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XATIONAL ADVISORY COMMITTEE FOR AEHOKAUFICS 

ADVANCE -REPOET 

OF A V-BOTTOM P L A N I N G  SUBFBCl 

By James M. Senson  and Anton F r e i h o f n e r  

I fe t 'nods  a n d  c h a r t s  a r e  p r e s e n t e d  f c r  c c m n u t i c g  s t a -  
b i l i t y  d e r i v a t i v e s  o f  e. l o n g i t u d i n a l l p  s t r a i g h t  V-bottom 
p l a n i n g  s ? i r f a c e  r e p r e s e n t i n g  t h e  fore 'Dody o f  a s e a p l a n e  
f I D 3 t  o r  a f l y i n g - b o a t  hu l l -  w i t h o u t  c L i n e  f l a r n .  The  
c h a r t s  f o r  comnut ing  hydrodynamic d e r i v a t i v s c   ere x s e d  
in c a l c u l a t i n g  t h e  t r i n  l i n i t  o f  s t a 5 i l i t ; r  f o r  a r ,g l e s  o f  
d e s d  r i s e  o f  l o o ,  20°, and  3 0 ° .  The l o w e r  t r i a  l i m i t  o f  
s t a b i l i t y  o f  a s e a p l a n e  p l a n i n g  on  t h e  forsbody was cal- 
c i i l a t e d  fron m e a s u r e n e n t s  o f  l i f t ,  r e s i b t a i i c e ,  b r i m i n g  
mcment, and  w e t t e d  l e n g t h  o f  p lc .ning s u r f a t 5 s  snd was 
found. t o  be i n  good agreement wit?:. e x p e r i n a n t a l  v a l u e s  
o f  %ile t r i m  l i m i t  o f  s t a b i l i t y .  

The v a l o c i t y  d e r i v a t i v e s  Z, and id, v-ere cornputtid 
a s  a f x n c t i o n  o f  t h e  d r a f t ,  vrhi le  t h s  conaonen t  due t o  
t l i e  e f f e c t  o f  v e r t i c a l  v e l o c i t y  on t h e  t r i m  w a s  n e g l e c t e d .  
A c o m p a r i s o n  o f  t h e  measure?, r e s n l t s  w i t h  t h e  c a l c u l a t e d  
r e s T l l < s  i n d i c a t e d  t h a t  t h e  t r i m  c o n ~ o n a n t  was o f  m i n o r  
i n p o r t a n c e  and t h a t  b e t t e r  a c c u r a c y  w a s  o b t a i n e d  by nez-  
l e c t i n , :  i t  it t h e  p r e s e n t  c a l c u l a t i o n s .  

I N T R O D U C T I O N  

The  n e t h o d s  t h a t  a r e  c o n v e n t i o n a l l y  usee! i n  t h e  a n a l -  
y s i s  o f  e e r o d y n a n i c  s t a b i l i t y  have bcGn 6nccues f I l l 1y  
employad i n  i n v e s t i g a t i o n s  of t 5 e  s t a b i l i t y  of a s e a p l a r _ e  
i n  t h e  D l a n i n g  c o n d i t i o r i .  ( S e e  r o f e r e n c e s  1 z n d  2.: Tho 
d e t  e r n i r i a t  i o n  o f  b o t h  a e r o d ; ~ n z m i c  and  hydrodpnamic  s t a b i l -  
i t y  d o r i v a t i v e s  h a s  beon r a t h e r  d i f f i c u l t . .  I n  p a r t i o - d l u r ,  
t h e  e v a l u a t i o n  o f  t h e  LydroQmamic  comnoneats  o f  tk-e ve-  
l c c i t y  d e r i v a t i v e s  ( v n r i a t i o n s  of l i f t  and t r i m n i n g  a o x e n t  
w i t k i  b o t h  l i n e a r  a3d s n g u l a r  v e l o c i t y )  h a s  i n v o l v e d  assunD- 
t i o n s  of  d o u b t f u l  v a l i d i t y .  T h a s o  n e t h o d s  h a v e  g i v e n  
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r e s u l t s  t h a t  a g r e e  quhi4Stt"i- w i t h  t h e  r e s u l t s  o f  i n -  
v e s t i g a t i o n s  of t h e  low-ang le  t y p e  o f  p o r p o i s i n g  i n  iarhich 
t h e  a f t e r b o d y  i s  n o t  i n v o l v e d .  A p p l i c a t i o n s  of t h e  
methods t o  i n v e s t i g a t i o n s  o f  t h e  h i & - a n g l e  t j rne of p o r -  
poising a p p e a r  more d i f f i c u l t  a n d  are n o t  c o n s i d e r e d  i n  
t h e  p r e s e n t  re -gor t .  

