -ft/lO where  I i s  t h e  l o c a l

l e n g t h  o f  t h e  w a t e r p l a n e  shown i n  f i g u r e  BIB. F o r  exam ple ,

w a t e r p l a n e  0 ha.d a l o c a l  l e n g t h  o f  4*300 f t . ,  w h e re a s  w a t e r p l a n e  9 

had  a l o c a l  l e n g t h  o f  2 . 0 4 6  f t .  due  t o  t h e  c u r v e d  k e e l  l i n e .

I n  t h e  s u b s e q u e n t  a n a l y s i s  i t  was n e c e s s a r y  to  i n t e r p o l a t e  

i n t e r m e d i n t e  v a l u e s  o f  c l j / d x .  T h i s  was a c c o m p l i s h e d  on t h e  c o m p u t e r  

by f i t t i n g  a p o l y n o m i a l  s u r f a c e  to  d i s c r e t e  n u m e r i c a l  v a l u e s  o f  

d |[ /3 x  c a l c u l a t e d  f o r  t h e  v a r i o u s  w a t e r p l c n e s , t h u s  o b t a i n i n g  a  

• m ach in e  t a b l e 1 o f  p o l y n o m i a l  c o e f f i c i e n t s .

T h i s  was a c c u r a t e  t o  t 0 . 0 C 0 5  a t  any p o i n t  ( x , y , z )  e x c e p t  f o r  an

a p p r o x i m a t i o n  i n t r o d u c e d  t o  a v o i d  i n f i n i t e  v a l u e s  o f  cjj^/cz a t  t h e

p o i n t  ( - 3 , o , z ) .  ( S e e  f i g u r e  3 I G . )

I n t e r m e d i a t e  v a l u e s  o f  t h e  d e r i v a t i v e  a t  any p o i n t  on t h e  h u l l  

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

p o ly n o m i  a l .

I n t e r m e d i a t e  v a l u e s  o f  r j j /b z  w ere  n o t  r e q u i r e d  and so an a r r a y  

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

•a i  p V  - ■ - -- -  ^# - -    ~~ ~ ~ ■** **’ ̂   • -- - ./ — W

A l l  i n t e g r a t i o n s  i n  t h e  a n a l y s i s  w ere  p e r f o r m e d  e v e r  t h e  p l a n e  

y  = o .  Due t o  t h e  c u r v e d  k e e l ,  t h e  d r a f t  was n o t  u n i f o r m  o v e r  t h e  

l e n g t h .  The d r a f t  was t h e r e f o r e  r e p r e s e n t e d  as an e i g h t h  o r d e r  

p o l y n o m i a l  i n  x w hich  was a c c u r a t e  t o  i o . C C 05 f t .  a t  any p o i n t  

( x , o , z )  e x c e p t  f o r  an a p p r o x i m a t i o n  a t  bow and s t e r n  shown i n
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f i g u r e  BIB.

To f a c i l i t a t e  t h e  c o m p u t a t i o n  t h e  x~ and h - o r i g i n s  were 

s h i f t e d  t o  t h e  how. A l l  s u b s e q u e n t  a n a l y s i s  u s e s  t h i s  o r i g i n .
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B . 2 .  ' CALCULATION 0? ( x , o , z )  VALUES. COMPUTER FROGRAM 'JO
X  VJ

From equat ion  (Si), ‘

Ate
U-&) ________6 c -

Lcx-X)

w h ich  r e d u c e s  t o

Cp.d*,*,*)* i f  H  J_ [ j j t y - f r )  -x ... ■—.-,
2*.» 30, (*-£.) L L(*-JUl+ C d u ^ fJ 1 ltx.-A)l* CcUx)*$1]'' U*-4)tpi*

(3 3 )

E q u a t i o n  (B3)  shows t h a t  CpQ v a n i s h e s  a t  z = o i n d i c a t i n g  

t h a t  a t  i n f i n i t e  s p e e d  t h e  f r e e  s u r f a c e  p r e s s u r e  c o e f f i c i e n t  

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

U s i n g  a. r e s u l t  o b t a i n e d  i n  s e c t i o n  2 . 1 . 4 *  L, e q u a t i o n  

( 2 . 1 . 3 3 b )  g i v e s  a v a l u e  f o r  CpQ a t  z e r o  s p e e d  o f

rdU) , „N
= - i f  \  r 

lvao 2 * J  * -diLi) lu-JLY* irfYJ

(34)

w hich  r e d u c e s  t o

C^ ' ^ L ' - 1 1 H f r —  — -J2*J> a&LU^Y+^u^yJ1 tu-An6^*)-$yj\J
dlL_

U-JL)

.......  (35)

The i n t e g r a l s  i n  e q u a t i o n s  ( B J ) and (3 5 )  were  e v a l u a t e d

n u m e r i c a l l y •
p o i n t

IN TEG RA N D

SWL

■^-ORIG IN 
SHIFTED TO BOW

PLANE u=0

I N T E G R A L S  TEND TO CANCEL IN X - R A N G E S  SH OW N B

FIG. B 2
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The i n t e g r a n d  c f  e q u a t i o n  ( 3 3 ) c o n s i s t s  o f  t h r e e  p a r t s ,  each

o f  which  i s  s i n g u l a r  a t  h = x and d e c r e a s e s  m o n o t o r i c a l l y  a t  p o i n t s

r e m o t e  f rom  t h e  s i n g u l a r i t y ,  ( s e e  f i g u r e  3 2 ) .  T h ese  p a r t s  were

t r e a t e d  s e c a r a t e l y  and t h e n  summed t o  g i v e  v a l u e s  o f  CL,,, and C .^  i.,r 0  xO |v = 0

a t  any po i n  t  ( h , o , - f  ) .

The i n t e g r a n d s  wer e  w e l l - b e h a v e d  and t e n d e d  to  i n f i n i t y  l i k e  

(x-h)**1 a t  ( x - h )  = o .  The p r i n c i p a l  v a l u e  o f  each  i n t e g r a l  was t a k e n ,  

n u m e r i c a l  i n t e g r a t i o n  e x t e n d i n g  to  a p o i n t  ( x - h )  = - e  on e i t h e r  s i d e  

o f  t h e  s i n g u l a r i t y .  The c o n t r i b u t i o n s  to  t h e  i n t e g r a l  f ro m  t h e  

r e g i o n s  n e a r  ( x - h )  = i g  e f f e c t i v e l y  c a n c e l l e d  e a c h  o t h e r ,  t h u s  

m i n i m i s i n g  e r r o r s  due t o  t h e  i n t e g r a t i o n  t e c h n i q u e  u s e d .

I n t e g r a t i o n  n e a r  t o  t h e  s i n g u l a r i t y  was p e r f o r m e d  u s i n g  K a p l a n ' s

m e thod  (.118) w hich  a p p r o x i m a t e s  t h e  f u n c t i o n s  A ( l )  i n  t h e  s i n g u l a r

2T / \i n t e g r a n d  | / A ( l )  w i t h  a p o l y n o m i a l  f u n c t i o n .

C o n s t a n t  i n t e r v a l s  i n  !  a r e  u s e d  and v e r y  a c c u r a t e  r e s u l t s  may

b e  o b t a i n e d .  The me thod  may be  e x t e n d e d  f o r  i n t e g r a t i o n  up  to  c e r t a i n

s i n g u l a r i t i e s .

S i m p s o n ' s  s e c o n d  r u l e  was u s e d  to  e v a l u a t e  t h e  i n t e g r a l  o v e r  t h e  

r e m a i n d e r  o f  t h e  r a n g e .  The o r d i n a t e  s p a c i n g s  u s e d  a r e  shown i n  

t a b l e  B l .

