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ABSTRACT 

N u m e r i c a l s o l u t i o n o f the N a v i e r - S t o k e s e q u a t i o n 

was s u c c e s s f u l l y a c c o m p l i s h e d , u s i n g an a d a p t a t i o n o f the r e 

l a x a t i o n t e c h n i q u e o f J e n s o n , f o r a x i s y m m e t r i c f l o w p a s t s i n g l e 

o b l a t e and p r o l a t e s p h e r o i d s at p a r t i c l e Reynolds numbers 

up t o 100. The a s p e c t r a t i o o f the s p h e r o i d s v a r i e d between 

0.999 ( n e a r l y p e r f e c t sphere) and 0.2. 

For low a s p e c t r a t i o s the s u r f a c e p r e s s u r e and v o r 

t i c i t y d i s t r i b u t i o n s showed a marked d i f f e r e n c e from those 

of a sphere. The appearance o f the wake bubble b e h i n d a 

s p h e r o i d was found t o be a s t r o n g f u n c t i o n o f the p a r t i c l e 

shape. 

N u m e r i c a l s o l u t i o n s were a l s o o b t a i n e d f o r two-

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

the f l o w p a r a l l e l t o the major a x i s f o r a s p e c t r a t i o s of 

0.995 t o 0.2 at Reynolds numbers up t o 90, and w i t h the f l o w 

p a r a l l e l t o the minor a x i s f o r an a s p e c t r a t i o o f 0.2 at 

Reynolds numbers up t o 40. The n u m e r i c a l s o l u t i o n was 

found t o be l e s s s t a b l e t h a n the c o r r e s p o n d i n g t h r e e -

d i m e n s i o n a l a x i s y m m e t r i c case. 

The v a r i a t i o n o f the t o t a l d r a g c o e f f i c i e n t w i t h 

Reynolds number f o r the s p h e r o i d s and the e l l i p t i c a l c y 

l i n d e r s o f v a r i o u s a s p e c t r a t i o s was not much d i f f e r e n t 

from t h a t o f a sphere and a c i r c u l a r c y l i n d e r , r e s p e c t i v e l y . 

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

l i n d e r s showed a stea d y t r e n d w i t h Reynolds number from 
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S t o k e s a n d / o r Oseen f l o w t o b o u n d a r y l a y e r f l o w . 

H a p p e l ' s f r e e s u r f a c e c e l l m o d e l and K u w a b a r a ' s 

z e r o v o r t i c i t y c e l l m o d e l were e m p l o y e d f o r t h e s t u d y o f 

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

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

K o z e n y c o n s t a n t f r o m i t s commonly assumed v a l u e o f 5 f o r 

p a c k e d b e d s were f o u n d by b o t h m o d e l s f o r p a r t i c l e s w h i c h 

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

c y l i n d e r . 

I n g e n e r a l , H a p p e l ' s f r e e s u r f a c e m o d e l p r e d i c t e d 

l o w e r t o t a l d r a g c o e f f i c i e n t s t h a n d i d K u w a b a r a ' s z e r o 

v o r t i c i t y m o d e l f o r b o t h t h e swarms o f s p h e r o i d s a nd t h e 

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

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

and e q u i - v e l o c i t y l i n e s a r e p r e s e n t e d . 
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CHAPTER I 

I n t r o d u c t i o n 

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

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

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

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

The most s t r a i g h t f o r w a r d a p p l i c a t i o n s o f p a r t i c l e 

d y n a m i c s o c c u r i n s i t u a t i o n s where m u t u a l i n t e r a c t i o n o f 

p a r t i c l e s c a n be t a k e n as n e g l i g i b l e . D u s t and m i s t c o l l e c t i o n 

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

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

t i o n . One common a p p l i c a t i o n i s i n t h e e l i m i n a t i o n o f a t m o s 

p h e r i c p o l l u t i o n , as i n t h e c l e a n i n g o f v e n t i l a t i n g a i r . The 

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

s m e l t e r s r e p r e s e n t s a n o t h e r i m p o r t a n t a p p l i c a t i o n . S e epage 

o f u n d e r g r o u n d w a t e r , f l o w o f o i l i n w e l l s and s e d i m e n t a t i o n 

a r e a few more common e x a m p l e s o f s o l i d - f l u i d i n t e r a c t i o n s . 

F l u i d i z a t i o n h a s become an i m p o r t a n t u n i t o p e r a t i o n i n 

t h e c h e m i c a l i n d u s t r i e s , where f l u i d i z e d bed r e a c t o r s a r e 

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

t r a n s f e r and mass t r a n s f e r , c a n t a k e p l a c e i n t h e b e d . R a t e s 

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

by t h e m e c h a n i c s o f t h e f l u i d f l o w , k n o w l e d g e o f w h i c h i s b a s i c 
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i n t h e f u n d a m e n t a l s t u d y o f t h e t r a n s p o r t phenomena and t h e 

r e l a t i o n s h i p b e t w e e n them ( 1 , 2, 4, 8 ) . 

G r a v i t a t i o n a l and c e n t r i f u g a l s e p a r a t i o n p r o c e s s e s 

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

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

a l o n g p e r i o d . However, s e d i m e n t a t i o n and t h i c k e n i n g d e v i c e s 

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

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

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

o f p a r t i c l e - f l u i d i n t e r a c t i o n s , and i t seems r e a s o n a b l e t o 

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

a c t i o n s c o u l d be made more r a t i o n a l as one a c q u i r e s more know

l e d g e o f t h e l a w s g o v e r n i n g them. 
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CHAPTER' I I 

R e v i e w o f P r i o r Work . 

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

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

r i g i d body i m m e r s e d t h e r e i n r e q u i r e s t h e s i m u l t a n e o u s s o l u t i o n 

o f t h e N a v i e r - S t o k e s and t h e c o n t i n u i t y e q u a t i o n s , s u b j e c t t o 

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

and o n l y a r e l a t i v e l y s m a l l number o f e x a c t s o l u t i o n s o f r a t h e r 

s p e c i a l i z e d c h a r a c t e r a r e known: Lamb (5), D r y d e n ( 6 ) , and 

Payne and P e l l ( 7 ) . I n many c a s e s , h o w e v e r , t h e f l o w i s s u c h 

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

c a n be made w h i c h r e s u l t i n a l e s s c o m p l i c a t e d m a t h e m a t i c a l 

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

c o n s i s t s o f p r o b l e m s o b t a i n e d i n t h i s manner, c . f . H a p p e l and 

B r e n n e r (8) and B r e n n e r ( 9 ) . 

1. R e v i e w o f A n a l y t i c a l Work 

A. S i n g l e B o d i e s 

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

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

f l u i d i n t e r a c t i o n s . I n t h e p r e s e n t s t u d y ' o f s y m m e t r i c f l o w 

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

n a m e l y , s p h e r o i d s and e l l i p t i c a l c y l i n d e r s . A s p h e r e and a 

c i r c u l a r c y l i n d e r a r e e a c h a s p e c i a l c a s e o f a s p h e r o i d and an 



e l l i p t i c a l c y l i n d e r , r e s p e c t i v e l y . An o r t h o t r o p i c p a r t i c l e i s 

d e f i n e d as a body w h i c h p o s s e s s e s 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 

symmetry p l a n e s . I t i n c l u d e s e l l i p s o i d s ( s p h e r o i d s b e i n g a 

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

r e c t a n g u l a r p a r a l l e l e p i p e d s (8). 

The N a v i e r - S t o k e s e q u a t i o n f o r s t e a d y s t a t e a x i -

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

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

f u n c t i o n ^ , i s 

, Zj 9 (ijAE ) ,2- 2 • 3 (^'> h 3 ) 
v E r = h 1 h 2 h 3 a ( g > 0 - 2E <M H 2 * ; _ T F - R R (1) 

where h : , h 2 and h 3 a r e t h e d i m e n s i o n a l m e t r i c c o e f f i c i e n t s , 

v i s t h e k i n e m a t i c v i s c o s i t y and 

, 2
 h i h o 

E = - L 

h 3 

J3 X12 3 . h 3 h j 3 . 3 
L h 2 ' 3n hi 8n J 

( 2 ) 

(£,n) b e i n g t h e c u r v i l i n e a r c o o r d i n a t e s . The e l l i p t i c a l , 

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

e x c e l l e n t c l a r i t y by H a p p e l and B r e n n e r (8) and by G o l d s t e i n 

(10). E q u a t i o n 1 i s o f t h e f o u r t h o r d e r i n V and i t i s n o t 

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

h and s i d e , c o n t r i b u t e d by t h e i n e r t i a l e f f e c t s . A n o t h e r 

f o r m 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 i s g i v e n by 

p v' . V v' -y .V 2v' = - V P * 
( 3 ) 

where p i s t h e d e n s i t y , y i s t h e v i s c o s i t y , p» i s t h e d i m e n 

s i o n a l d y n a m i c p r e s s u r e and v' i s t h e d i m e n s i o n a l v e l o c i t y 
— — 2 

v e c t o r . The o p e r a t o r s V and V a r e g i v e n by 
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(4) 

and 

V 2 = hi h 2 h 3 
r 3 + 
l 3qj h 2 h 3 9Qi 3 q 2 h 3 hi 3q 2 

3 h 3 3 
+ (5) 3q h i h 2 -I 

r e s p e c t i v e l y , ( q 1 } q 2 >Q 3 ) b e i n g t h e c u r v i l i n e a r c o o r d i n a t e s 

and ( i x , i 2 , i 3 ) t h e u n i t v e c t o r s . 