The Durposc of t h e  m r e s e n t  i n v e s t i g a t i o n  wc?s 2 0  
conpare  v a i u e s  of t h e  hydrodynamic  d e r i v a t i v e s  a s  c a l c u -  
l a t e 6  f r o n  g e n e r a l  t e P t  d a t a  w i t h  t h e  v a l u e s  measured 
from r e c o r d s  o f  t h e  d i s t u r b e d  u g t i o n c  of B p l a n i n g  body 
and  t o  deve lo r ,  a p r o c e d u r e  f o r  e v a l u a t i n g  t h e  f i e r i v a t i v e s  
more e c c u r a t e l y  t h a n  h e r e t o f o r e  f r o m  g e n e r a l  t e s t  d a t a  on  
p l a n i n g  s u r f a c e s .  The f o u r  d e r i v a t i v e s  Z , ,  b y ,  " G ~  
and  M q  v e r e  rreasurc? f r o n :  t h e  damped o s s i l l a t i o n s  o f  
p l a n i z g  b o d i e s .  The d e r i v a t i v e  ZW was  c a l c u l e t s d  arid 
conga red  w i t h  t L e  v a l u c s  o b t a i n e i  e x n e r i n o n t K l - l g ,  df t h e  
f o u r  r e m a i n i n g  l i y d r o d g n a n i c  d e r i v a t i v e p ,  Z6 and  N, 
wilere o b t a i n e d  d i r e c t l y  f r o n  g e n e r a l  t e s t  d a t a :  Zq a n d  
Vk inrere x e a s u r e d  bu t  no t  w i t h  s u f f i c i e n t  a c c u r a c y  f o r  
compr?,rIson Tiitli t h e  c a l c u l a t i o n s .  A S  a c h e c k  o n  t h e  o v e r -  
a l l  a c c u r a c y  o f  t n e  methods alia d a t a ,  t h o  l o w e r  tri:a 
l i a i t  o f  s t s b i i i t g  was computed f o r  t h r e e  C t f f a r e n t  arigles 
o f  d e a d  r i s e  an?. was ccnmare'd v i t h  %l ie  P - a s u l t s  o f  t e s t s  o f  
dynamlc ziociels. 

n 

SPNBOLS 

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

C L ~  p l a n i n g  l i f t  c o e f f i c i e n t  /*Bj 
t 2  p'l I 

c e n t e r - o f - p r e s s a r e  c o e f f i c i e n t  ( s / ? /  .L.) cP 

cV s p e e d  c o e f f i c i e n t  ( v / ~ < C )  
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CA l o a d  c o e f f i c i e n t  ( A / w b 3 )  

C A ~  i n i t i a l  l o a d  c o e f f i c i e n t  ( C O / w b 3 )  

where 

E p  i i f t ,  rounds 

P d e n s i t y  o f  w a t e r ,  slugs p e r  cubic f o o t  ( 1 . 9 7  slugs/ 
cu  f t  f o r  wa te r  i n  NACA t a n k  11 o . 1) 

U h o r i z o n t a l  v e l o c i t y ,  f e e t  y e r  s e c o n d  

b beam of  hull, f e e t  

Rp r e s i s t a n c e ,  p o u ~ c i s  

s d i s t a n c e  f rom t r c l i l i n g  edge  t o  c e n t e r  o f  p r e a s x - e ,  
f a e t  

W.L. v e t t e d  l e n g t h  f r o o :  t r a i l i n g  edge iiieascred a l o n g  k e e l ,  
f e e t  

d d r a f t ,  f e o t  

v spe90,  f e e t  p e r  second 

g a c c e l e r a t i o n  o f  g r a v i t y ,  f e e t  per s e c o a d  n e r  s e c o n d  

W s p e c l f i c  weigh5 of w a t e r ,  p o u n d s  p e r  c c b i c  f o o t  
153.5 I b / c u  f t  f o r  water  i n  WLCA t a n k  U o .  1) 

L! l o a C ,  pounds  

do i n i t i a l  l o a d ,  pounds  

O t h e r  symbols u s e d  i n  t h i s  r e p o r t  a r e  d e f i c e d  a s  
f o l l o w s :  

ki horizontal d . i s t a n c e  o f  c o n t e r  o f  p r e s s u r e  f o r w a r d  of  
c G n t s r  o f  g r a v i t y  

k, v e r t i c a l  d i s t a n c e  of c e n t e r  o f  p r e s s u r e  b e l o w  c e n t e r  
o f  g r a v i t y  

monent o f  i n e r t i c t  o f  s e a p l a n e  a b o u t  t r a n s v e r s e  a x i s  
2 

I 
t k r c u g h  c e n t e r  o f  g r a v i t y ,  slug-feet 
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m nass o f  s e a p l a n e ,  s l u g s  

Z f o r c o  a l o n g  OZ-axis ,  e q u a l  t o  l i f t  b u t  o n p o s i t e  i n  
s i g n  

I? t r i m m i n g  moment a b o u t  t r a n s v e r s e  a x i s  t h r o u g h  c e n t e r  
o f  g r a v i t y ,  p o s i t i v e  when t e n d i n g  t o  r a i s e  bow, 
p oLnd-f c e  t 

P p e r i o d  o f  o e c i l l ~ t i o n  of y l a n t n g  s u r f a c e  a € t e r  
d i s t u r b a n c e ,  secqrids  