X1 o r d i n a t e  s p a c i n g ITo. o f  i n t e r v a l s I n t e g r a t i o n
R u l e

0 . 1 0 0 / 8 1  -  O .lCO/27

r—ICO00r -l.O

2 K ap lan

0 . 1 0 0 /2 7  -  c . 1 0 0 /9 0 . 1 0 0 /2 7 2 K a p la n

0 . 1 0 0 / 9  -  0 . 1 C 0 / 3 C . lC O /9 2 K a p ls n

0 . 1 0 0 /3  -  0 . 1 0 0 0 . 1 0 0 / 3 2 Kapl an

C. 1 0 0  -  0 . 0 5 ! ' 0 . 0 1 2 5 1 4 Sim pson

0 . 0 5 !  -  0 . 1 0  1 0 . 0 2 5  ! - 2 Simpson

0 . 1 0  i  -  i C.C45 I 20 Simpson

x 1 = {x - h j , 1= x-G . lC C o r  ( 2 £ - x )  -  0 . 1 0 0  

C = l o c a l  w a t e r l i n e  l e n g t h
Table  Bl
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Computer  p ro g ra m  WO c a l c u l a t e d  v a l u e s  o f  CpQ and Cp Q |y _ 0

o v e r  t h e  p l a n e  y=o j  t h e s e  a r e  shown i n  f i g u r e  Bp and E4* L a rg e

v a l u e s  o f  Cp^ o c c u r  a t  the- f o r e  and a f t  s t a g n a t i o n  p o i n t s  and

i t  was s u s p e c t e d  t h a t  t h e s e  va . lues  were  s u b j e c t  t o  n u m e r i c a l

i n a c c u r a c i e s  ; v a l u e s  o f  t h e  i n t e g r a l  n e a r  ( x - h )  = - e  would  n o t  be

c a n c e l l e d  a t  t h e s e  p o i n t s .  The d e r i v a t i v e  v a n i s h e s  a t  ( - $ , o 5z)  f o r

w a , t e r l i n e s  0 t o  5 20 t h e r e  i s  no c o n t r i b u t i o n  t o  f rom t h e s erO

p o i n t s ,  b u t  l a r g e  c o n t r i b u t i o n s  t o  Cp^ and ^ p q ! \/_0 &*ise  f ro m  t h e  

p o i n t s  ( & , o , z )  f o r  w a t e r l i n e s  6 t o  9 i n c l u s i v e .  This-  i n d i c a t e s  

t h a t  much o f  t h e  s i n k a g e  f o r c e  Z a r i s e s  f ro m  t h e  l o w e r  w a t e r l i n e s ,  

t h e  c o n t r i b u t i o n s  f ro m  t h e  r e g i o n  o f  t h e  bow and s t e r n  b e i n g  

i m p o r t a n t .

T h i s  c o n c l u s i o n  c o u l d  n o t  h a v e  b e e n  r e a c h e d  u s i n g  I n u i ’ s 

t h e o r y  ( s e c t i o n  2 . 3 ) *  The s o u r c e  d i s t r i b u t i o n  f o r  I n u i d  3201  i s  

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

c o r r e c t  v e r t i c a l  f o r c e  d i s t r i b u t i o n  u n l e s s  v a l u e s  o f  dlfy/Bz were  

known in  a d v a n c e .
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FIG - B4
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o -  CALCULATION OP C ^  (x ,  o, z)  VALUES, CG1IPUTSR PRCGRA11 Lp

Fron e q u a t i o n  ( B l ) ,  p u t t i n g  z = -z  in  e q u a t i o n s  (2 # % 5)  i*01*

c o n v en ie n c e

r _.

/v j o  BA/ Jo

/* «  aT
A C ^ o ^ c -  toitMMofi+p]*'*' 

tCo1, jŴ*1 © + to?

B*3*~* C a l c u l a t i o n  i n  t h e  r a n g e  0 -  Ko«x £IC,  C * * X o .z£5

U s i n g  t h e  r e s u l t

f  [ . A j d ^ A a ^ - f ^  -  b a tiA to lft+ fic tt -  A u 4m l% + hcjHMA.Cci+^ 4-
X  AU/ ^ L ^  AW/ J

where  fK*\£oAU?9i 6 s am/ v/e have

k»p c  ̂!£*» f1̂ ̂  H, &•-.&), - Jt.̂ o *CoCoUx) + j) 1J ^
T t*  J o  B &

where

J  = i wee do

(B 6)

-AU-XCOd©
+ M A s)kM ,  J  A __________  O lu/

yCo^AM^O + Ale*

(B7)

Values  of t h e  f u n c t i o n  J ( K o . x ,  Xo . z ) were c a l c u l a t e d  o v e r  t h e  

r a n g e  0?  ICo.x5 10, o5 Ko*z - 5  u s i n g  t h e  s u b s t i t u t i o n s  jv = Ko.z  s e c 20 ,  

IJL = ms in  e q u a t i o n  (37)  which g iv e s

r r t e o x , -  j *

. - 6 0
7? f 1,44*,© cLB [ -f MsAutjjUs dix, «

T

1 J  6 *,a e W e  d e

. . . .  (BS)

1 *  1  - 1 .  /  *  p*  '+  M *

where &G- \Ao.^c, b -  X e  y  

When Ko .x  = 0 ,  e q u a t i o n  (B8) r e d u c e s  t o

ute de - ^ K .t iv C o pJ" (o ,  Ifio.n * r

( 3 8 a )

where K  (:c) i s  th e  m o d i f i e d  B e s s e l  J u n c t i o n  o f  zero  o r d e r  and

we have made u s e  of  t h e  r e s u l t s  g iv e :  

r e s u l t  (12C p . 2 4 ) :

(119) n c  t a s  m e a n

.00

yV/ +  Jx*

C ^ t .  -  l £ o . ^ A l £  & * )
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V a lu e s  o f  J  ( a ,  ^0) s e c  0 w ere  c a l c u l a t e d  o v e r  t h e  r a n g e  

C)5e~£ f o r  any a ,  S and i n t e g r a t e d  n u m e r i c a l l y .  The f u n c t i o n  J 1 ( a ,  £ , 0 )  

was c a l c u l a t e d  u s i n g  a me thod  s i m i l a r  t o  t h a t  u s e d  by H a v e lo c k  

(1 2 ,  p . 2 9 3 ) :
odp —i-u/ _ ct-w-

Vs c o n s i d e r  t h e  i n t e g r a l  1 ^  c/to and s e e  t h a t
°

C T ' «  -  3 m a s  f  ^  j  -  v lvu/ f  ( A , - Z ^ C ( W M s - Z y U A U t , ) j 2 .  ^ d u ,

J © + J© pwl+̂ ,1 (^9)
U s i n g  t h e  known r e s u l t  ( 1 1 7 ,  P*230) t h a t  

1 +  X

................ ( s i c )

where = f — i s  the  l o s ’a r i t h n i c  i r : t e : ; r ? !
Je AUi)

e q u a t i o n  (B9 ) r e d u c e s  t o

j f .  1  a ^ a + - > )

s Jau . -e” ^. tp .- j i< x p )  + i ?0

 .  (3 1 1 )
i « t K  v '

as ■& 6e. )  ~ E J  Oc) -
•o  ^

where E i  Cx) -  t  + JL* (x ) + 2  j £ _  .................  (S12)
• A U .A c !