A . l S p h e r o i d s 

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

s o - c a l l e d " S t o k e s f l o w " . I t i s d e f i n e d by t h e a s s u m p t i o n t h a t 

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

o f v i s c o s i t y , o r more p r e c i s e l y , t h a t t h e R e y n o l d s number o f 

t h e f l o w i s v e r y s m a l l . T h i s s i t u a t i o n i s o b t a i n e d when t h e 

c h a r a c t e r i s t i c f l o w v e l o c i t y a n d / o r t h e body d i m e n s i o n a p p e a r 

i n g i n t h e R e y n o l d s number a r e s u f f i c i e n t l y s m a l l , a n d / o r 

t h e k i n e m a t i c v i s c o s i t y i s l a r g e ( 8 ) . 

S t o k e s ( 3 ) j i n 1851, w h i l e c o n s i d e r i n g t h e m o t i o n o f 

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

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

t h e n r e d u c e s t o 

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

s t a n t i a l , f o r t h e e q u a t i o n o f m o t i o n t h u s becomes l i n e a r . 

= 0 (6) 
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T h i s means, f o r e x a m p l e , t h a t i f i j / and t|/2 e a c h s e p a r a t e l y 

s a t i s f y t h e a f o r e m e n t i o n e d e q u a t i o n , t h e n so does ty\ + ty\ . 

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

g e o m e t r i e s , v i a c l a s s i c a l s u p e r p o s i t i o n t e c h n i q u e s a p p l i c a b l e 

t o l i n e a r 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 s . A g e n e r a l s o l u t i o n 

i n s p h e r i c a l c o o r d i n a t e s h a s b e e n d e v e l o p e d by Sampson (11) 

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

g i v e n i n d e p e n d e n t l y by S a v i c (12) and by Haberman and S a y r e 

(13), and has b e e n r e v i e w e d by H a p p e l and B r e n n e r (8). 

The c o m p l e t e s o l u t i o n o f e q u a t i o n 6 f o r t h e s t r e a m 

f u n c t i o n s i s g i v e n by 

i M r , 6 ) = X (An r " + B n r n + 1 _ + C n r n + 2 + D n r n + 3 ) I n (O 

+ | ( A n r n + B n r _ n + 1 + C n r n + 2 + D n r _ n + 3 ) H n ( ? ) 

(7) 

where (r,0) a r e t h e s p h e r i c a l c o o r d i n a t e s , w h i l e A n , Bn, Cn 

and Dn and t h e c o r r e s p o n d i n g p r i m e d t e r m s a r e c o n s t a n t s . The 

t e r m 5 i s d e f i n e d by t, = c o s 8. I n ( C ) and H. n(0- a r e G e g e n b a u e r 

f u n c t i o n s o f o r d e r n a n d d e g r e e -1/2 o f t h e f i r s t a n d s e c o n d t y p e , 

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

b o u n d a r y c o n d i t i o n s . F o r t h e n o - s l i p c o n d i t i o n a t t h e s p h e r e and 

t h e u n i f o r m s t r e a m i n g c o n d i t i o n a t i n f i n i t y , t h e S t o k e s s t r e a m 

f u n c t i o n as g i v e n by e q u a t i o n 7 becomes 



2 
i j / = % U a 2 (| - ^ + 2 ^ ) s i n 2 e (8) 

where a i s the r a d i u s o f the sphere and U i s the v e l o c i t y o f 

the u n d i s t u r b e d stream, the l i n e 6 = 0 b e i n g i n the d i r e c t i o n 

o f the u n d i s t u r b e d stream. 

The d i m e n s i o n a l s u r f a c e p r e s s u r e i s th e n g i v e n by 

P* = I p U 2 (1 + p | cose ) (9) 

where Re i s the Reynolds number d e f i n e d as 

Re = ^ (10) 

The drag f o r c e e x p e r i e n c e d by the sphere i s g i v e n by 

F = 4ITU D 2 (11) 

where D 2 i s a c o n s t a n t from e q u a t i o n 7 which i s e q u a l t o 

75- a U . Hence 

F = 6Try aU (12) 

T h i s i s the w e l l known S t o k e s ' law o f r e s i s t a n c e . 

The g e n e r a l s o l u t i o n o f the c r e e p i n g f l o w e q u a t i o n 6 

f o r s p h e r o i d a l c o o r d i n a t e s i s g i v e n by Sampson ( 1 1 ) : 

V = C0 + D j T + ^ (C ) { B 2T + C2 X, (T) + D 2 H, ( T ) + E*.H ( T )} 

+ I 3 ) { B3 + D3 H3 (x ) + B* Hg (T ) } 

+ \ (C ) { B* H 2 (T ) + D , H, (T ) + B* H, (T ) } (13) 

where 

x = cosh 4 (14) 
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and 

z, = c o s n 

F o r a p r o l a t e s p h e r o i d one o b t a i n s 

ip' = I 2 ( C ) { B 2T + C 2 I 2. (T ) + D 2 H 2 (x ) } 

(15) 

(16) 

F o r an o b l a t e s p h e r o i d t h e s t r e a m f u n c t i o n i s g i v e n by s i m p l y 

r e p l a c i n g x i n e q u a t i o n 16 by IX, where X i s sinh£ . 

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

a u n i f o r m s t r e a m c o n d i t i o n a t i n f i n i t y , t h e S t o k e s s t r e a m 

f u n c t i o n s g i v e n by e q u a t i o n 16 f o r a p r o l a t e s p h e r o i d and by 

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

ib' = 1/2 U c 2 ( x 2 - l ) ( l - ? 2 ) 1 -

{(T 2+1)/(T 2-1)} C O t h " ^ - { T / ( T 2 -1)} 
a. d. 

{(X 2+1)/(T 2-1)} C O t h _ 1 T - { T a / ( T 2 -1)} a a g_ d. d. 

and 

ip'= 1/2 U c 2 ( A 2 + D ( l - C 2 ) 1 -

{ X / ( X 2 + 1 ) } - { ( X 2 - D / ( A 2 +1)} c o t _ 1 A 
ci d, 

{X / ( X 2 + 1 ) } - { ( X 2 - D / ( A 2 +1)} c o t _ 1 X , 
a. a. a. ci <• 

(17) 

(18) 

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

l e n g t h o f t h e s p h e r o i d . Payne and P e l l (7) a r r i v e d a t t h e same 

e x p r e s s i o n s by u s i n g W e i n s t e i n ' s g e n e r a l i z e d a x i a l l y s y m m e t r i c 

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

The d r a g f o r c e (7*8) e x p e r i e n c e d by t h e s p h e r o i d i s 

t h e n g i v e n by 

F = 6 TTU Ua„K (19) 
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where aQ i s the e q u a t o r i a l radius of the spheroid and 

K = — — — (20) 
oblate { A'. - (A -1) cot xx } a a a 

while 
K , . = 1 (21) p r o l a t e ZZZZZZ 

| Al -1 { ( T 2 +1) C O t h ' 1 x a - T a> 

A comparison of the drag force experienced by a spheroid as 
given by equation 19 with that f o r a sphere, aquation 12, shows 
that the r a t i o of the two drag forces Is given by the f a c t o r 
K. Despite a m i s p r i n t i n t h e i r expression f o r ̂ •Q-^j.ate' ^ a P P e l 
and Brenner (8) provide an accurate t a b u l a t i o n of K as a 
fu n c t i o n of aspect r a t i o A.R. f o r both oblate and p r o l a t e 
spheroids, A.R. being defined as the r a t i o of minor a x i s to 
major a x i s of the spheroid. For a t h i n c i r c u l a r d i s c (A.R. = 
0), the ta b u l a t e d value of K i s 0.84883- A c i r c u l a r d i s c ; . i s , 
of course, the l i m i t i n g case of an oblate spheroid whose minor 
axis i s zero. The drag f o r c e experienced by a d i s c can be 
obtained from equations 19 and 20 as \ -y 0, g i v i n g 

a 
F = 16 y a e U (22) 

S i m i l a r expressions f o r the drag force are given by Sampson 
(11), Ray (14), Roscoe (15) and Gupta (16). 

The dimensionless surface pressure d i s t r i b u t i o n f o r 
Stokes flow past an oblate spheroid i s 

p = 1 +
 6 K o b l a t e / + 1 

Re 1 x2* +cos 2n / * a ' 

2 , -, \ 
cos n (22a) 
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and f o r a p r o l a t e spheroid, 
6K 

P = 1 + p r o l a t e 
1 ^ \ a ! -f p-)cos n C 22b) 

Re \ X +sin n ./ a 
Once again the u n i t y term of equations 22a and 22b comes from 
c o n s i d e r a t i o n of the i n e r t i a l terms i n the Navier-Stokes 
equations, s i n c e - f o r s t r i c t l y creeping flow i t i s absent. 