9 a n g u i e r  velocitZv* a b o n t  c a n t e r  o f  g r a v i t y ,  r a d i a n s  
-,er szcond 

r d i s t T n c e  D f  p e r p e n d i c u l a r  f r o m  c e n t e r  of g r a v i t y  t o  
k c e l  f o r w a r d  c f  t r a i l i n g  e:',<?, f e e t  

t t i m e ,  s econds  

TTR r e s u l t a n t  v e l o c i t y  o f  f o r 2 b o d y  dL;e t o  s m z ~ l l -  v a r t i c a l  
v e l o c i t y  w irn-orcesed iipon h c r i z o n t a l  v e l o c i t y  u 

W v c r t i c a l  v o l o c i t ; - ,  f e e t  p e r  ~ s c ~ n d  

n 1 v e r t i c a l  d i sp l acemen t .  f r o n  a c o n d i t i c n  o f  s t e a d y  
p 1 a n i  n g , F o s i t i v e d ownwa r d , f e e t 

z o  d i s t r t n c e  o l  p i v o t  above  w a t e r  l e v e l  

X I . .  . Z n  maxinuLis 3n c u r v c  o f  d i s t u r b c d  r i l o t i o n  o f  p l a n i n g  
s u r i a c e  

7 t r i m ,  r a d i a n s  

6 Eingle o f  r o t a t i 3 n  a b o u t  c 2 n t e r  o f  g ~ a v i t y ,  radiant 

6 1 G g a r  i. t hmi c d e  c r e me 11 t (1 o g ) 
z, - - - 1 a 2  

n a Z  

4 
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CALCULATION OF D E R I V A T I T E S  

E q u a t i o n s  o f  N o t i o n  

Y e r r i n g  a n d  G l a u e r t  ( r e f e r e n c e  1) d e n o n s t r a t e d  t h a t  
t h e  f o r e - a n d - a f t  d e g r e e  o f  f reedom may 3 e  n c g l a c t e d  i n  an 
a n a 1 ; r s i s  o f  p o r p o i s i n g  and t h a t  t h e  m o t i o n  n a y  be t r e a t e d  
as one h a v i n g  f r eedom i n  o n l y  t r i m  and- r i s e .  I n  t h e  con-  
v e n t i o n a l  methods o f  s t a b i l i t y  analysis, t h e  o s c i l l a t i o n s  
a r e  assumed t o  be smal l .  Maclaur in l - s  s e r i e s  i s  u s e d  t o  
o b t a i n  e x p r e s s i o n s  f o r  t h e  f o r c e  and t h e  r n o n e n t  and a l l  
d e r i v a t i v e s  o f  o r d e r  h i g h e r  t h a n  t h e  f i r s t ,  a r e  neglected. 
The s e a p l a n e  i s  assumed t o  b e  t r a v e l i n g  a t  a c o n s t a r i t  
f o r w a r d  s p e e d  u n d e r  c o n d i t i o n s  o f  s t a t i c  a q u i l i b r i u m .  An 
a r b i t r a r y  d i s t u r b a n c e  o f  small a m p l i t u d e  i s  assumed a n d  
t h e  e q u a t i o n s  o f  a o t i o n  that  d e s c r i b e  t h e  r e s u l t i n g  small 
o s c i l l a t i o n s  may be i n v e s t i g a t a d  e i t h e r  t o  d e t e r m i n e  t h e  
a c t u a l  n io t ioxs  o r  t o  d e t e r m i n e  whe the r  t h o  m o t i o n s  d i v o r g o  
i n  a m p l i t u d e  o r  c o n v e r g e  t o  zero. I f  t h e  ax86 nave w i t h  
t h e  a a a p l a n s  and  a r e  t a k e n  w i t h  t h e  o r i g i n  a t  the initial 
p o s i t i o n  o f  t h a  c e n t e r  o f  g r a v i t y ,  with OX f o r w a r d  a n d  
a l w a y s  p a r a l l e l  t o  t h e  water  s u r f a c o  and  w i t h  02 v e r t i c a l  
a n d  p o s i t i v e  downward ( f i g .  11, t h o  e q u a t i o n s  of  m o t i o n  
f o l l o w i n g  a d i s t u r b a n c e  a r e  

\ 

2 
m - - z - + w -  d z  a z  a z +  - + q -  az az 

a t 2  - bZ a w  a 0  aq 



6 

The d i v i s f o n  o f  e q - u a t i o n  (1) by 
by I and t h e  u s e  o f  t h a  n o t a t i o n s  

m a n d  o f  e a u a t i o n  (2) 

I a z  1 ai4 
m 3z I a2  

2, = - -; Mz = --; and  s o  f o r t h  

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

2 
- -  - d c  

a t 2  
+ wz, 4- + ( a )  