(R e f .  117, p . 229, E q . 5 . 1 . 1 0 )

(where  v = E u l e r ’ s C o n s t a n t )

L e t t i n g

E + I K  = - P + i Q  ,    ( 3 1 2 a)

J  5 v i n o  ^  (  0 3  jU C b  4  S. A i> * ,( P +  i  Q ' )

c «€T ̂  C. + Q y u t  3   ( B l ; )

where



-  2 6 6  -

00

P = 1$ + iit»D *• 21 CM aAs <&
I M,— I *7 I

AAj •

«0

Q - "K — <j> — *2— Q** . 4As<j>
J  |

4 0 . M / .

■ W f

# # # # . « # «  ( B l  g )

a  =

where c ^  + tfZ/jS , £)*. j> * Ko.x, j$-t6>.j( &>.jjaz£.l e

( E q u a t i o n s  (B .14)  a r e  d e r i v e d  u s i n g  th e  r e s u l t  

Jb  ̂

^ -X m -  * fJ L  , r h  0i * + A t

i n  c o n j u n c t i o n  w i th  e q u a t i o n s  (3 1 2 ) ,  (B12a) and De X o i v r e ’ s 

T h eo rem ) .

Values  f o r  J '  were c a l c u l a t e d  from e q u a t i o n s  (B lp)  and (B14) 

f o r  d i s c r e t e  v a l u e s  o f  6 and, when m u l t i p l i e d  by sec  6,  t h e  

i n t e g r a n d  had th e  form shown i n  f i g .  Bp#

F16.B5

U n f o r t u n a t e l y  t h e  s e r i e s  (314) became u n s t a b l e  a t  0 v a l u e s  

n e a r  t t / 2  . The s e r i e s  r e q u i r e d  many terms f o r  c o n v e rg en ce  as 6 

app roached  tt/ 2 ,  which r e s u l t e d  i n  t h e  c a l c u l a t i o n  o f  cos n /  and 

s i n  n /  becoming u n s t a b l e  i n  the  com pu te r .  C a l c u l a t i o n  of  J* 

sec  6 - was t h e r e f o r e  t e r m i n a t e d  a t  some v a l u e  o f  6 (shown by x o i n t  A 

in  f i g u r e  B5#)# The r e m a i n i n g  c o n t r i b u t i o n  to  th e  i n t e g r a l ,  

r e p r e s e n t e d  bp* t h e  shs.ded a r e a  A3D in  f i g u r e  B5» was e v a l u a t e d
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as some f r a c t i o n  o f  t h e  r e c t a n g l e  A3CD.

The f r a c t i o n  v was d e t e r m in e d  by i n s p e c t i o n ,  and was i n  g e n e r a l  

c l o s e  to  l / j .  Over most o f  th e  r a n g e  o f  x and z th e  a n g le  ( T' / 2  -  A) 

was s m a l l ,  and v a l u e s  o f  J ,  c a l c u l a t e d  by e q u a t i o n  (338) u s i n g  

Simpson*s R u le ,  were  a c c u r a t e  to  - 0 . 0 0 0 5 .

3 . 3 . 2 .  C a l c u l a t i o n  f o r  th e  range  25^  Ko.x5 100, o5 Ko.z  - 5

U n f o r t u n a t e l y  t h e  above method o f  c a l c u l a t i o n  o f  J ( K o . x , K o . z )  

became v e r y  i n a c c u r a t e  f o r  Ko.x>10 so f o r  the  r a n g e  25-Ko.x - lCO, 

0 - K o .z - 5  th e  f o l l o w i n g  p r o c e d u r e  was a d o p te d .

By u se  o f  the  s u b s t i t u t i o n  Ma,* . - hI v.oAuO'Q t h e  e q u a t i o n - f o r  

C ^  ( x , o , z )  becomes

M-Ko2 dH

i
p

ti 'i aMBde
7vl  , 0 bJi x0 %ft *«

'diU

(B15)

I n t e g r a t i o n  w i t h  r e s p e c t  to  f  g i v e s  e q u a t i o n  (36)  w i th  th e  

f o l l o w i n g  e x p r e s s i o n  f o r  J ( K o . x , K o . z ) s

Jta.x, ic..p = j 1 A t t e  ole ^  t cU '
1+ w

(B16 )

When Ko.z  = 0 , i . e .  i n  t h e  f r e e  s u r f a c e ,  e q u a t i o n  (316)  r e d u c e s  

t o  t h e  known form (1 2 ,  p . 35 2 )

A

J(vCo.^, 0 ) * j 1 ML® d& d i * [ ICq.~x.ahIjUAB] cUu' - LHo6Co^-%flCo5^3 
1 +  ^

.................  (B17)

where Hq ( x ) i s  t h e  S t r u v e  f u n c t i o n  o f  ze ro  o r d e r  end Y (x )  i: 

t h e  B e s s e l  F u n c t i o n  of  t h e  second  k in d  and ze ro  o r d e r .

E v a l u a t i o n  of e q u a t i o n  ( 3 . 1 6 )  p ro c e e d s  as f o l l o w s :

1 _ ju \AoV 2,
The c x p o n e n t i a l  4L ASA. 9  may be expanded as an i n f i n i t e  s e r i e s

to  g iv e
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00

* K - 0
m , :

> i + 2 < t  .
)iu t 9  oL9

.00
y&fa. L ICo'iC.AiA.' (maJ )  oUiaj

1 +■ M *

(B1 8 )

t h e  p rob lem  i s  now re d u c e d  to  t h e  e v a l u a t i o n  o f  i n t e g r a l s  o f  t h e  type
T  00

“l  > 3 ^ '+ 9 010 I tC o X 'H v  A & tB  J  AMs cU u*

I \  +  M as

which may be u r i t t e n  as

*• jdtc.'+ 9 >Ufc, C l^o.x ma, 4lto3 o19 ~l >tto oUus
J  1 +U i /AAs

(319 )

where we have  assumed t h a t  we may change t h e  o r d e r  o f  i n t e g r a t i o n  

w i t h o u t  l o s s  o f  g e n e r a l i t y #

F i r s t ,  c o n s i d e r  t h e  i n t e g r a l

Q , ( i )
‘  I 5

ca* G w  C l idue.9-  * J oi& 

>01 o

I t  i s  r e a d i l y  s ee n  t h a t

(Sv £ 0  = q v+i ( O

Q_, li) - -x J„ f t )
2

(B20)

(B21)

(3 2 2 )

R ep ea ted  a p p l i c a t i o n  o f  t h e  r e c u r r e n c e  r e l a t i o n  ( 3 2 l )  to  th e  

r e s u l t  (B22),  i n  c o n j u n c t i o n  w i th  the  known r e s u l t  (91,  p . 18, e c . 9 )

l r d f  (j)
(3 2 ? )

rV-c.‘n i p .
J  ( s )  i s

2-1, - *P- o i c :

g i v e s ,  f o r  even v a l u e s  of v ;
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Q U') =:
-  Cv+ib “ A

2 . 1 '

2J0 ( x ) - 2\) W + 2\? (v-0 £x)-
2 !