I t should a l s o be mentioned that Oberbeck (17) i n 1876 
solved the problem of the steady t r a n s l a t i o n of an e l l i p s o i d 
i n a viscous l i q u i d without the use of the stream f u n c t i o n 
(due to lack of symmetry), using i n s t e a d the v e l o c i t y compo
nents expressed i n terms of the g r a v i t a t i o n a l p o t e n t i a l of the 
e l l i p s o i d . For the e l l i p s o i d s of r e v o l u t i o n one obtains the 
same r e s u l t s as given by equations 17 and 18. Lamb (5) d i s 
cusses Oberbeck's technique i n d e t a i l . 

The case when the i n e r t i a l e f f e c t s of the flow are 
small but not n e g l i g i b l e was f i r s t u n s u c c e s s f u l l y t r e a t e d by 
Whitehead (18), who attempted to extend Stokes' o r i g i n a l 
s o l u t i o n f o r a t r a n s l a t i n g sphere to higher Reynolds numbers 
using a simple p e r t u r b a t i o n technique. This technique s t a r t s 
with the Stokes' s o l u t i o n of the creeping flow equation, 

V V2v„ - v Pj = 0 ( 2 3 ) 

and the c o n t i n u i t y equation, 
V . v0' = 0 ( 2 l j ) 

f o r the boundary co n d i t i o n s of no, s l i p at the surface and an 
undisturbed p a r a l l e l flow at i n f i n i t y . This s o l u t i o n , given 
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— t ' 

by ( v 0 , P 0 ) , i s then used f o r the i n e r t i a l term of the Navier-
Stokes equation as f o l l o w s : 

y V 2 v[ - V p j =p VQ.V VQ (25) 

* • f i = o ( 2 6 ) 

v x being the improved v e l o c i t y vector of the flow f i e l d . Even 
though equation 25 i s now l i n e a r and hence e a s i e r to solve than 
the complete Navier-Stokes equation, there e x i s t s u n f o r t u n a t e l y 
no e x p o n e n t i a l l y decaying s o l u t i o n that can s a t i s f y the boun-
dary c o n d i t i o n s , v, = 0 at the surface and v = U f a r away 
from the surface. Moreover, as Happel and Brenner (8) point 
out, the next approximation f o r v e l o c i t y , v 2 , becomes i n f i n i t e 
at i n f i n i t y . The r e s u l t s given by such p e r t u r b a t i o n are r e 
f e r r e d to as Whitehead's paradox. 

Oseen (19, 20) showed that Stokes' s o l u t i o n of the l i n e a r 
i z e d Navier-Stokes"equation i s of the. form v = U + Ua 0(l/v). 

Hence at large distances from the surface of the sphere the i n -
- ' - - ' 2 i 

e r t i a l term p v„.V v 0 becomes p U a0( 1 / r 2) and the viscous term 
-2 -' i 

y V v 0 becomes y Ua 0 ( ± / r 3) . The r a t i o of the i n e r t i a l to the 
viscous term then becomes of the order This r a t i o i n -

P 
creases i n d e f i n i t e l y with r however small U/v may be. For t h i s 
reason Stokes' creeping flow equation cannot be considered as ; 
v a l i d at points f a r away from the sphere unless Re+0. At 
points near the sphere the i n e r t i a l forces tend to vanish 
while the viscous forces are of the order ^f^-. This means that 
Stokes' approximation f o r the flow f i e l d i s not uniformly 
v a l i d throughout but breaks down at a large distance from the 



sphere, and hence v Q does not give an accurate estimate of 
the i n e r t i a l term at such la r g e d i s t a n c e s . Consequently i t 
cannot be used f o r the f i r s t approximation of the i n e r t i a l 
terms as proposed by Whitehead. 

_ i _ i 
Oseen suggested that the i n e r t i a l term p v .V v be 

_ _ _ i 

replaced by pU .V v , g i v i n g 

y v 2 v' - VP* = p U • vv' (27) 

V.v' = 0 (28) 

The i n e r t i a l terms are thus to some extent taken i n t o account, 
the previous approximation being much improved at i n f i n i t y 
but somewhat impaired near the surface. The drag force 
experienced by a sphere i s then given by 

P = 6TTu a U (1 + (3/16) Re) (29) 

where a i s the radius of the sphere and Re i s the Reynolds 
number based on the sphere diameter. 

Oseen's o r i g i n a l s o l u t i o n of equations 27 and 28, a l s o 
developed independently by Burgers et a l . (21) i n 1916, i s 
only an approximate s o l u t i o n . The complete a n a l y t i c a l s o l u t i o n 
of Oseen's equations was f i r s t derived by G o l d s t e i n (22, 23), 

g i v i n g the drag force as a s e r i e s i n Reynolds number: 

f 3 19 Re 71 Re3 30179 Re 
F = 6 iryU 1 + jj-Re - - y ^ - +. - 344 06400 

122519 R e 5  

+ 560742400 " 

(30) 

The f i r s t term of the above equation i s the value given by 
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Stokes, while the second term i s that given by Oseen and by 
Burgers et a l . For values of Re up to and i n c l u d i n g 2, the 
drag can be c a l c u l a t e d from the s e r i e s as given by equation 
30. For Re up to 20, G o l d s t e i n presented a t a b u l a t i o n of F 
against Re obtained by s o l v i n g one of the intermediate steps 
of Oseen*s equations n u m e r i c a l l y . 

Tomotika and Aoi (24) considered Oseen's equations and 
obtained the dimensional stream f u n c t i o n as 

</ = _ u a Y | - 1 6 + 2

3 R e (4 " • 
2 2 

+ - ^ cos 9} s i n 2 6 (3D 
^ a r 

In the l i m i t when Re-»- 0 the above equation degenerates i n t o 
the w e l l known Stokes stream f u n c t i o n as given by equation 8. 

t 

Based on the above expression f o r \p , Tomotika and Aoi claimed 
that a small vortex i s formed behirid a sphere even f o r Re as 
low as 1.0. Pearcey and MoHugh (25a) , however, i n t h e i r 
d e t a i l e d computation of Oseen's equations, pointed out that 
no vortex i s attached to the rear of the sphere even at 
Re = 10, and that equation 31 Is only very approximate as i t 
was obtained by an e a r l y t r u n c a t i o n of the s e r i e s f o r one of 
the constants i n the s o l u t i o n . The dimensionless surface 
pressure d i s t r i b u t i o n , P, given by Pearcey and McHugh (25a) ' 
could be put i n the form 

P = , F = 2 f A P n + i cos 6 (32) 
1/2 P U2 * n 

where P n +]_ • i s a Legendre polynomial of the f i r s t k i n d . A 
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t a b u l a t i o n of the c o e f f i c i e n t An. i s given i n Table 1. 

Table 1. Values of the c o e f f i c i e n t 

Re 
n 

1 
Ref (25a) 

4 
Ref (25a) 

10 
Ref (25a) Ref (25b) 

0 3.52627 1.21748 0.7169 0.13225 

1 0.45078 0.38926 0.32761 0.23725 

2 0.2216 x 10" •2 0.15192 x 1 0 - 1 0.3363 x 10" 3 0.1600 

3 -0.7004 x 10" •4 -0.1323 x 1 0 _ 1 -0.402 x 10" 2 
-0.0055 

4 0.1726 x 10" •5 0.861 x 10 _ i | 0.22 x 10" 3 -0.05 

5 -0.3496 x 10" •7 -0.421 x 10~5 -4 
-0.1 x 10 0.003 

6 0.6 x 10~9 0.14 x 10~6 0.0270 

7 -0.002 

8 -0.0165 

9 0.002 

10 0.012 

I t i s i n t e r e s t i n g to note that Tomotika and Aoi (24) observed 
Oseen's s o l u t i o n to give a constant r a t i o of the form (pressure) 
to f r i c t i o n (skin) drag c o e f f i c i e n t whatever the value of the 
Reynolds number. 

The s o l u t i o n of Oseen's equations f o r the case of a spheroid 
was e f f e c t e d by an approximate method by Oseen himself (26) . 

Aoi (27) j using an exact a n a l y t i c a l technique as o u t l i n e d by 
Gol d s t e i n (22, 23) , obtained i d e n t i c a l expressions to Oseen 's 
fo r both the form and.. the ..skin drag forces... In order to 
maintain conformity with the corresponding creeping flow 
s o l u t i o n s , the expression f o r the t o t a l drag f o r c e becomes 
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F = 6 TT u U a K { 1 + 3 I* R e } (33) e l b 
where K i s given by equation 20 f o r an oblate spheroid and by 
equation 21 f o r a p r o l a t e spheroid, while Re i s based on the 
e q u a t o r i a l diameter of the spheroid. The r a t i o of the form 
drag to the s k i n drag f o r a p r o l a t e and an oblate spheroid 
as developed by Aoi (27) i s given by 

2 

* S 1 - (Ta - 1) ( Ta coth 1 T a - 1) 

and 

P p / F q - J ^ + » U - *a o o f 1  

P S 1 - + 1) (1 - X a o o t - ^ ^ ) 

f o r a p r o l a t e and an oblate spheroid, r e s p e c t i v e l y . Accord
ing to the above expressions, the r a t i o of the drag forces 
are independent of Re. 