B a s i c  Data  f o r  Computing D e r i v a t i v e s  

Eata  f r t m  r s f c r e n c e  3 h a v e  bcen  - p l o t t e r :  i n  a con- 
v e n i e s t  form t h a t  n e g l e c t s  t h e  o f f e c t  o f  Froudos:; number 
o n  l i f t ,  r d s i s t a n c o ,  a n d  t h e  p o s i t i o n  o f  t h e  c o n t c r  o f  
p r e s s u r e .  L i f t  c o e f i i c i c n t ,  r e s i s t a n c e  c o e f f i c i e n t ,  a n d  
c e n t  or- o f  -ur e E SUT e c o o f f i c i c n t  a r  e p l o t  t c d  A g a i n s t  d r a f t  

c o a f f i c i e n t ;  l i f t  c o c f f i c l e n t -  r e s i s t a n - c e  c o c f f i c i o n t  
9 

2’ 2 
d r a f t  c o e f f i c i e n t  d r a f t  c o e f  f i c i c n t  

a n d  c e r t  c r -o f -p ro  s s u r e  c o e f f i  c i 2 n t  a r c  p l o  t t c d  a g a i n s t  
t r im, Tl icss  p l o t s  a r a  g i v z n  i n  f i g u r c s  2 t o  1 9  2 s  f a i r e d  
c u r v c s  f o r  a n g l e s  of d e a d  r i s c  o f  l o o ,  2 G 3 ,  ar-d 30’. 
Valucs  f o r  t h e  d r a f t  ware comTutcd froin messn reman t s  o f  
w e t t e d  l e n g t h s .  

D i  s p l a c e r i e n t  Der i v a t  i v o s  

D e r i v a t i v e  Z z . -  Thc d c r i v a t i v c  Z, map be o b t a i n e d  

9 s  a. f u n c t i o n  o f  C d  w i t h  7 as 
OLP 

from a p l o t  o f  
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n 
rt- 
? 
i 

t h e  p a r a m e t e r .  The f o r c e  Z i s  equal t o  t h o  l i f t  Lp 
bu t  o p p o s i t e  i n  s i g n  nnO, a t  c o n s t a n t  7 a n d  u, 
C?Z = d d .  Honca, f o r  u n t t  z a s s ,  

and  Z z  msy be  e v a l u a t e d  i f  t h o  mass moving v e r t i c a l l y  
* 

i s  s u b s t i t u t e d  i n  t h e  e q u a t i o n  and t h e  s l o p c  a CLp 
a Cd 

i s  o b t a i n e d  from f i g u r e  2 ,  3 ,  o r  4 .  

D e r i v a t i v e  26 .- The d o r i v a t i v a  z6 i s  p r o p o r t i o n a l  
t o  t h s  r a t c  o f  c‘nango o f  t h e  f o r c e  Z w i t h  change  i n  8. 
A change  i n  8 i m p l i e s  a change i n  d r a f t  a s  well a s  i n  
t r i m  T ;  h e n c e ,  

- 

a n d ,  b e c a u s e  - dT - - 1, 
dG 

r e l a t i n g  d ar,d 8 i s  d i f f e r e n t i a t e d .  From f i g i r e  I, 
i f  z o  i s  t h e  d - i a t a n c e  o f  t h e  p i v o t  a b o v e  t h e  w a t e r  l e v e l ,  

d = r s i n  6 + p c o s  6 - z o  

where r i s  t h e  d i s t a n c e  of t h e  p i v o t  f o r w a r d  o f  t h e  
t r a i l i n g  edge  and  p i s  t h e  d i s t a n c e  o f  t h e  p i v o t  a b o v e  
t h e  k e e l .  T h e n ,  
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and, f o r  small a n g l e s ,  

I 

4 

a C L p  1 

a 7  c d  
Tne s l o p s  - - may be o b t a i n e d  f rom f i q i r e  5 ,  6, or 

7 .  F i g u r e &  5 ,  6 ,  and 7 were o b t a i n e d  by c r o s s - p l o t b i n g  
f i g c r e s  2 ,  3, and 4 ,  r e s p s c t i v a l y .  

2 

Tr i rnJ i cg  aoc len ts  map b e  p l o t t e d  d i r e c t l y  as a f u n c -  
t i o n  of  d i . a f t  3r tr im t o  o b t a i n  M, o r  1% , but s e p a r a t e  
~ 1 0 ’ ; s  a r e  r e q u i r e d  f o r  e ach  v e l o c i t y  t o  be investigated. 
I f  t h o  d e f i n i t i o n s  o f  F l a i l i n g  c o e f f i c i e n t  , r e s i s t a n c s  
c o 9 f f i c i e n t ,  and c e n t e r - o f - ~ r e s e ~ r e  c c e f f i c i e n t  a r a  u s e d  
a.rd i f  t h e  e f f e c t  o f  F r o u d e ’ s l a w  i s  n e e l e c t e d ,  t h o s e  
nomelit d e r i v a t i v e s  zay b e  obtsiced af a n y  s p e e a  f r o x  a 
p l o t  c f  G p  a s  a f u n c t i o n  of  C;d axl  ‘ c .  