CO\V* TO O
>? ) 2  i
2.  * 2  • ]

where v;e hav e  u s e d

(B24)

J.M (x) - Jo (*.) C \>  E V E N  )

S u b s t i t u t i n g  v = 2n i n t o  e q u a t i o n  (324) g iv e s

Q M
“ C i + 2 ^ * -  f

. * 4

2  J  I* ) -  2. 2 m ,J  W  + 2.2*,. ( 2 ^ - i )  X  6 0 -° - - - - —--------------- 2m,-(42 a c 24*.-2

■-■ff-r24t! j  m -  • • ( T 2* !  j„ n ) ]
6*.-!)! 4 ! M . A V ! J

(B25)

S q u a t i o n  (325)  t h e r e f o r e  r e p r e s e n t s  a f i n i t e  s e r i e s  i n v o l v i n c 

B e s s e l  F u n c t i o n s  o f  th e  F i r s t  Kind which may be s u b s t i t u t e d  i n t o  

e q u a t i o n  (318)  to g iv e
o o

= 2 . Q-Cm-2^  MaT '  cUm*
— — —    ■■ ■

XAtJMa

Eva lua t ion  o f  (326) i s  acco m p l i sh ed  by expanc

( 3 2 5 )

-ng Q,:. f  .  > ( K o . d : c ]
l l T £ S  J

i n t o  t h e  f i n i t e  s e r i e s  (325) f o r  each n,  m u l t i p l y i n g  each te rm by 

mAA/ ( 1+m) and i n t e g r a t i n g  term by te rm from c to  « .  This  i n v o l v e s

i n t e g r a l s  o f  t h e  type

0 0

T.i aa/J** oIm a ,

. • 0

Lma, sc) ^  cJmaj

\  +  M V
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which have  th e  f o l l o w i n g  v a l u e s  f o r  c e r t a i n  v and p, : 

J.C au,*) ofov̂  = L Ht> -  V odx)!
00

J o 1 +• Mv
(B26a)

co
J , cW  * i  -  * L h, M  -Y,6c) -  2 / a J  

1+ at Z
(328b)

i:
(323c )

I

oo
Jo ( AVO*!) o(mo S 1

OC

(E28d)

w h e r e  H (x)  i s  t h e  S t r u v e  F u n c t i o n  of f i r s t  o r d e r ,  Y (x )  i s  
l l

t h e  B e s s e l  F u n c t i o n  o f  t h e  second  k in d  and f i r s t  o r d e r  and 1 (x )  i s  

the  Gamma F u n c t io n *

The i n t e g r a l s  (3*27) were computed f o r  i n t e g e r  v c l u e s  o f  \> 

and p, by a r e c u r s i v e  p r o c e d u r e  I  ( n , n ,  a , x )  w r i t t e n  i n  K3F 9 Algo l  

and g i v e n  i n  f i g u r e  Bo. They were e v a l u a t e d  u s i n g  r e d u c t i o n  

f o r m u la e  o f  t h e  type  :

• J o  * +  H K t J 0  I +  MAs

.................. (329)

i n  c o n j u n c t i o n  w i th  the  wel l -known B e s s e l  F u n c t i o n  r e c u r r e n c e  

r e l  c l  t i o n  :

T v , . ,  ( n  -  u )

X   (33C)

In  p r o I  r , : •il.s o e o o n i  i r . t  s j r o l  in  9 - u - . t i o . .  ( 2 2 j )  

was t e s t e d  to see  i f  i t  c o r r e s p o n d e d  to one of the  sfcsnderd forms 

(n28)  ana 11 s o ,  i t  was e v a l u a t e d .  I f  n o t ,  i t  was a g a in  r e d u ced  as 

i n  c o n a t i o n  (329) *nd t h e  p r o c e s s  r e p e a t e d .
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r e a l  procedure l ( n , m , a , x ) ;  v a lu e  n ,m ,a ,x ;  
r e a l  x; i n t e g e r  n ,m ,a ;
b e g in  comment  R e cu rs iv e  A lg o l  procedure to  c a l c u l a t e

' i n f i n i t e  i n t e g r a l s  in v o lv in g  E e s s e l  f u n c t io n s  o f  
the  f i r s t  k in d . When a = 2 the V /e b e r -S c h a fh e it l in  
i n t e g r a l  i s  r e f e r r e d  t o  and when a = 1 an i n t e g r a l  
o f  t h i s  typ e  w ith  a 1 -f-K denom inator in  th e  in te g r a n d  
i s  r e f e r r e d  to .  In a l l  c a s e s  n i s  the  order  o f  the  
B e s s e l  F u n ct io n  Jn and m i s  the power o f  K in  the  
num eratorj x  i s  the  argument o f  the  i n t e g r a l .  T his  
proced ure  must be u sed  in  c o n ju n c t io n  w ith  procedure  
G (x ) ,  the  gamma f u n c t io n  p r o c ed u r e ,  and the  B e s s e l  
F u n ctio n  p roced u res  Y o (x ) ,  Y 1 ( x ) ,  Ho(x) and H 1(x);  
r e a l  d, e ,  f ,  g ,  h ,  i ;  
i f  m = 0 and n -  0 and a = 1 then  

"Begin I : =  1 . 5 7 0 7 9 6 x (H o (x )-Y o (x ))J  g o to  L; en d ; 
i f  m = 0 and n = 1 and a = 1 then  

“B egin  I:==" f / x - 1 . 5 7 0 7 5 o x (H 1 (x )-Y iX x ) -0 .6 36 6 2 0 );  
g o to  L;

end;
T f m  = 0 and a = 2 th en  b e g in  I : ~  l / x ;  g o to  L; end;
T f  a = 2 then
b e g in  i f  m = -1 a.nd n -  1 then

b e g in  I :=  TTOOOOOO; g o to  L; end; 
i f  abs(m) < abs(n-f-l) then
"Begin d:=  0 .5 0  + n /2 ;  e := m /2;

f := d + e; g := d -  e ;
h :=  G ( f ) ;  i : =  G (g);
I : =  2 Tm X  h /(x T (m + 1 )x i) ;  g o to  L;

e n d
e l s e
I:=""2x(n+1 ) x ( l ( n + 1 , m-1, 2 ,  x ) ) / x + l ( n + 2 ,  m, 2 ,  x ) ;

e n d ;
TF~m = 0 and a = 1 then
"Begin I : = ~ 2 x ( n - 1) x ( I ( n - 1 , - 1 , 2 , x )  - l ( n - 1 , 0 , 1 , x ) ) / x  

- I ( n - 2 ,  0 ,  1, x ) ;  g o to  L;
* e n d ;
'if*- a = 1 then
"Begin i f  m > 0 th en  I :=  l ( n .  m-1, 2 ,  x) - l ( n ,  m-1,  1,  x)  

eTse I : =  ± (n , m, 2 ,  x )  -  l ( n ,  m+1, 1, x ) ;
e n d ;

L: end I ;

note

vc** cb{~ f
1 + vc 

03

X*, C\axl) \c MA' d K .X C M r. 2.. x~) =
■

n ") =
OB

* J .

PROCEDURE l(n .m .q .x)
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Care was n e c e s s a r y  -when u s i n g  p r o c e d u r e  I  ( n , n ,  a , x )  to  avoid  

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

c o n j u n c t i o n  w i t h  sm a l l  x v a l u e s  i n  e q u a t i o n  (B28 c) : t h i s  

g e n e r a l l y  was th e  case  when many te rms  were r e q u i r e d  i n  t h e  

e x p o n e n t i a l  s e r i e s  i n  (3326) f o r  c o n v e r g e n c e .  I t  i s  known t h a t  

th e  e x p o n e n t i a l  s e r i e s  c o n v e r g es  s lo w ly ,  b u t  f o r  Ko.x>25 i t  was 

found t h a t  be tween f o u r  and e i g h t  te rm s  gave a d e q u a te  accu racy#

E x p r e s s i o n  (B26) was u s e d  to  o b t a i n  J  (Ko#x, K o .z )  v a l u e s  i n  

t h e  r an g e  2 5- Ko.x  -1 0 0 , 0 -  K o .z -  5 1 £S shov.n i n  f i g u r e  37 .

As d i r e c t  u s e  o f  e q u a t i o n s  (38) and (B26) gave r i s e  t o

p r o h i b i t i v e l y  lo n g  program ru n  t im es  when C was c a l c u l a t e d ,  a
P

t w o - d im e n s io n a l  po lynom ia l  wa,s f i t t e d  to  the.  J  (Ko.x ,  K o .z )  s u r f a c e  

fo rming, a machine t a b l e  o f  c o e f f i c i e n t s .