While Oseen's l i n e a r i z e d i n e r t i a l term seems a s a t i s 
f a c t o r y approximation to the true i n e r t i a l term i n the Navier-
Stokes equation at great distances from the body, controversy 
has been aroused by the f a c t that i t appears to be a poor 
approximation i n the neighbourhood of the body. The 
u n s a t i s f a c t o r y status of the Oseen equations p e r s i s t e d u n t i l 
the work of Lagerstrom and Cole (28) , Kaplun (29) , Proudman 
and Pearson (30) and Kaplun and Lagerstrom (32) , who suggested 
that one should abandon the attempt to obtain p e r t u r b a t i o n 
f i e l d s which are uniformly v a l i d throughout the flow f i e l d 
and seek i n s t e a d to f i n d separate asymptotic s o l u t i o n s which 
are l o c a l l y v a l i d i n the separate regions near t o , and f a r from, 
the body. These "inner" and "outer" s o l u t i o n s are each deter-
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mined by a s y m p t o t i c a l l y matching them i n t h e i r common domain 
of v a l i d i t y . 

The expression of Proudman and Pearson (30) f o r the 
drag force experienced by a sphere placed i n a uniform stream
ing flow i s given by 

P = 6 ir y D a (1 + ̂  .Re + Re 2 In- (Re/2)) (36) 

The f i r s t two terms are i d e n t i c a l to Oseen's expression, 
equation 29. The above expression gives b e t t e r agreement with 
experimental data than Oseen's expression, up to Re of 2. 

Unfortunately, f o r Re> 2, the l o g a r i t h m i c term of equation 
36 becomes large and thus the equation diverges and can no 
longer be used to evaluate the drag f o r c e . Breach (31b) 

extended the technique of Proudman and Pearson to incl u d e some 
other terms, g i v i n g 

F = 6 T P U a (1 + l ! T R e + 1^ 0 ~ R e 2 l n ^ ' R e / 2 ) 

Re2•, 9^ 3 323 27 3 Re , 
+ — (4u- + X l n 2 - T 6 W - ) + W - R e l n 2 " ) + ' ' - ( 3 7 ) 

p 
where y = 0.5772... i s Euler's constant. The terms i n Re 

3 Re 
and Re l n — ^ ~ a r e new. The new drag equation does not provide 
any improvement on the previous r e s u l t s by Pearson and 
Proudman and cannot be used f o r Re > 0.7. Breach (31a) 

g e n e r a l i z e d the above r e s u l t s to render them a p p l i c a b l e to 
spheroids. These s o l u t i o n s are again l i m i t e d by the nature 
of the approximations and prove to be inadequate f o r Re > 2. 

The expression f o r the drag force on spheroids can be r e w r i t t e n 
i n the form 
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2 
P = 6 i T y U a e K { l + 1|-ReK + -9-̂ |Q Re 2 In~r } 08) 

Once again the f i r s t term i n the above equation i s f o r creep
ing flow, the second being Oseen's extension while the t h i r d 
i s new. For a sphere, K = 1 and equation 38 becomes i d e n t i c a l 
to that of Proudman and Pearson. 

A.2 E l l i p t i c a l C y l i n d e r s 

For the two-dimensional problem of streaming flow past 
a c i r c u l a r c y l i n d e r i n an i n f i n i t e medium, the creeping flow 
equation 6 has no v a l i d s o l u t i o n that can s a t i s f y both the 
n o - s l i p c o n d i t i o n at the surface of the c y l i n d e r and uniform 
streaming flow at i n f i n i t y . This s i t u a t i o n was discovered by 
Stokes (65) and i s u s u a l l y r e f e r r e d to as "Stokes Paradox". 
Krakowski and Charnes (66) 'generalized Stokes' Paradox to 
include any two-dimensional body placed i n a medium which i s 
i n f i n i t e i n a l l d i r e c t i o n s . I n v a l i d s o l u t i o n s which defy 
Stokes' paradox f o r the streaming motion perpendicular to the 
a x i s of a c i r c u l a r c y l i n d e r are given by Berry and Swain (67) , 

Wilton (68) and Harrison (69) . 

Lamb (5) a p p l i e d Oseen's equations to the case of flow 
past a c i r c u l a r c y l i n d e r , and the d i f f i c u l t y of s a t i s f y i n g a l l 
the boundary co n d i t i o n s disappeared. His approximate s o l u t i o n 
to Oseen's equations gives the drag f o r c e per u n i t length of 
the c y l i n d e r as 
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The v a l i d i t y of Lamb's equation i s w e l l e s t a b l i s h e d by 
the experimental r e s u l t s of Wieselsberger (147), Finn (146), 
and Jayaweera and Mason (145). The exact s o l u t i o n of 
Oseen's equations was obtained by Tomotika and Aoi (24). 
Their expression f o r the dimensional stream f u n c t i o n i s 

ij/= a U {A ( - - - ) - B - l n ( r / a ) } s i n e + a r a 
2 2 2 

{ C ^2 ~ § 2 ) + D l n ( r / a ) } s l n 2 9 ( 4 0 ) 

a r a 

where A = f B = 2 ( l n Re - 2.0022) ' 

C 5 f > D = - B C , 

and a i s the c y l i n d e r r a d i u s . As f o r the case of Sphere, 
the authors (24) cl a i m that the above expression p r e d i c t s 
a vortex at the rear of t h e . c y l i n d e r . I t i s very l i k e l y 
that t h i s expression i s too approximate i n i t s d e r i v a t i o n 
to put any weight on the streamlines given by i t . The for c e 
per u n i t length i s given by 

F = 2uyU Z B m , (41) o 

and the e v a l u a t i o n of the constants B^, B r and B 2were done 
num e r i c a l l y . In a f u r t h e r paper Tomotika and Aoi (70) 
expressed the drag f o r c e per u n i t length i n s e r i e s terms of 
S and Re: 
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P 47rUy 
S 

102 (42) 

where 

S 0.5 -Y - In (Re/8) (43) 

Y being Euler's constant. The f i r s t term i n equation 
42 i s that obtained by Lamb (5). For Re < 0.5, Lamb's 
expression i s qu i t e adequate. The drag f o r c e per u n i t 
length obtained by equation 42 agrees q u i t e w e l l w i t h the 
numerical s o l u t i o n of equation 4 l up to Re = 2.0. Using 
Oseen's equation, Tomotika and Aoi found that the r e 
l a t i v e c o n t r i b u t i o n s of the form drag and the s k i n drag to 
the t o t a l drag were the same and independent of Reynolds 
number. Kaplun (29) a p p l i e d the inner and outer ex
pansions f o r the flow past a c i r c u l a r c y l i n d e r and ob
tained the for c e per u n i t length as 

where S i s given by equation 43. 
The flow past an e l l i p t i c a l c y l i n d e r i n an un

bounded f l u i d f a l l s i n the realm of two-dimensional flow and 
thus no v a l i d s o l u t i o n could be obtained f o r the creeping 
flow equation. I n v a l i d s o l u t i o n s which contravene Stokes 
paradox are discussed by Berry and Swain (67). 
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Oseen's equations were solved approximately by 
Harrison (69) and by Bairstow et a l . (71). The drag f o r c e 
per u n i t length on the e l l i p t i c a l c y l i n d e r whose major 
a x i s , a, i s p a r a l l e l to the stream i s given by 

4rruU ; ( 4 5 ) 
F = —; 

± (1 + a) - y - In Re/8 (1 + a) 
1 - b/a , D 2pUa 

w h e r e 0 = l + b/a a n d R e = ~ 

The drag f o r c e per u n i t length experienced by an e l l i p 
t i c a l c y l i n d e r whose minor a x i s , b, i s p a r a l l e l to the 
stream i s given by 

p = — i ^ l U _ (46) 

_ ( 1 _ CT) _ Y _ m 8 ( 1 + q ) 

For a c i r c u l a r c y l i n d e r a=b and equations 45 and 46 c o l l a p s e 
i n t o equation 39, given by Lamb. When a=1 equations 45 and 
46 give the drag f o r c e per u n i t length on a f l a t p l a t e f o r 
flow p a r a l l e l and perpendicular to the p l a t e , r e s p e c t i v e l y . 
Tomotika and Aoi (73), using an exact s o l u t i o n of Oseen's 
equation, obtained the drag force per u n i t length f o r the flow 
along and perpendicular to the major a x i s of an e l l i p t i c a l 
c y l i n d e r as 
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4TTU I , Re 2 