D e r i v a t , i v e  M F 4 . -  The e x p r e s a i o n  T o r  ti’lniming mosent  
i s  

vrLere k, i &  t h s  h o r i z o n t a l  d i s t a o c a  o f  t h c  c e n t e r  o f  
p r e s s u r e  f o r w a r d  of  t h e  c a n t e r  c f  gr.al;itjr and k2 i s  t h e  
verticsl S i s t a n c a  o f  t h e  c o n t e r  o f  p r e s s u r e  belo*qr t h e  
c e n t e r  o f  g r a v i t y .  I n  o r d e r  t o  o t t 2 i n  I d E ,  t h i s  e x ? r e s -  
s i o n  i s  d i f f e r e n t i a t e d  v i t h  r e s p e c t  t o  d ,  v i t h  T h e l d  
c c n s t a n t :  

From f i g u r e  1, 

kl = ( 8  - r )  c o s  T C  p s i n  T 

and 

k2 = p c o s  7 - ( s  - r )  s i n  T 
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Zy d i f f e r e n t i a t i o n ,  

a ac, 
+ - -  cP - - -  - a k l  

a d  TC. T a d  

a n d  

Tho p a r t i a l  d e r i v s t i v e  2 a R  m a g  b e  e v a l u a t e d  by  mensur-  
a d  

i n g  t h e  s l o p e s  o f  t?.ie c u r v e s  i n  f i g u r e s  8 t c  1 0 ;  l i k e w i s e ,  

i s  e v a l u a t e d  a s  a s l c p e  i n  f i g u r e s  1-4 t o  1 6 .  --e a c, 
b d  

P e r i v a t i v e  M c ~  .- The d e r i v a t i v e  KG i s  a m l a g o u s  

t o  ZB and may be e v a l l i a t e d  a s  t h e  SEE o f  two v a r i a b l e s :  

D i f f e r e n t i a t i n g  k, and  k, w i t h  r e s p e c t  t o  T g i v e s  

d dCp 
+ - -  + r T  + p  

dCP - E -  - 
a7 T~ T a7 

The p a r t i a l  d e r i v a t i v e  - aRP may be e v a l u a t e d  from f i g u r e s  
a T  

a C  
a7 

11 t o  13 ,  and  2 i s  o b t a i n e d  from f i g u r e s  1 7  t o  1 9 .  





I 

. 
11 

I 
' Y  

d7 1 
dw u 
- - -  - 

F o r  u n i t  ;;lass and u n i t  nonen t  o f  i n e r t i a ,  t h e  d e r i v -  
a t i v e s  may Le e x F r e s s e d  i n  t h e  f J r m  

W L  1 Mw = 4 K z  + - Me 
U U 

! '  
I 

i 

! .  

A s  w i l l  b e  shown i n  t h e  fol1owi:ig p a r a g r a p h s ,  e x p e r -  
i m e n t a l  da ta  i n d i c a t e  t h a t  t h e  components  o f  Z,,, a n d  M, 
which  c o n t a i n  Z e  and M Q  a r e  o f  n i n o r  i m p o r t a n c e  a n d  
f o r  t h e  p r e s e n t  yurpoge may b e  n e g l e c t e d .  

3 e r i v a t i v e s  Zq and Kq.- I n  o r d e r  t o  e v a l u a t e  Zq 
and  Mqr it i s  assumed t h a t  a n  a n g u l a r  v e l o c i t y  q n a y  
be c o n s i d e r e d  t o  have  t h e  same e f f e c t  uFon t h e  p l a n i n g  
s u r f a c e  as t h e  sum o f  t h e  e f f e c t s  due t o  a v e r t i c a l  and a 
h o r i z o n t a l  v e l o c i t y  - t h a t  is, 

-- 

B e c a u s s  

du 
k, - =  

dq 
and 
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a Z  t3N 
a U  a U  

tho t w o  d e r i v a t i v e s  c a n  be e v a l u a t e d  i f  - and  - are 

d e t e r E i n c d .  337 t h e  u s e  o f  

a L P  2Lp 
-- = C J , ~  pub2 = -- 
i3U u 

I n  o r d e r  t o  o b t a i n  ", -- s l o p 9 s  a r e  taken f r o m  a p l o t  o f  

moment as  a f u n c t i o n  o f  speed  a t  c o n s t a n t  load. 1 3  t h e  
expressiou 

a '1 

M = klLp - kzRp 

L p  is known, kr ani!. k2 havc? a l r e a d y  S e e n  calculated, 
e n d  R p  
Cd Cs known. 

may be  f o u n f i  by t h e  u s e  c f  figurzs 8 t o  1 0  b e c a u s e  

EVALUATIOTJ 03' BOUTH'S DISCEIMINGNT kF3 D E T E R M I N A T I O X  

OF C R I Y I C A L  TRTM 

I f  t h e  hydroOynamic 2nd a e r o d y n a m i c  d e - r i v a t i v e s  have 
b e e n  found  f o r  a g i v e n  load, s?eed ,  and t r i m ,  t h e  d s r i v a -  
t i v e s  Ftre s u b s t i t u t e d  i n  t h e  e q u a t i o n s  o f  m o t i o n .  R o u t h ' s  
well-known c r i t e r i o n s  f o r  t h e  m o t i o n  t o  b e  s t a b l e  a r e  
t h a t  B, C ,  D ,  E, and E a l l  be g r e a t e r  t h a n  z e r o ,  
where 

B = - ( Z l q  i- Hq) 

C = -(I40 + 2, - MqZ, + M,Zq) 

D = Z,Mq c Zq14'i, + 3 ~ x 6  - ZEMW 

and 

R = BCD - D 2 .- BaE 

a 

. 