Va lues  o f  J  (Ko.x ,  K o .z )  o u t s i d e  t h e  r a n g e  c o v e r e d  by th e  

machine  t a b l e  were o b t a i n e d  i n  p rogram  1.3 by a p p l i c a t i o n  o f  

e q u a t i o n s  (B8 ) and (3 2 6 ) ,  b u t  t h e i r  u s e  was k e p t  t o  a minimum.

The i n t e g r a l s  i n  e q u a t i o n  (B6) were  e v a l u a t e d  i n  p rogram L3 

f o r  th e  r e g i o n  K o .x -  0, K o .z -  0 ( i . e .  o v e r  t h e  p l a n e  y  = o 

e x c e p t i n g  t h e  f r e e  s u r f a c e  z = o) u s i n g  S im pson’s r u l e ,  t h e r e  b e i n g  

no s i n g u l a r  i n t e g r a n d s  i n  t h i s  r e g i o n .  The c o n v e n t i o n  

J  ( - K o .x ,  Ko.z)  = - J  (Ko.x ,  K o . z )  was ad o p ted  ( c f .  r e f .  1 2 . p . 3 5 S ) .

An a b r id g e d  t a b l e  o f  J  (K o.x ,  K o .z )  v a l u e s ,  formed from the  

p o ly n o m ia l  s u r f a c e ,  i s  g i v e n  i n  t a b l e  B2 and v a l u e s  o f  C
p z

c a l c u l a t e d  by program L3 a t  a Froude Kumber o f  C.300 a r e  shown i n  

f i g u r e  B8 .



UNSHADED SURFACE STORED AS 2-D POLYNOMIAL IN PROGRAM L3. 

SHADED SURFACE CALCULATED FROM EQUATION (B8)lN PROGRAM L3.

DIAGRAM NOT TO SCALE.

REPRESENTATION O F  J ( K o x , K o y ) SURFACE.
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X  !X -  1 - 0  . z

'  f ‘ - 1

0 0.1 0 . 2 0 .5 0 . 4 0 . 6 C. 8 1 . 0

1 : 0 . ; .  x ^

0 J .  0 0 4 .660 5.449 2.74 5 2.254 1  C Q  7  -  *  >  J  ( 1 .174 C , S G I  !

0 .5 1 .861 1 .768 1.689 1.575 1 .456 i 4  ?21 1.011 0 . 832  1

1 .0 1 .181 1.140 1.106 1.062 1.012 O.909 0.805 C.707  j

1.5 0 .8 7 7 0 .848 0 . 8^5 0 . 007 C.774 0 .7 1 6 0 . 653 P  C  0  7  1 
^  •  J  s o

2 , 0 0 . 69 0 0 .666 0 .660 0 .645 0 .6 2 4 0 .587 0 .5 4 6 r ' c  p  P  :
V> ,  }  V/  VJ  ;

2 .5 C.571 C.543 0 .546 c .5 5 8 0 .524 0 . 497 0 . 468 0 4'10 1

5 .0 0 .4 8 8 c . 466 0 .466 0.462 0.452 C.431 0 .409 0 . 307  I

5 .5 0 .425 r  /  0  r -^  * r j C.406 c .404 O '  7  0 7
•  J S  I 0 .379 0 . 363 0 .3 4 5

4 .0 0 .5 7 6 0 .557 ^  * '  r :  c
-  *  J J  0 0 .557 0 . 3 5 1

-7 O
^  >  5  0 0.325 0 .311

4 .5 0 .5 5 6 0 . 512 0 . 519 0 .3 1 8 -0.313 0 .304 0 . 2 9 5 0 .2 8 2  !

5 . 0 0 .5 0 5 0 .2 8 6 0 .2 3 6 0 .2 8 5 0 . 2 8 1 0 .2 7 6 c .269 0 .2 5 8  :

5 .5 0 .2 7 7 0 .2 6 0 0 .259 0 . 25 8 C.256 C.253 c . 2 4 7 C.237 :

6 ,0 0 .255 0 . 240 0 .2 5 7 C . 2 5 6 0 .255 0 .233 c .229 0 .2 2 0

6 . 5 0 .2 5 7 0 . 2 2 2 0 . 2 1 9 0 .219 0 .2 1 8 0 .2 1 7 0 .2 1 3 0 . 205

7 . 0 0 .222 C.207 0 . 205 0 . 204 C.204 0 .202 0 . 199 0 . 192  1

7 .5 0 . 207 C.195 C . I 92 0 .192 C.191 p i cq 0 .1 8 7 0 .181

3 ,0 0 .195 0 .180 0 .1 6 0 C.130 0 .179 0 .177 0 . 1 7 5 C.172

8 .5 0 .1 8 1 0 . 16 8 0 .169 0 .169 0 .168 O .I 67 C.165 0 ,163

9 .0 0 .172 0 .159 0 .159 r  t  c o
•  -  j  j 0 . 158 0 . 15 S 0 . 15 6 0 . 156

' 9 .5 0 .165 0 .152 0 .150 0 .150 c . 1 5 0 0 . 150 0 . 1 4  s 0 .149

10 .0 0 .1 5 4 0 .145 0 .144 0 .145 0 .1 4 5 0 .142 r \ 1  /< O
' w . 0 .143

n r  ' '
V  ~  ~  .1 TJ 1 1 1  Y . ' J T T 1 3  _ c ?  _J 9  z >

j

? , c n " 9  : C -  I 2 c -1C.C, 0  S l O c . z "  •  s, '

m  ^

•
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x

i r — ♦ --.5 2 .0 O c; c-. j 5-0

1 
1

j 
1 

• VJ1 4 . 0 4 . 5 5 .0

c C.S01 0.453 O.243 C.154 0.075 0.042 0.025 c . 014 c . o o e

0 .5 0 .332 C.512 0 .319 C * 20 3 0.133 0 .0  89 0 .061 C.043 0 .051

1 .0 C.707 0 .496 c . 344 0 .240 C . I 70 0 .122 0.089 C.C67 0 .052

1 . 5 c . 5 93 C.454 O.34I 0 . 254 C . I 9I 0 . 144 0 .111 0 .G86 0 .0 6 8

2 . 0 0 .5 0  6 C.409 C.325 C.255 0 .200 O. I56 0 .125 0 .1 0 1 C .082

2 . ’5 C.440 c .368 c .304 0 .2  02 0 . 164 0 .134 0 .110 0 .0 9 2

3.0 C.537 0 • > 3 4 C.283 0 .2 3 8 - • -  J j C . I 67 0 .139 0 .117 0 . 099

3 . 5 C.345 C.304 O.264 c .227 0 . 194 0 .166 0 .141 0 .1 2 1 0 . 104

4 . 0 C.311 0 .2 7 8 u «2 4 6 c .215 0 . 188 C . I 63 C.141 C.123 0 .1 07

4 .5 0.2.82 C.256 0 .2 2 9 c .204 0 .180 0.159 0 .140 0 .123 C. 108

5 . 0 0 .2 5 8 0 . 237 C.215 c .193 0 .173 0 . 154 0 .138 0 .1 2 2 0 . 10 9

5 . 5  ‘ 0 . 23 7 0 .2 2 0 0 .202 0.183 0 .166 0 .150 0 .135 0 . 121 0 .109

6 .0 0 .220 0 . 206 C . I 90 0 .1 7 4 C.159 C.145 0 .1 3 1 0 .119 0 . 1 0 3  •

6 .5 0 .205 0 . 193 0 . 18 0 0 .1 6 5 0.152 0 .140 0 .128 0 . 117 C.106

7 . 0 0 .192 0.1S2 0 .170 0 .1 5 8 C.146 0 .135 C.124 0 .1 1 4 0 .1 0 5

7 . 5 0 .181 0 .172 0 .162 0 .151 0 .140 0.130 0 .120 0 . 11 1 0 .1 0 3

8 . 0 C.172 0 . 163 0 . 15 4 0 .144 0 . 1 3 4 0 . 126 C-.117 0 .109 0 . 101

8 . 5 O . I 63 0 . 155 0 . 14 6 C.137 C-.129 0.121 C.113 0 .1 06 0 .0 9 9

9 . 0 0 .1 5 6 0 .1 48 0 .1 4 0 0 .1 3 1 0 .1 2 4 0 . 117 0 . 110 0 .1 0 3 0 .0 9 7