F = -j^- 1 — - x 
L \ 3 2[l+a] 2L 

{L 2-|[l+ 2 a-a 2 ]L+^[15-4a- l8a 2 -12a 3 - a 4 ]} -

— 0
 R E M 0 { L 4 - k - [31a+10a 2 -6a 3 +10a 4+a 5]L 2 ~[4-3a 2 -2a 3]L 3+ 

3 2 2 [ l + a J L 2 4 5 1 2 

[280+ll85a-987a2-2065a3-90a2,+525a5+85a6+3a7] L -

r i r r [ 225- 12Oa-524a 2-2l6a 3+39OaV44Oa 5+l80a 6+24a 7+a 8 ]} 2304 
'(47) 

where L = | ( l + a ) - Y - l n Re/8(1 + a) 
and 

v - ^ 1 _ R e 2 

32[l+a] 2 L 

{L 2-|[l -2a-a 2] L+^-[15+4a-l8a2+12a3-a4 ]} -

?
 R e—n—p(L i j-ip[4-3a 2+2a 3]L 3-i7 T[31a+10a 2-6a 3+10a 4+d 5]L 2+ 

32^[l+a] q IT 1 4 4 0 

^ 8^[280-ll85a-987a 2+2065a 3-90a i |-525a 5+85a 6-3a 7]L -

^Q1|-[225-120a-524a2-2l6a3+390ai|+440a5+l80a6+24a7+a8]}J 

(48) 

where L = -| (1 - a) - y - In Re/8(1 + a) , r e s p e c t i v e l y 



C l e a r l y the f i r s t term of equation 47 and 48 Is equivalent 
to equations 45 and 46 r e s p e c t i v e l y . 

Tomotika and Aoi (73) have i n d i c a t e d that the 
s o l u t i o n s obtained by Sidrak (75) f o r the drag f o r c e on 
an e l l i p t i c a l c y l i n d e r , and that by Davies (74) f o r a f l a t 
p l a t e , are i n e r r o r . P i e r c y and Winny (72) obtained an 
expression f o r the drag f o r c e on a f l a t p l a t e up to terms 

2 

i n Re which i s i n agreement w i t h the corresponding ex
pr e s s i o n of Tomotika and A o i . The drag force as given 
by equation 47 and 48 can be assumed to be v a l i d up to 
Re ^ 2. Imai (76) considered the uniform flow past an 
e l l i p t i c a l c y l i n d e r at an a r b i t r a r y angle of i n c i d e n c e , 
h i s r e s u l t s f o r the s p e c i a l cases of flow p a r a l l e l to the 
major and flow p a r a l l e l to the minor a x i s being i n agree
ment wi t h equation 47 and 48. 

For high Reynolds numbers, Oseen Ts asymptotic 
theory f o r Re -* °° can reproduce the patterns of r e a l flow 
to a r a t h e r s u r p r i s i n g extent, according to M u l l e r (77 ) . 

Oseen (26) a p p l i e d the asymptotic theory to the case 
of a c i r c u l a r c y l i n d e r and a f l a t p l a t e . Stewartson (25b) 

a p p l i e d the theory f o r flow past a sphere, while Hocking 
(78, 79) studied the flow past a c i r c u l a r d i s c set per-
pendicular to the flow. Tamada and Miyagi (80) studied 
the flow past a f l a t p l a t e set perpendicular to the stream 
and obtained an approximate formula f o r the drag f o r c e per 
u n i t length of the p l a t e at f i n i t e Re: 
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P = \ p U 2 L [TT + 8 r( \ ) R e " 3 7 4 ] (49) 

where L i s the p l a t e width, Re = u L/v and r i s the 
Gamma f u n c t i o n . The f i r s t term of equation 49 i s the 
asymptotic value of P f o r Re -*• °° . An improvement on 
equation 49 was a l s o made by Miyagi (8la, 8lb) f o r Re 
of 4, 8, 12, 24 and 96. Kuo (2) improved B l a s i u s ' 
s o l u t i o n (83) f o r the drag f o r c e experienced by a f l a t 
p l a t e set along the streaming flow at intermediate 
Reynolds numbers, using boundary l a y e r theory. 

B. Swarms 

I t i s n a t u r a l to suppose that the disturbance 
due to a body immersed i n a f l o w i n g f l u i d spreads i n the 
flow f i e l d and that the presence of more than one body 
i n an otherwise uniform flow gives r i s e to a mutual i n t e r 
a c t i o n between the immersed bodies. Many attempts have 
been made to develop a r e l i a b l e t h e o r e t i c a l r e l a t i o n s h i p 
between the concent r a t i o n of - such a "swarm" and the fo r c e 
exerted on a given body w i t h i n the swarm, i n order to 
p r e d i c t , f o r example, the s e t t l i n g r a t e i n the case of 
sedimentation, or the pressure drop across a packed bed of 
p a r t i c l e s . 

The basic equation f o r creeping flow through a 
granular bed i s given by Darcy's (94) e m p i r i c a l equation of 
p e r m e a b i l i t y , which i s now commonly w r i t t e n as 



W L' 
(50) 

where U i s the s u p e r f i c i a l v e l o c i t y (empty tube v e l o c i t y ) , 
K i s the p e r m e a b i l i t y of the bed and AP'is the pressure 
drop across the bed depth L'. Emersleben (95) and S l i c h t e r 
(96) t r i e d , w ith not much success, to j u s t i f y Darcy's 
equation on t h e o r e t i c a l grounds. 

Blake (98) accepted D u p u i t 1s (97) assumption 
that the i n t e r s t i t i a l v e l o c i t y through a granular bed 
equals U/e,where e i s the p o r o s i t y of the bed (volume of 
pore space per u n i t volume of bed) and by dimensional 
a n a l y s i s extended equation 50 to 

k vi S • L f 

where k has become known as Kozeny's constant and S i s the 
p a r t i c l e surface area per u n i t volume of the bed. Kozeny 
(99) subsequently derived the above equation by assuming that 
a packed bed c o n s i s t s of a group of s i m i l a r p a r a l l e l channels 
( c a p i l l a r i e s ) such that the t o t a l i n t e r n a l surface and the 
t o t a l i n t e r n a l volume are equal to the p a r t i c l e surface and 
the pore volume, r e s p e c t i v e l y (100). Introducing the 
•hydraulic r a d i u s , m, defined as the r a t i o of the volume 
occupied by the f l o w i n g f l u i d to the wetted s u r f a c e , gives 

S = e / m (52) 



combining equations 50, 51 and 52 y i e l d s 

K = m2 e / k (53) 

L e t t i n g S y be the s p e c i f i c surface of the p a r t i c l e s then 

S = S y ( 1 - e ) (54) 

and s u b s t i t u t i n g equation 54 i n t o equation 51, 

U = C K ] ^ 5-5 (55) 
L y k ( 1 - e r 

v 
Equation 55 i s known, as the Carman-Kozeny equation. Kozeny 
r e a l i z e d t h a t , owing to the tortuous character of the flow 
through packed beds, the length of the equivalent channel 
should be Lg , where L e > L T . Hence k = k Q ( L e / L' ) 2 , 
where k 0 i s the c a p i l l a r y constant; k Q = 2 f o r a c i r c u l a r 
channel. Davies (101), P i e r c y et a l . (102), P a i r and 
Hatch (103) and Ratkowsky and E p s t e i n (104) showed that k D 

f o r various n o n - c i r c u l a r channel shapes considered l i e s i n 
g e n e r a l , between 1.7 and 3.0. The r a t i o L ' / L* i s termed 

e 
the t o r t u o u s i t y . The Kozeny constant k i s a f u n c t i o n of 
the p o r o s i t y of the bed, as w e l l as of the p a r t i c l e shape 
and o r i e n t a t i o n . The p r i n c i p a l shortcomings of the Carman-
Kozeny equation are that i t overcorrects f o r Ae due to changes 
i n p a r t i c l e p r o p e r t i e s as opposed to Ae due to changes i n 
degree of packing (105) and that i t i s i n v a l i d f o r high 
Reynolds numbers and f o r high p o r o s i t i e s (105). A review 
on the Carman-Kozeny equation and some twenty other e m p i r i c a l 
c o r r e l a t i o n s i s given by E p s t e i n (105). 
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For low Reynolds numbers flow, the technique 

of r e f l e c t i o n s can be used f o r d i l u t e , assemblages or swarms 
of p a r t i c l e s . This method, i n simple terms, i n v o l v e s a 
piece-wise matching of boundary c o n d i t i o n s on the boundary 
su r f a c e s , i n c l u d i n g the container w a l l s , using a set of 
p a r t i a l s o l u t i o n s . A general d i s c u s s i o n on t h i s t e ch
nique i s given by Happel and Brenner ( 8 ) . Smoluchowski 
(84, 85, 86) considered an assemblage of n f a l l i n g spheres 
having a cubic arrangement both i n an i n f i n i t e stagnant 
medium and i n a container. For the l a t t e r case, the drag 
force experienced by a given sphere i n the assemblage i s 
given by 

where h i s the distance between the centres of two spheres 
i n the assemblage. Burgers (87), McNown and L i n (88) and 
L i n (89) obtained approximately the same expression as 
above f o r a d i l u t e cubic assemblage ( a/h >>1) . The 
concentration of the s p h e r i c a l bodies i n a cubic assemblage 
i s given by 

P = 6n y a U ( 1 + 2.6 a/h ) (56) 

c = 4TT 
3 ( a / h ) 3 (57) 

and equation 56 t h e r e f o r e becomes 

P = 6i y U a ( 1 + 1.61 c 1/3 (58) 
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Pamularo (92) extended the technique of r e f l e c t i o n s and 
obtained the drag force experienced by a sphere i n a 
d i l u t e assemblage of c u b i c , rhombohedral and random sus
pensions as 

F = 6ir p U a ( 1 + 1.91 c 1 / 3 ) (59) 

F = 6 i n U a ( 1 + 1.79 c 1 / 3 ) (60) 
and 

P = 6TT u U a C 1 + 1.3 c 1 / 3 ) (61) 
r e s p e c t i v e l y . The r e f l e c t i o n technique becomes extremely 
tedious f o r concentrated suspensions and i s t h e r e f o r e not 
commonly used f o r such suspensions, i t s a p p l i c a b i l i t y being 
confined to d i l u t e systems. 