8 

I ~ 
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The l o w e r  l i m i t  o f  s t a b i l i t y  may be  found vhen B ,  
C ,  D ,  3 ,  a n d  R h a v e  3een e v a l u a t e d  f o r  a number of  
a n g l e  s . 

EXPEBI MENTAL EVALUAT I ON OF DERIVAT I V2 S 

The h y d r o d y n a s i c  d e r i v a t i v e s  X,, Z w ,  Ido ,  and  Xq 
werc measured  b y  t h e  " f i 7 o e - o s c i l l a t i o n  method" t h a t  i s  
some t imes  u s e d  i n  m e a s u r i n g  sarodynacic d e r i v a t i v e s .  A 
node: coir~pcsed o f  a p l a n i n g  s u r f a c e  a n d  a t a i l  p l a n e  ( f i g .  
21), which  r e p r e s e n t  t h e  f o r z b o d y  a n a  t h e  h o r i z o n t a l  t a i l  
o f  a s e s p l a n e  I d e s c i - i b e d  i n  r e f e r e n c e  41, h a s  f i r s t  towed 
f r a e  t o  move v o r t i c a l l y  m d  l o c k e d  i n  t r i m  a n d  \,as t h e n  
towe5  f ; -ec  t o  t r i m  'Jut l ocked  ic d r a f t .  I n  e a c h  c a s e ,  
t h e  n c d e l  was d i s t u r b e d  momenta r i ly  and a t i s e  h i s t o r y  o f  
f i l e  subsea-uent  ~ s c i l l s t i o n s  was o b t a i n e d .  I f  t h e  o s c i l l a -  
t i o n s  a r e  assilmed t o  be t h o s e  o f  a dacpea l i n e a r  o s c i l l a -  
t o r ,  t h e  e q u a t i o n  o f  m o t i o n  w i t h  t h e  E o d e l  l o c k e d  i n  t r i m  
i s  

where 

Z, d-amping factor (am t) 
P 2  

z z  d i s p l a c e m e n t  f a c t o r  

and  

P g e r i o 6  o f  one o s c i l l a t i o n  

6 l o g a r i t h m i c  decrcment  ( l o g  "> 
% 2  

zl, z 2  tw6 c o n s e c u t i v e  maximums o n  c u r v e  

A t y p i c a l  t r a c e  o f  t h e  damped m o t i o n  i n  draft w i t h  l o c k e d  
t r i m  i s  g i v e n  i n  f i g u r e  2 2 .  A n a l a g o u s  e q i z a t i o n s  a p p l y  
when t h e  inode1 i s  f r e e  t o  t r i m  but l o c k e d  i n  d r a f t .  

I - =  d 2  E M~ + Me8 
d t 2  d i  
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vher  e 

* I  

4 

21 s 
P 

Mq = - 

and 

A l i m i t e d  number o f  r e c o r c ? ~  ware t a k e n  t o  o b t a i n  t h e s e  
f o u r  d e r i v a t i v e s  a n d  t h e  r e s u l t s  a r e  cornyared w i t h  t h e  
c o r r e s p o n d i r g  c a l c u l a t e d  v a l u e s  of  t h e  d a r i v n t i v e s  i n  
t a 5 l e s  I anC! 11. T!le r e s u l t s  g i v e n  i n  t a b l e  IT. Q ~ O W  good 
e .greunont  be tween t h s  measured  u a . l u e s  o f  2, and. t h e  
v a l u e  c a l c u l a t e f i  by t h e  f o r m u l a  

1. W.L. 
m u  z, = - -  2,  

The ag reemen t  i s  b e t t e r  and  thna c s l c u l z t i o n s  ?.re s i m p l e r  