9 . 5 0.149 0.142 0 .135 0 . 1 2 6 0 . 120 0 .113 0 .1 0 7 0 .100 0 .095

10 .0 0 .143 0 .136 0 .1 28 0 . 122 0 .116 c . 110 c . i o  4 0 .0 9 8 0 .0 9 2

Ranr;e i 0 -  Ko.x  "3-10.C, 1 . 0  -ICo. s ^ 5 . 0

rro r*or,f
J .  j t j  — i -  V  J I l V  .



\  Ko.z \
\

N
Ko. x\^

0 •° 
i J

1 .0 1 .5 2 .0 2 .5 5.0 5 .5 4 .0 4 .5 5 .0

10 0 .1 5 4 0 . 145 0.143 O .I 36 0 .1 2 8 0.122 0 . 116 0 .110 0 .1 0 4 0 . 098 0 .092

15 0 . 10 5 0 .102 0.101 0 .0 9 7 O.O93 0 .091 C.C89 0 .036 0 .081 0 . 078 0 . 076

20 0 . 07 8 0 . 07 8 0 .078 C.C76 0 . 0 7  5 0 .075 0 .074 0 .072 0 . 068 0 .0 6 5 C.O65

25 0 .062 O.O63 0 . 06 4 O.O64 0 . 064 0.065 0 . 064 0 .062 O.O59 0 .0 5 7 0 .0 5 7

50 0 .052 O.O53 0 . 054 0.055 C.056 0 .057 c .056 O.O54 0 .0 5 3 0 .052 0 .0 5 1

55 0 .045 O.O46 0 .046 0 . 04 8 0 .049 0.049 0 .049 0 .0 4 8 0.047 0 .047 O.O46

40 0 .040 0 .0 4 0 0 .040 0 .0 4 1 0 . 042 0 .042 C.C42 0.042 0 .042 0 .042 O.O42

45 O.O55 0 .0 3 5 O.C35 O.O36 0 .C36 0 .037 0 . 037 c .037 0 .038 0 .0 3 8 0 .0 3 8

50 0 .031 0 . 031 0 .031 0 .032 0 .032 c .032 0.033 0.035 0 .034 0 .034 C.O34

55 0 .0 2 8 0 .0 2 8 0 .0 2 8 0 .029 0 . 02 9 0 . 029 0 .029 c .030 0 .031 0 . 031 0 .031

60 0 .0 2 6 0 .0 2 6 0 .026 O.C27 0 .027 0 .027 0 .027 0 .0 2 8 0 .028 0 .028 0 .0 2 8

65 0 . 0 2 4 0 . 0 2 5 0 .025 0 .025 0 . 02 5 0.025 0 .025 0 .0 2 6 0 . 026 0 .0 2 6 0 .0 2 6

70 0 .0 2 3 0 . 0 2 3 0 . 02 3 0 . 0 2 3 0 . 0 2 4 0 . 024 0 . 0 2 4 0 . 02 4 0 . 024 0 . 02 4 0 . 02 4

75 0 .0 2 1 0 .0 2 1 0 .021 C .022 0 .022 0 .022 0 .022 0 .022 0 .022 0.C22 0 .0 2 2

80 0 . 019 0 .0 2 0 0 .020 0 .0 2 0 0 .020 0 .020 0 .020 0 .020 0 .021 0 .0 2 1 0 . 0 2 1

85 C. 018 0 .0 1 9 0.019 0.C18 0 .0 1 8 c .018 0 .019 0 .019 0 .019 0 .019 0 ,020

90 0 .0 1 7 0 .0 1 8 0 .018 C.018 0 .0 1 8 c .018 0 .0 1 8 C.018 0 .0 1 8 0 .0 1 8 0 .0 1 8

95 0 .0 1 7 C.C17 C.017 0 .0 1 8 0-.018 C.018 0 .0 1 7 0 .0 1 7 0 .0 1 7 0.C17 0 .0 1 7

100 0 . 01 6 0 . 01 6 0 .0 1 6 0 .016 0 . 0 1 6 0 . 016 0 .016 0 . 016 0 . 016 0 .016 C.016

Ran£;e : 1C ^  Ko.x «1CO, 0 ^Ko.z  ^5*0

T a b le  32 C o n t .
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B .4 .  CALCULATICL OF Cpw ( x , o , z ) .  CCL'PUTER PROGRAM V/2,

L e t t i n g  z = -z  f o r  co n v en i sn c e  end c h an g in g  t h e  o r i g i n  to 

t h e  how,

C,P w (xxOt̂ ) - h.\Cot f crfL f d$ f* Ĉ̂Cvto(x-A»)jfl£ie>e7 c££
7\ X 1 J. ;■

pi£(y) •
If VC 0, K
Tv * 0  ̂V

which becomes,  a f t e r  i n t e g r a t i o n  w i th  r e s p e c t  t o  f ,

.................  (B31)

E q u a t io n  (B 3 l )  nay be r e - w r i t t e n  i n  te rms  o f  known f u n c t i o n s  

t a b u l a t e d  in  r e f e r e n c e  ( l 2 l ) .  U s in g  the  n o t a t i o n  of  r e f .  ( I 2 l )  

and a d o p t i n g  th e  c o n v e n t i o n  t h a t  cos /  = o f o r  x-h<o, ( 1 2 , p . 3 5 7 )

we have

7\
^  M ^ v / ^ . Vb>U-A))ctH ^  \£oCx.-JC)) clH

Wl

1

l l i $
M1 ( J u I td U ^ ) '  xCoCx-Jl))CM \< cU -A)) ^

bJL
.................  (332)

V alues  o f  t h e  modulus H ( 0 , 6 ) and t h e  phase  a,  ?)  were

s t o r e d  in  program \!2 i n  the  form o f  a machine t a b l e  a c c u r a t e  to  

+0.0005 and v a l i d  f o r  t h e  r a n g e  0 .2 5  G' - 2 . 4 ,  0 5fE _<». The 

l i m i t a t i o n  on a  gave  r i s e  t o  th e  f o l l o w i n g  r e s t r i c t i o n s  on the .  

c a l c u l a t i o n s  f o r  I n u i d  S201 : •

0 .1 6  - 1? -  1 .80

0 . 0 4  5 X o . z l 4 . 1 7  and 0 , 0 4 ! Ko(d+z) 5 4 . 1 7

0 5 Ko(x-h)  - + «

Values  o f  M and /  were c a l c u l a t e d  a t  each  Froude Lumber o v e r
1 r  1

t h e  c lo n e  v=o ( e x c e p t  f o r  p o i n t s  on the  f r e e  s u r f a c e  z -o )  sui  the  

i n t e g r a l s  i n  e q u a t i o n  (332)  were e v a l u a t e d  by means o f  S im pson’ s 

Rule  f o r  ( x - h ) < o ,  z > 0 , t h e r e  b e in g  no s i n g u l a r  i n t e g r a n d s  i n  t h i s  

r a n g e .