Another important technique used to evaluate 
the drag force on a p a r t i c l e i n a swarm of other p a r t i c l e s 
i s the " c e l l method". This method i s based on the concept 
that an assemblage of p a r t i c l e s can be d i v i d e d i n t o a 
number of i d e n t i c a l c e l l s , one p a r t i c l e occupying each c e l l . 
This method i s more a p p l i c a b l e than the method of r e 
f l e c t i o n s to concentrated suspensions, e s p e c i a l l y where the 
w a l l e f f e c t due to the v e s s e l c o n t a i n i n g the suspension i s 
n e g l i g i b l e . 

Cunningham (118) used the c e l l model to p r e d i c t 
the drag f o r c e F f o r a swarm of spheres. He considered that 
the swarm could be represented by a r i g i d sphere surrounded 
by a r i g i d outer envelope. This model presents the 
d i f f i c u l t y that the p o s i t i o n of the outer envelope i s 
e m p i r i c a l l y determined. 
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Uchida (90) i n v e s t i g a t e d a cubic assemblage 
using a cubic model, and obtained f o r a d i l u t e swarm of 
spheres 

P = 6TT U U. a ( 1 + 2.1 c 1 / 3 ) (62) 

Kawaguchi (91) used another c e l l model f o r spheres by 
consi d e r i n g a sphere w i t h i n a f r i c t i o n l e s s c y l i n d e r , and 
obtained 

F = 61 p U a ( 1 - ° 1 / 3 + °-7968 c ) - 1 (63) 

where M = 0.9095. f o r a cubic assemblage and M = 1.1458 

f o r a body-centred l a t t i c e . For high d i l u t i o n , i . e . 
c 0 , equation 63 becomes 

F = 6n y U a ( 1 + c l / 3 ) ( 6 4 ) 

Happel and Ast (125) obtained a s i m i l a r expression. 
Hasimoto (93) constructed a p e r i o d i c array by 

repeating a bas i c c e l l . He replaced each sphere by a 
point force r e t a r d i n g the flow and obtained expressions f o r 
P using F o u r i e r s e r i e s f o r simple, body-centred and fa c e -
centred cubic arrangements. His r e s p e c t i v e expressions 
f o r the creeping flow regime are: 

F = 6-rr y U a ( 1 

F = 6TT y U a ( 1 

F = 6 T T V 1 U a ( 1 

- 1.76 c 1 / 3 + c - 1.5593 c 2 r 1 ( 6 5 ) 

1.791c 1 / 3 + c - 0.329 c2 T 1 ( 6 6 ) 

- 1.791c 1 / 3 + c - 0.302 c 2 ) 1 (67) 
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When c 0 . , equation 65 becomes 

P = 6 T T y U a ( l + 1.76 c 1 / 3 ) (68a) 

and equation 66 and 67 becomes 

F = 6 u y U a ( l + 1.79 c 1 / 3 ) (68b) 

I t seems c l e a r that the general expression 
f o r the drag f o r c e i n d i l u t e suspensions has the form 

P = 6ir y U a ( 1 + q c 1 / 3 ) (69) 

The value of q does not vary much between authors and 
geometric arrangements, i n d i c a t i n g that the p a r t i c l e arrange
ment i s not very important i n uniform d i l u t e suspensions. 

Hasimoto (93), using the same technique as f o r 
spheres, obtained an expression f o r the forc e per u n i t length 
on a square array of c i r c u l a r c y l i n d e r s : 

E = i ^ y U p — (70) 
- ± l n ( c A ) - 1.3105 + c A 

When c ->• 0,the above expression becomes 

F 1 ln(c/Tr) - 1.31 U 1 J 

"2 

Brinkman (106) obtained a r e l a t i o n s h i p between 
the p o r o s i t y e and the r e l a t i v e s e t t l i n g v e l o c i t y a p p l i c a b l e 
to both d i l u t e and concentrated systems. The drag f o r c e 
a c t i n g on a sphere i n the swarm is. given by 

P = 6TT y U a [1 + J ( 1 - e ){1 - (8/(1-e ) - e ) 1 / 2 > I " 1 ( 7 2 ) 
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When e -< 1/3, Brinkman's model f a i l s . This c e l l model 
considered the flow past a sphere embedded i n a packed 
bed. The pressure drop i s summed from two sources, 
namely, that given by Darcy's equation and that given 
by the creeping flow equation, so that 

VP' = - + yV v' (73) 

Brinkman reasoned that when the p o r o s i t y e-̂  1.0 the se
cond term of equation 73 becomes the dominant one, and when 
e i s 01 5- | the f i r s t term i s the dominant one. In terms 
of the dimensional stream f u n c t i o n , equation 73 could be 
reduced to the form 

E % ' = (constant) E 2 i | / (74). 

Since Darcy's equation i s e m p i r i c a l , I t f o l l o w s that 
Brinkman's r e s u l t s are not t h e o r e t i c a l l y r i g o r o u s . 

An extension of Brinkman's model was made by 
Spielman and Goren (107) f o r c y l i n d e r s i n four d i f f e r e n t 
arrangements: a) A l l c y l i n d e r s normal to flow, b) A l l 
c y l i n d e r s p a r a l l e l to flow, c) , two-dimensional random d i s 
t r i b u t i o n i n planes p a r a l l e l to flow and d) three-dimen
s i o n a l random d i s t r i b u t i o n . The range of e given was 

0.7 < e < 0.997-
Richardson and Zaki (108) employed a c e l l model 

f o r sedimenting spheres. P a r t i c l e s were assumed to be 
s e t t l i n g i n such a way that they are a l i g n e d one above the 
other i n hexagonal-type tubes. They considered two p a t t e r n s : 



c o n f i g u r a t i o n I assumed that the spheres i n adjacent 
h o r i z o n t a l l a y e r s are the same distance apart v e r t i c a l l y 
as h o r i z o n t a l l y ; c o n f i g u r a t i o n I I assumed that the spheres 
i n adjacent h o r i z o n t a l l a y e r s touch each other. The r e 
s u l t s of c o n f i g u r a t i o n I I are i n good agreement with 
Brinkman's model f o r 0.6<e<0.95. 

For the case of c y l i n d e r s the method of r e 
f l e c t i o n s cannot be used d i r e c t l y due to Stokes' paradox. 
The c e l l models of Hasimoto (93) and of Spielman and 
Goren (107) f o r c i r c u l a r c y l i n d e r s have been noted e a r l i e r . 
Emersleben (95) obtained an approximate s o l u t i o n f o r 
laminar flow p a r a l l e l to c i r c u l a r c y l i n d e r s i n square 
array using a second order E p s t e i n Zeta f u n c t i o n (120,8). 
Sparrow and L o e f f e r (119) subsequently obtained an exact 
a n a l y t i c a l s e r i e s s o l u t i o n f o r l o n g t i t u d i n a l laminar flow 
along c i r c u l a r c y l i n d e r s i n e q u i l a t e r a l t r i a n g l e and square 
arrays . 