t h a n  i f  t h e  t e rm '  - - Z6 i s  a d d e d .  
1 1  
m u  

LOWXB TBIM L I M I T  03' STABiLIZY 

? h e  n e t h o d s  e n d  c h a r t s  f o r  c o n p u t i n g  t h e  d e r i v a t i r c s  
w e r e  a p p l i e d  t o  t h e  s p o c i f i c  p ~ o 3 l e a  03 c a l c i - l a t i n g  t h e  
lower  t r i m  l i m i t  of  s t a b i l i t y  fo;. angles o f  dead  r i s J  o f  
IO', 2 0 ° ,  and 30'. ~ t l e  c a l c u l a t i o n s  w e r e  g3nerc t l l ; r  s i n -  
i l a r  t o  t h o s e  o f  r c f c r c n c e  4 b u t  were m o r s  e x t e n s i v e  nnd 
employed t h e  method o f  c a l c u l a t i n g  t h e  v e l o c i t y  B e r i v a -  
t i v e s  p r e v i o u s l y  d e s c r i b e d  h e r e i n .  The c a l c u l a t i o n s  were  
n a d o  f o r  a ..nodel with a h o r i z o n t a l  t a i l  p l a n e  and w i t h o u t  
a wing. T h o  d i m c n P i o n s ,  t h e  mass, t h o  E o n a n t  o f  i n e r t i a ,  
a n d  o t h a r  c h a r a c t e r i s t i c s  rzssumod f o r  t h c  m o d e l  wero t h e  
same a s  t h o s a  o f  r e f e r e n c e  4 a n d  v e r e  a s  f o l l o w s :  
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Eass, s l u g s  . . . . . . . . . . . . . . . . . . . .  5.05 
Kornect of  i n e r t i a ,  s l u g - f e e t  . . . . . . . . . . .  5 . 2  
Bern, f e e t  . . . . . . . . . . . . . . . . . . . .  1.33 
C e n t e r  o f  g r a v i t y ,  f r a c t i o n  bsan above  k e o l  . . . .  1 . 2 5  
C e n t e r  o f  g r a v i t y ,  f r a c t i o n  bean  f o r w a r d  of T . 3 . .  . .38 
T a i l  a r e a ,  s q u a r e  f e e t .  . . . . . . . . . . . . . .  3 . 4 7  
A s p e c t  r a t i o  o f  t a i l  p l a n e  . . . . . . . . . . . .  3 . 4  
Tail srrp (measu red  f rom c . g ,  t o  q u a r t e r -  

c h o r d  p o i n t ) ,  f e e t  . . . . . . . . . . . . . . .  3 . 9 3  
E l e v a t o r  a r e a ,  s q u a r e  i n c h e s  . . . . . . . . . . .  4 9 2  
E l e v a t o r  c b o r 3 ,  p e r c o n t  t o t a l  c h o r d  . . . . . . . .  48 

2 

T a b l e  I11 p r e s e n t s  t k e  r e s u l t s  o f  t h e  c a l c u l a t i o n s  
f o r  one s e t  o f  c o n d - i t i c n s :  namely ,  a n g l e  o f  dead r i s e  c f  
3 0 ° ,  s p e e d  c f  4 0  f e e t  p e r  E e c g n d ,  a n ?  l o a 4  of  6 0  p o u n p s .  
The c r i t i c p l  trini - t h a t  i s ,  t h e  t r i m  a t  v h i c h  t h e  c a l c u -  
l a t i o n s  i u d i c s t e  a t r a n s i t  i o n  f r o n  s t a b i l i t y  t o  i n s t a b i l -  
i t y ,  was d e t e r m i n e d  a t  t w o  s p e e d s  f o r  f o u r  l o a d s  and f o r  
t w o  a i l g l e s  of dead  r i s e ,  20° a i d  3 0 ° .  The c a l c u l a t e d  
v a l u e s  a r e  p l o t t e d  i n  f i g u r e  23.  Graphs  s t o w i n g  all t h e  
h y d r o a y n a a i c  d e r i v a t i v e s  a s e d  in t h a s e  c o n p u t a t i o n s  a r e  
a v a i l a b l e ,  o n  r e q u e s t ,  f r o n  t h e  N a t i g n a l  k d v i s o r p  Commit tee  
f o r  L e r o n n u t i c s .  The f a i r e d  c u r v e s  o €  f i g u r e  3% a r e  f r o i n  
r e f e r e n c e  4 and  were d e t e r n i n e d  e x p e ~ * i n e n : a l l y .  The c a l -  
c u l a t e d  v a l u e s  r .gree w i t h  t h e  e x p e r i m e n t s 1  v a l u e s  w i t h i n  
t h e  g r o b a b l e  Z i n i t s  o f  e x p e r i m e n t a l  e r r o r ,  e x c e y t  a t  a 
q e e d  of  30 f e e t  p e r  second and  a l o a d  of  1 0 0  p o u n d s .  The 
d i s c r e p a n c y  f o r  t h i s  one p o i n t  aay be due t o  t h e  fa ,c t  t h a t  
t h e  p o s i t i o n s  of tho, c e n t e r  of p r e s s l i r e  were o b t a i n e d  by 
e x t r a p o l a t i n g  t h e  da5a  i n  r e f e r e n c e  3 f r o n  B G  pounds  t o  
100 p o u n d s .  A l s o ,  t h e  a s s u r s p t i o n  t h a t  F r o u b e ' s  l a w  of 
con ipa i - i son  may 3e  n e g l e c t e d  p r o b a b l y  i n t r o l u c e s  s i g n i f i c a n t  
e r r o r s  a t  t h e  l o w  s p e e d s  and h e a v y  l o a d s .  