V alues  o f  Cp o b t a i n e d  a t  a Froude Lumber o f  C.30C a r e  shown in

f i g u r e  39 .
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B .5 .  CAhCUhATICK CF Cpv;° ( x , o , o )  and 0 ? p °  (x ,  o, o) . COHrUThR FAGGRAi;

Due to  l i m i t a t i o n s  in  computer s t o r a g e  space ,  i t  '.'as no t

p o s s i b l e  to  c a l c u l a t e  p a r t s  o f  th e  f r e e  s u r f a c e  p r e s s u r e s  in

programs 13 and W2 * These  c a l c u l a t i o n s  i n v o lv e d  s i n g u l a r  i n t e g r a n d s

which were d e a l t  w i th  s e p a r a t e l y  in  program Y/S•
o

B . 5 . 1 .  C a l c u l a t i o n  o f  Cpt - ( x , o , o )  v a l u e s .

The f i r s t  term i n  e q u a t i o n  (331)  becomes,  when z~o,

O c - 1
C ' J ' U ,  °, 0 J S kKo j j f 1 C04 i  K© U .- A )  MI&1 MtL& oi& l (ML

^ J& <)&. (. Je J
................ (B33)

T h i s  may be w r i t t e n ,  making u s e  o f  th e  i n t e g r a l  r e p r e s e n t a t i o n  

o f  the  B e s s e l  F u n c t i o n  o f  th e  Second Kind,

C?w°(36,0, -  -  U-VCp
T\ J o

. 7f h  c d  ( a  ic-'A'j Y o =oI
sjl I Uio

  ( 334 )

The f u n c t i o n  Yq(Ko i  ) i s  s i n g u l a r  a t  o, t e n d in g  to  i n f i n i t y  

l i k e  I n ( K o . l ) .  I t  was i n t e g r a t e d  ove r  t h e  r a n g e  c - L - e  by the  

a p p ro x im a te  f o r m u la :

J  J i l  s. - 6 | ( n / t , - + (2^ - 11̂ ^ ) ^ , - ( ^ 6  +

f-n-zO\  ̂> i

where

L M L  A U i& i)
Uo.i.* - ................ ( 3 3 6 )X

(See  r e f s .  122 and 1 2 3 . )

Over th e  r e m a in d e r  o f  the  r.ange o f  h  , Simps o n 1 s R u le  was 

ed w i th  o r d i n a t e  s p a c in g s  shown in  t a b l e  33* The i n t e g r a n d  

was w e l l - b e h a v e d  a t  p o i n t s  remote  from th e  s i n g u l a r i t y  as shown 

i n  f i g u r e  3 10.

u
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Renpe i lo . o f  I n t e r v a l s I n t e g r a l  ion  
Rule

0 -  O.C23 1 2 B a t e .  ( 3 J 5 )

C.C231 -  C.CfCC 2 Simpson

C.C5 0 t  -  c . i o l 2 Simpson

c . i c i  -  i 20 oimpso n

T ab le  35

IN T E G R A N D

IN T E G R A N D  = 0  FOR i  * C x - d )  L.

S W L

B O W STERN

PLANE

FIG. B10

3# 5*2 .  C a l c u l a t i o n  o f  C_ ( x , o , o )  Value!

E q u a t io n s  (317;  (36) p iv e  th e  f o l l o w i n g  e x p r e s s i o n  f o r

C ° ( x , o , o )  r e p r e s e n t e d  "by t h e  f i r s t  t e n :  o f  e q u a t i o n  (36)  vhen 
P Z>

z = o

n j
3̂ .  K l  L Ho C * o l) -  Y©£tfol)J cffl, 

«•
( 3 ; 7 )

v/hsre £ =x-h and we adop t  t h e  c o n v e n t i o n  t h a t

L H. C- V) - Y. C -1)] « - L H. C« - Y.ft) ]

o i n f i n i t y  l i k e  -  I n ( X o . l )The f u n c t i o n  L He ter. i :

as X e . l  t e n d s  to  z e r o .  The i n t e g r a l  i n  e q u a t i o n  (3 3 7 )  *-.r£S 

t h e r e f o r e  e v a l u a t e d  us inp-  e q u a t i o n  (3 3 3 )  v i t h
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= f h .
L M ,  l L t v c . t )

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

u s i n g  t h e  same i n t e g r a t i o n  r u l e s  as  shewn i n  t a b l e  33* The 

i n t e g r a n d  had  t h e  same g e n e r a l  s h a p e  as  shown i n  f i g u r e  B2.
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b .6. c;.lcui..-.tio:i cp forces pi;]) hoi-hetts. suiuiaRY prc-urii-? w f .

P r e s s u r e  c o e f f i c i e n t s  c a l c u l a t e d  f o r  a ran g e  of  speeds  "by

programs WO, 1*3> V2 and WS were re a d  i n t o  s summary program VF*

This  e v a l u a t e d  th e  f o r c e  and moment c o e f f i c i e n t s  CTT, C„, Cw fromW Z ’ M

e q u a t i o n s  ( 2 . 3 *5 *)* The c a l c u l a t e d  p r e s s u r e  d i s t r i b u t i o n  ove r

t h e  p l a n e  y=o was o b t a i n e d  b o th  i n  c o e f f i c i e n t  form as CT3rinrn(x ,  o, z)* r i u l

from e q u a t i o n  ( 2 . 3 *4 *) &s p r e s s u r e  h e ad s  i n  i n c h e s  o f  w a te r

o b t a i n e d  from e q u a t i o n  ( 2 . 1 . 3 8  * . ) .

The f o l l o w i n g  r e s u l t s  were a l s o  c a l c u l a t e d  : 

i )  The r a t i o

i i )  P e r c e n t a g e  v e l o c i t y  i n c re m e n t ,  ( 6 V / v ) . 1 0 0  from e q u a t i o n  

( 2 . 4 * 1 2 ) .

i i i )  P e r c e n t a g e  fo rm f a c t o r ,  =r^^.x 100 where r ^  i s

d e f i n e d  by e q u a t i o n  ( 2 . 7 * 2 ) .  TJse was made o f  e q u a t i o n s  

( 2 . 7 * 1 ) ,  ( 2 . 4 . 4b) and ( 2 . 4 . 5 b )  f o r  t h i s ,  

i v )  Mean s i n k a g e  c o e f f i c i e n t ,  Cg , (which i s  e q u i v a l e n t  to  th e

mean s in k a g e  as a p e r c e n t a g e  o f  t h e  l e n g t h  L) from e q u a t i o n s  

( 2 . 3 . 5 b)  and ( 2 . 3 . 8 . ) .  

v )  Trim c o e f f i c i e n t ,  o b t a i n e d  from e q u a t i o n  (2 .3 * 7 )*

v i )  The v a l u e  of  d1 from e q u a t i o n  ( 2 .3 * 7 )  e x p r e s s e d  as a 

p e r c e n t a g e  o f  th e  l e n g t h  L. 

v i i )  V e r t i c a l  d i s t r i b u t i o n s  o f  b o th  h o r i z o n t a l  and v e r t i c a l  

f o r c e  components .