For an i s o l a t e d row of p a r a l l e l c i r c u l a r cy
l i n d e r s Miyagi (121), using Stokes' approximation, and 
Tamada and Fujikawa (122), using Oseen's approximation, , 
obtained f o r flow perpendicular to the c y l i n d e r s at low 
Reynolds number 

- ln(a/h) - 1.33 + •(. i r / 3 ) (a/h) 

where h i s the distance between the centres of neighbouring 
c y l i n d e r s . For a/h<<l , equation 75 becomes very c l o s e to 



that given by Hasimoto, equation 71» where f o r a square 
array c = Tra /h • This shows that f o r d i l u t e arrays 
the pressure drop across s e v e r a l rows of c y l i n d e r s i s 
equal to the sum of pressure drops across i s o l a t e d rows. 
For high values of Re, Tamada and Fujikawa employed 
numerical a n a l y s i s to obt a i n F. For a dense arrangement 
of c y l i n d e r s i n an i s o l a t e d row, K e l l e r (123) gives 

p = _?JLJLU_ r ! _ 2 a / h ]"5/2 ( 7 6 ) 

2 /2 

Kuwabara (124), using Oseen's approximations, t r e a t e d 
the case of flow- past an i s o l a t e d row of p a r a l l e l e l l i p 
t i c a l c y l i n d e r s f o r the f o l l o w i n g s i t u a t i o n s : 
a) major a x i s p a r a l l e l to flow 

F = 4 T r y U [ S + i ( l + a 2 ) - ! J — + 2 T Q r 1 (77) 
d Re 

b) minor a x i s p a r a l l e l to flow 

F = 4TT y U [ S + | ( 1 - a 2 ) - + 2 T C ] _ 1 (78) 

c) c i r c u l a r c y l i n d e r s 

F = 4 T r y U [ S + | - ^L__ + 2 T 0 ] _ 1 (79) 



d) f l a t p l a t e s set perpendicular to flow 

F = 4TT y U [ S - 2 T ] _ 1 

M d Re . . ° J 

= 4IT y U [ l n ( d/7T ) - 2 s(3) (Re d / l 6 f r ) 2 + . . . ] - 1 (80) 

e) f l a t p l a t e s set p a r a l l e l to flow 

F.= 4 T r y U [ S + l - i - ^ - + 2 T 0 ] " 1 

= 4TT y U [ 1 - ln(ir/d) - 2 5(3) (d Re/l67r) 2+ . . . ] _ 1 ( 8 l ) 

where. S = l n [ 8(l+a 2)/Re ] -y , Re =. 2(l+a2) Up/y 

p 
Y i s Euler's constant,(1+a ) i s the major semi-axis, 

2 
(1+a ) i s the minor semi-axis, c(x) i s Riemann's zeta 

2 
f u n c t i o n , d = h/(l+a )and 

T G = 27r/(dRe)+ | l n ( d Re/l67T) + £ - 5(3) (d Re/l67r) 2+ 

+ | ? ( 5 ) Cd Re/l67r) 4 - (82) 

C(3) and 5(5) are both of 0|1| . 



Equations 77 - 81 are a p p l i c a b l e when d i s l a r g e . 
Numerical c a l c u l a t i o n s are given by Kuwabara f o r d = 10. 

Another c e l l model was developed by Happel (126) 
to p r e d i c t the drag force exerted on a sphere f o r a s e d i -
menting swarm. A random assemblage i s considered to 
c o n s i s t of a number of c e l l s , each of which contains a 
s p h e r i c a l envelope, such that the r e l a t i v e volume of f l u i d 
to s o l i d i n a c e l l i s the same as i n the e n t i r e assemblage. 
Such an envelope i s assumed to be f r i c t i o n l e s s . The 
s o l u t i o n of the creeping flow equation (equation 6) i n 
s p h e r i c a l coordinates, as given by equation 7, y i e l d s 

i j / = | U s i n 2 6 ( A 2 r 2 + B 2 r + C 2 / ' + D 2 r - 1 ) (83) 

The constants A 2, B 2, C 2 and D 2 are determined from the 
n o - s l i p c o n d i t i o n s at the surface of the inner sphere, the 
zero shear s t r e s s c o n d i t i o n at the outer envelope and zero 
r a d i a l f l u x across i t . The drag f o r c e i s then given by 

5 
P = 4TT y U a — 2 y , + 3 (84) 

- 2 y + 3Y - 3Y + 2 

where y i s the r a t i o of the inner sphere radius to that of 
the outer sphere, and the volumetric concentration c, 
i s therefore given by y 3 • Equation 84 reduces to Stokes' 
law f o r y = 0, and has no s i n g u l a r i t y f o r a l l the values of y 

between 0 and 1. For small values of y , i . e . d i l u t e sy
stems, i t reduces to 
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P = 6ir y U a ( 1 + 1.5 c 1/3 (85) 

I t i s c l e a r that the above expression has the same form • 
as that given by equation 69. Happel's f r e e surface model 
gave e x c e l l e n t agreement i n the d i l u t e range with the ex
perimental data of McNown and L i n (88) and the t h e o r e t i c a l 
expressions of Smoluchowski (84, 85, 86) and Kawaguchi (91) 
For the intermediate range of c o n c e n t r a t i o n , l e s s favorable 
agreement was observed w i t h the experimental data or 
e m p i r i c a l equations of Hanratty and Bundukwale ( 1 1 1 ) , . 

Hawksley (modified) ( 1 0 9 ) , Richardson and Zaki ( 1 0 8 ) , 

Adler ( 1 2 7 ) , Steinour (114), Mertes and Rhodes ( 1 2 8 ) , Wilson 
( 1 1 7 ) , Verchoor (129) and Happel and E p s t e i n (130),and the 
t h e o r e t i c a l d e r i v a t i o n of Brinkman ( 1 0 6 ) . But i t should 
be mentioned that the experimental data of the various 
workers i n t h i s range are not i n agreement e i t h e r , as i t 
appears that a unique r e l a t i o n s h i p between r e l a t i v e v e l o c i t y 
and concentration does not e x i s t i n the intermediate range 
of c o n c e n t r a t i o n , due p o s s i b l y to agglomeration and c i r 
c u l a t i o n . For high concentrations good agreement was again 
obtained with the e m p i r i c a l equations of Richardson and 
Zaki ( 1 0 8 ) , Hawksley (modified) ( 1 0 9 ) , Carman-Kozeny (100) 

and F a i r and Hatch ( 1 0 3 ) . Subsequently Smith (131, 132) 
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used Happel's f r e e surface model f o r the a n a l y s i s of the 
d i f f e r e n t i a l s e t t l i n g of spheres of d i f f e r e n t s i z e s . 

Happel (133) a l s o used h i s f r e e surface model 
f o r a n a l y z i n g flow perpendicular and p a r a l l e l to arrays 
of c i r c u l a r c y l i n d e r s . His s o l u t i o n of the f u l l y 
developed laminar flow equation i n c y l i n d r i c a l coordinates 
f o r these two cases are, r e s p e c t i v e l y , 

4TT y U (86) 
l n y - 0.5 + [ Y / ( 1 + Y ) ] 

and 

P = _AlULU _ (87) 

4y2 - Y^ -
 3 -4 l n Y 

-1 

where y i s the r a t i o of the rad i u s of the outer f r i c t i o n -
l e s s c y l i n d e r to the inner s o l i d c y l i n d e r . The con-

2 
c e n t r a t i o n c i s then given by Y . I t i s i n t e r e s t i n g to note 
that both equations 86 and 87 show zero drag f o r c e per u n i t 
length as Y' -> 0 , thus g i v i n g r i s e to Stokes' paradox f o r the 
t r a n s l a t i o n of a two-dimensional body i n an i n f i n i t e medium. 
Happel and Brenner (8) made a comparison of t h e Kozeny con
stant as obtained from equations 86 and 87 with that obtained 
by Emersleben (95) f o r square arrays and by Sparrow and 
Lo e f f e r (119) f o r square and t r i a n g l a r a r r a y s . Good 
agreement was obtained f o r the d i l u t e range, i n d i c a t i n g that 
geometrical arrangement does not e f f e c t the p e r m e a b i l i t y 
s i g n i f i c a n t l y i n the d i l u t e range according to the various models 
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The expressions f o r laminar flow p a r a l l e l to c l u s t e r s of 
c i r c u l a r c y l i n d e r s are a l s o i n general agreement with 
the experimental data of Galloway (143) and E p s t e i n (142) 
and of Gunn and D a r l i n g (144). The numerical values 
f o r k by Sparrow and L o e f f l e r (119) at lower f r a c t i o n a l 
v o i d volumes show s u b s t a n t i a l d e v i a t i o n s b e t w e e n . e q u i l a t e r a l -
t r i a n g l e and square arrangements, and a l s o from Happel's 
free surface model. 