C ON3L 'UDXNG REMARKS 

Methods and  c h a r t s  a r e  p r e s e n t e d  h e r e i n  f o r  comput- 
i n g  t h e  s t a b i l i t y  d e T i v a t i v e s  of  a l o n g i t u d i n a l l y  s t r a i g h t  
V-bottom p l a n i n g  s u r f s c e  r s p r e s e n t i n g  t h e  forebog-jr G f  a 
s e a p l a n e  f l o a t  o r  a f l y i n g - b o a t  h u l l  withou3 c h i n e  flare. 
The methods  a r e  b e l i e v e d  t o  5 e  g e n e r a l l y  a p p l i c a b l e  i 3  
c o n p u t i n g  s t a b i l i t y  d e r i v a t i v e s  o f  a s i n g l e  p l a n i n g  s u r -  
f a c e  and  t h e  c h a r t s  f o r  a n g l e s  of  dead  r i s e  o f  l o o ,  20°, 
a n d  30° a r e  b e l i e v e d  t o  be s a t i s f a c t o r y  a T p r o x i m a 5 i o n s  
f o r  c a l c u l a t i o n s  o f  t h e  l o w a r  t r i n  l i m i t  o f  s t a b i l i t y  
when t h e  s t r a i g h t  p o r t i o n  o f  t h e  f o r e b o d y  f o r w a r d  of  t h e  
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s t o p  i s  t h e  o n l y  p l a n i n g  a r e a  i n v o l v e d .  I n  p a r t i c u l a r ,  
t h e  results i i l d i c a t c  t h a t  t h e  v e l o c i t y  d 2 r i v a t i v e s  na-y be 
c a l c u l a t e d  s a t i s f a c t o r i l y  a s  f u n c t i o n s  o f  t h e  d r a f t  w i t h  
trirn c o n s t a n t  w h i l e  t h e  conponent  due t o  t h e  e f i l e c t  of  
v o r t i c a l  v e l o c i t y  on  t h e  trin! i s  n e g l e c t e d .  

L a n g l e y  Memor ia l  A e r o n a u t i c a l  L a k o r s t o r y ,  
N2 t i o n a l  S d v i  sory C o r i m i t  t e c  f o r  h e r o n n u t  i c s  , 

L e n g l e y  Y i e l d ,  VB.. 

1. P a r r i n g :  W. G .  A . ,  and G l a u e r t , ,  H . :  Tha  S t a b i l i t y  e n  
t h e  Water o f  a seaplane i n  t h e  F l a n i n g  Con*.itiOn. 
R , &  14. N o .  1 4 9 3 ,  3 r i t i s h  A.S.C., 1953. 

2. Klomin,  A l e x a n c e r ,  P i e r s o n ,  J ~ h n  D . ,  a n d  S t o r e ? ,  
Pdnund  14.: An I n t r o & u c t i o n  t o  Sesplanc F o r p o i s i n g .  
J o u r .  Aero. Sci., v o l .  5 ,  ns6 8 ,  J u n z  1933, 
p p .  311-318. 

3 .  ShDer-aker, Jarncs M.: Tank T e s t s  o f  Flat and V-Botton 
P l a n i n g  Surfaces. A . X .  N o .  5 0 9 ,  W A C A ,  1934. m 

4 .  B e n s o z ,  Jarres M . ,  an5 L f n z ,  L i n d s a y  J.: T h e  E f f e c t  
o f  Dead. R i s e  upon  t h o  Low-Angle Type sf P o r ? J o i s i n g .  
XBCA k?B, O c t .  1942. 
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Figure 1 .- Gcmet r i c  relationships on a f o r e b d y .  
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a l l  values  o f  Sa. Angle of dead r i s e ,  300. 
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Figure 14.- Variatiou of center-of-prossure c o e f f i c i e n t  with 
dra f t  coefficient. Bnglz af dead r i s e ,  190. 

cp = s /T .L.  Cd = d/O. 
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F i p r a  15.- Variation or" csiitsr-of-pressme c o e f f i c i e n t  with 

Cp = s/W.L.; C.5 = d/b. 
draft coefficier-t.  Angle of deau r i s e ,  200. 
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Fig. 16 

.04 .08 .12 .16 .20 .24 
Draft soefficisnt , CCJ. 

Figure 16.- Variation of center-of-pressure coefficicnt w i t h  draft 
coefficiant. Angle of dead r i s e ,  300. Cp = s /V.L=;  

Cd. = d/b.  
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Pigare 1'7.- V a r i a t i o n  of center-of-pressme coefficisnt w i t h  

Cd = d/b. 
t r i m .  Angle o f  dead r i s e ,  loo. Cp = s/B.L.; 
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Fi,g.rre 18.- Variation of  centcr-of-pr2sswc c o e f f i c i e n t  with 
trim. Angle of dea3 rise, 20°. Cp = s/B.L.; 

c(j, = a/%. 
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Pigare 19.- Variation of center-of-pressure coefficient with h r i m .  
Angle of d.2ad. r i s e ,  300. Cp = s/W.L.I i 2 , ~  = dfb. 
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Figure 23.- Resultant d r a f t  and trim of a p lan ing  forebody dud 

horizontal v e l o c i t y  u. 
to a small vertical velocity w impressed upon the 
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WACA Figs. 21,32 
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F i g r e  23.- Comparison of calculated critical trim w i t h  experi- 
mental critical t r i m .  1Jodel with tai l .  