A t y p i c a l  o u t p u t  from program VF f o r  a Froude  number o f  C . 300 i s  

shown i n  F i g u r e  311 and a f lo w  diagram f o r  a l l  programs i s  shown i n  

f i a u r e  312.
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APPENDIX C

i n v e s t i g a t i o n  c ?  c p x s s - c ou p l i n g  b e t w e e n : : w.i 3 u b :d  v e r t i c a l  p c r c e s  ; : rp

TO?Al< RESISTANCE

C . l .  E l i m i n a t i o n  o f  Cross  Cou'o l i ng  'betwe en  measured .  V e r t i c a l  F o r c e s  

C a l i b r a t i o n  o f  t h e  p r o v i n g  r i n g s  a t  bow and s t o r n  w i t h  known 

w e i g h t s  showed t h a t  by l o a d i n g  t h e  bow r i n g  a  s n a i l  l o a d i n g  was 

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

i n d i c a t e d  i n  t h e  c a l i b r a t i o n  chart > f i g u r e  C l .

_ The f o l l o w i n g  n o t a t i o n  i s  a d o p t e d  :

S- : p r o v i n g  r i n g  d e f l e c t i o n  c o r r e s p o n d i n g  t o  s. v e r t i c a l  f o r c e  Z
" BOW

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

r e s t r a i n e d  r e s i s t a n c e  .

S< : p r o v i n -  r i n g  d e f l e c t i o n  c o r r e s p o n d i n g  t o  a  v e r t i c a l  f o r c e  Z
STERN

.■ a c t i n g  a t  t h e  s t e r n  b e f o r e  c o r r e c t i o n  f o r  t h e  e f f e c t  o f
t

t o t a l  r e s t r a i n e d  r e s i s t a n c e ,  R^ .

: m e a s u r e d  bow p r o v i n g  r i n g  d e f l e c t i o n .

SSwv s m e a s u r e d  s t e r n  p r o v i n g  r i n g  d e f l e c t i o n .

: bow p r o v i n g  r i n g  d e f l e c t i o n  due to  l o a d i n g  s t e r n  r i n g .

: s t e r n  p r o v i n g  r i n g  d e f l e c t i o n  due t o  l o a d i n g  bow r i n g .

: Sg andL c o r r e c t e d  f o r  t h e  e f f e c t  o f  R -
i . \

The e l i m i n a t i o n  o f  c r o s s - c o u p l i n g  p r o c e e d e d  as f o l l o w s :

^8**, * ^8 +

= + . . . . . .  ( C l )

B u t ,  due t o  t h e  l i n e a r i t y  o f  t h e  c a l i b r a t i o n  c u r v e s ,  f i g u r e  C l . ,

Z  CONSTANT * K1 )

W C0NST'

= C O N S T A N T  * K

z s t e r *nc o n s t -   ( 0 2 )

S u b s t i t u t i o n  o f  e q u a t i o n s  (C2) i n t o  e q u a t i o n s  ( C l )  g i v e s ,  o u t e r  

r e - a r r a n g i n g ,

Sg * ^  5
1 + 1 + VC*
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Fig. c i .

\

SOW AND 
STERN 

UOADINGS 
(lb.)

CALIBRATION CURVES FOR BOW AND STERN 
PROVING RINGS.

2 0 ,

h-H-

^  -  13-42857 .6 ,

1 0 - 6 0 0 0 .6 ,  act

O- 0 5 3 0 0 0  
O -0 5 0 3 5 7

‘a c t

STERN

25*

2 00-8 1-00-6
DEFLECTION ON U.V. SCALE IN INCHES.

0 40 2



-  2 8 8  -

The d e f l e c t i o n s  §e nnd n re  th e n  f u r t h e r  c o r r e c t e d  f o r  th e

e f f e c t  o f  t o t a l  r e 3 i s t e n . c e  as d e t a i l e d  "below. As an exam ple ,

v a l u e s  of and Z ^ , ^ .  b e f o r e  and a f t e r  c o r r e c t i o n  f o r  v e r t i c a l

c r o s s ~ c o u p l i n g  a r e  g iv e n  below

Z.

Z.

'STERN

30;/ 7 . 3 6  l b .  

6 . 96 l b .

11 .2 9  lb

1 1 . 0 0  l b .

C, 2 .  E l i m i n a t i o n  o f  t o t a l  r e s i s t a n c e / v e r t i c a l  f o r c e  c r o s s - c o u p l i n g

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

t o  th e  model a t  sp eed  gave r i s e  to  sm al l  d e f l e c t i o n s  o f  t h e  p r o v i n g

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

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

i n  th e  sys tem  had  been  t a k e n  up .  T h i s  has  been  d e m o n s t r a t e d  i n  

f i g u r e  21 and i s  a l s o  shown i n  f i g u r e  C3 be low.

C a l i b r a t i o n  was e f f e c t e d  by a p p l y i n g  a h o r i z o n t a l  f o r c e  T to

th e  model t o  r e p r e s e n t  . The towing  w i re  was l e d  round an 

a u x i l i a r y  wheel on th e  to w in g  sp ace  frame and a t t a c h e d  to  a r i g i d  

b a r  mounted to  a bulkhead on t h e  model.  Th is  b u lkhead  was fo rw a rd  

of  t h e  to w in g  frame so t h a t  any w e ig h ts  on the  dynamometer s c a l e  pan 

a p p l i e d  a f o r c e  t o  th e  model a c t i n g  i n  th e  d i r e c t i o n  o f  Rrp! The 

v e r t i c a l  p o s i t i o n  o f  T was a r r a n g e d  to  c o i n c i d e  w i th  t h a t  o f  th e  

tow in g  l i n k  as shown i n  f i g u r e  C2.

I t  was t h e n  assumed t h a t  th e  v e c t o r  Rrp was equa l  to  th e  v e c t o r

T o r

1 T
T

(C4)

u s e d  f o r  a n a l y s i s  p u r p o s e s .

th e n  o b t a i n e d  from
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F I G .  C. 2

SCALE PAN WEIGHT DYNAMOMETER

BOW PROVING RING STERN PROVING RING

7 7 7 7 7 7 7 /7 7 7

TOWING FRAME

TOWING WIRE

BRAKE.

AUXILIARY
WHEEL

BULKHEAD T -  R

TOWING POST

TOWING LINK

DRAWING NOT TO SC A LE .

P O R  DEFINITION OF *0' SEE FIG. 2 2 .

CALIBRATION APPARATUS FOR RT‘ CROSS -  COUPLING.
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= ^8 ^BR.

where ^etL = Q - ^ i e c t i o n  o f  bow r i n g  by 1

Sitt = d e f l e c t i o n  o f  s t e r n  r i n g  b y  Rrp1 

V alues  o f  . and ZQn^ , T were th e n  c a l c u l a t e d  from thejjO i! o 1 nrCI'l

c a l i b r a t i o n  f a c t o r s  g iv e n  i n  f i g u r e  Cl*

A com pute r  program was w r i t t e n  to  pe r fo rm  th e  above a n a l y s i s  

on th e  v e r t i c a l  f o r c e  r e s u l t s .  Machine t a b l e s  were compiled  from 

t h e  c a l i b r a t i o n  c u rv e s  i n  f i g u r e  C2 and t h e  r e s t r a i n e d  r e s i s t a n c e /  

speed  c u r v e .  Values  o f  f o r c e s ,  moments and f o r c e  and moment 

c o e f f i c i e n t s  were t h u s  o b t a i n e d  a f t e r  c o r r e c t i o n  f o r  b lo c k a g e ,  

t i d e ,  t e m p e r a t u r e  ( d e n s i t y  c o r r e c t i o n )  and c r o s s - c o u p l i n g *
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F IG .  C 3.

O I 2 r

CALIBRATION CURVES FOR RT7 Z BOw & KT' / Z S T E R N

0*11 CROSS-COUPLING.

$ Sr Cn e g a t , v e )
o -io

0 0 9

BR

0 0 8

‘ASSUMED MEAN CURVE.

O O  0 6

0 0 4

0*03

O 0 2  -  i+

OOI

RESISTANCE, R t'.O 15*)
I