At the same time as Happel developed the fr e e 
surface model, Kuwabara (134) suggested that i n s t e a d of im
posing zero shear s t r e s s at the outer envelope, one can im
pose the c o n d i t i o n of zero v o r t i c i t y at t h i s outer en
velope. For the case of creeping flow past spheres,he obtained 
f o r the drag f o r c e 

.. F = 6TT y U a [ 1 + | i y + | Q Y 2 - J ^ Y 3 + |Y 4 + |§Y 5 

+ Y 7+ §=- Y 8 ] [ 1-Y]- 3 [ 1 + | Y + |Y 2+ |Y 3 T 2 (88) 

and f o r creeping flow perpendicular to c i r c u l a r c y l i n d e r s , 

he obtained f o r the drag f o r c e per u n i t length 

- In y - 0.75 + Y - Y /4 

Kuwabara (134) obtained the drag f o r c e f o r the case 
of spheres using the energy d i s s i p a t i o n method. However, 
d i f f e r e n t r e s u l t s are obtained when one uses the pressure 
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and shear s t r e s s d i s t r i b u t i o n at the sphere surface to 
c a l c u l a t e P. The drag f o r c e using the l a t t e r method 
gives 

F = 30ttuU a ( 9 0 ) * 

5 - 9Y + 5y d - Y 

Equation 90 gives a s l i g h t l y higher value f o r F than equation 
88. The experimental work on flow perpendicular to a l i g n e d 
c i r c u l a r c y l i n d r i c a l f i b r e s by K i r s c h and Fuchs (135) 
i n d i c a t e s that Kuwabara's model represents t h e i r e x p e r i 
mental data very w e l l , while Happel's f r e e surface model 
f o r flow perpendicular to an assemblage of c y l i n d e r s i s at 
variance with t h e i r data. On the other hand, Happel's model 
f o r spheres gives b e t t e r agreement with the a v a i l a b l e e x p e r i 
mental data on flow past c l u s t e r s of spheres (126) than 
Kuwabara's model. I t i s very d i f f i c u l t from t h e o r e t i c a l 
considerations alone to decide which of the two models i s 
the more r e a l i s t i c , although i t has been pointed out that 
Kuwabara's model, u n l i k e Happel's, s u f f e r s from an energy 
imbalance (8). L e C l a i r and Hamielec(58) extended 
Kuwabara's model to higher Reynolds numbers. 

Galerkin's method was used by Snyder and Stewart 
( l 4 l ) to solve the creeping flow equation f o r both a simple 
and a denser (orthorhombic) arrangement of spheres, and ob
tained f r i c t i o n f a c t o r s w i t h i n 5% of those obtained ex-
* The reason f o r t h i s discrepancy i n F i s that the energy 
d i s s i p a t e d w i t h i n the c e l l i s not due to the drag-producing 
stresses at the surface of the sphere alone,as assumed by Ku-
wabara,but a l s o to the stresses on the outer envelope. 
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p e r i m e n t a l l y by M a r t i n et al-(116) f o r stacked spheres, 
and 9-1 % , lower than those p r e d i c t e d by Happel (126). 

There are s e v e r a l other formulae, many e m p i r i c a l , 
f o r p r e d i c t i n g the drag f o r c e , or more simply the de
v i a t i o n from Stokes flow of a p a r t i c l e w i t h c o n c e n t r a t i o n . 
O l i v e r (140) gives a review of the various formulae. 

2. Review of Numerical Work 

I t i s evident that the s o l u t i o n of the Navier-
Stokes equation v i a Stokes, Oseen and Proudman and Pearson 
expansions f a i l s to describe the flow f o r higher Reynolds 
numbers. Approximate s o l u t i o n s using the G a l e r k i n method 
have been t r i e d . This method f i r s t assumes t r i a l f u n c t i o n s , 
and an approximate s o l u t i o n i s then obtained by deter
mining the t r i a l f u n c t i o n parameters such as to s a t i s f y the 
Navier-Stokes equation and the boundary c o n d i t i o n s as 
c l o s e l y as p o s s i b l e . Increased accuracy can be obtained 
by having a large number of terms i n the t r i a l f u n c t i o n s , 
as i n d i c a t e d by Snyder (33) and by F l u m e r f e l t and S l a t t e r y 
(34). The optimum t r i a l f u n c t i o n s may be determined by 
v a r i a t i o n a l c a l c u l u s or by e r r o r d i s t r i b u t i o n methods. 
Kawaguti (35) used the G a l e r k i n method to evaluate unknown 
parameters i n h i s assumed stream f u n c t i o n s f o r flow past a 
sphere i n an unbounded f l u i d . His recommendations are that 
one should use the r e s u l t s from one stream f u n c t i o n at 
0 < Re < 10 a n d t n e r e s u l t s from another stream f u n c t i o n at 
10< Re < 70 • Without p r i o r knowledge of the answer, however, 
t h i s s l i c i n g could not be accomplished. Hamielec and 
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Johnson (37), Hamielec et a l , (38) and. Nakano and Tien 
(hO) used t h i s technique to evaluate the viscous flow 
around f l u i d spheres at intermediate Reynolds numbers. 
A f l u i d sphere w i t h a . v i s c o s i t y approaching i n f i n i t y i s , 
of course, a r i g i d sphere. F l u m e r f e l t and S l a t t e r y 
(3*0 presented an improvement on the G a l e r k i n method 
using an a u x i l i a r y v a r i a t i o n a l technique given by S l a t t e r y 
(39). Such methods are not completely r e l i a b l e , however, 
as they depend l a r g e l y on the choice of the t r i a l f u n c t i o n . 

Bourot (137, 138) employed the method of l e a s t 
squares f i t t i n g of the biharmonic f u n c t i o n to known 
boundary co n d i t i o n s f o r creeping flow of a sphere i n a 
c y l i n d r i c a l envelope. Bourot (136) developed the method 
f o r a spheroid, but d i d not perform the numerical work. 
This technique r e q u i r e s the general s o l u t i o n of E % = 0 
and has the d i s t i n c t v i r t u e that the outer boundary can 
take any shape. The technique has found a wide a p p l i 
c a t i o n f o r flow i n ducts and f o r flow i n c a v i t i e s (45, 
139). 

A f i n i t e d i f f e r e n c e method was used by Thorn 
(42, 43, hh) to .solve the Navier-Stokes equation f o r flow 
past c y l i n d e r s at Re = 10, and h i s method has been used by 
Kawaguti (35) f o r flow past spheres at Re = 20 and c y l i n d e r s 
(46) at Re = 40. This method i s very tedious and i t was 
converted i n t o a r e l a x a t i o n method by Fox (47, 48, 49), by 
A l l e n and Dennis (53) and by Southwell et a l . (50). The 
flow past c y l i n d e r s was solved by A l l e n and Southwell (54) 
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f o r Re up to 1000, while L i s t e r (51) a p p l i e d a modi
f i c a t i o n of t h e i r method to spheres f o r Re up to 20. 

Kawaguti (52) i n d i c a t e d that the work of A l l e n and South
w e l l was i n e r r o r . The p r i n c i p l e of the r e l a x a t i o n 
method i s the approximation of the d i f f e r e n t i a l equations 
by t h e i r equivalent d i f f e r e n c e equations, which r e l a t e the 
values of the f u n c t i o n and the d e r i v a t i v e s i n v o l v e d at a -
point to those of neighbouring l a t t i c e p o i n t s . 

Jenson (55), i n h i s work on spheres, solved the 
Navier-Stokes equation by s p l i t t i n g i t i n t o two s i m u l 
taneous second order equations, using the stream f u n c t i o n 
and the v o r t i c i t y . Jenson approximated the v o r t i c i t y 
near the surface by a t h i r d order polynomial which could 
a l s o be derived by using Taylor's expansion c o r r e c t to Re 
t h i r d order, and he used an exponential transformation 
f o r r a d i a l distance from the surface. He obtained the 
stream f u n c t i o n , v o r t i c i t y , pressure v a r i a t i o n at the. sur-. 
face and drag c o e f f i c i e n t f o r Re up to 80 (56) Rhodes (57), 

L e C l a i r and Hamielec (58) and Hamielec et a l (59, 60) 

extended Jenson's technique with the a i d of d i g i t a l com
puters to inc l u d e higher Re. But t h e i r r e s u l t s f o r an i s o 
l a t e d sphere are not con c l u s i v e inasmuch as t h e i r p o r o s i t i e s 
are i n s u f f i c i e n t l y high to a c c u r a t e l y represent an i n f i n i t e 
medium. Hamielec and Raal (6l) adopted Jenson's technique 
f o r c i r c u l a r c y l i n d e r s f o r Re up to 500, assuming that the 
steady s t a t e form of the Navier-Stokes equation s t i l l holds 
at t h i s Reynolds number. They were c a r e f u l to consider 
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the parameters that a f f e c t the accuracy of the numerical 
s o l u t i o n and. they have obtained the most accurate numerical 
values of t h e drag f o r c e to date. 

Several other workers (62, 63, 64) have obtained' 
s o l u t i o n s of the unsteady s t a t e form of the Navier-
Stokes equation f o r a c i r c u l a r c y l i n d e r . A numerical 
s o l u t i o n f o r flow along a f l a t plate'has been obtained 
by Dennis and Dunwoody ( 4 l ) . * * 

.** A recent paper by Rimon and Lugt (164), published 
a f t e r the present manuscript was completed, deals with the 
p a r t i c u l a r case of an oblate spheroid, performing s i m i l a r 
c a l c u l a t i o n s to the present work using a time-dependent 
numerical technique. Their r e s u l t s , which were l i m i t e d to 
Re = 10 and Re = 100, agreed w e l l with the corresponding 
r e s u l t s i n t h i s t h e s i s . 
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CHAPTER I I I 

Formulation of F i n i t e D i f f e r e n c e Equations and 
Boundary Conditions. 

The choice of s p h e r o i d a l and e l l i p t i c a l co
ordinates i n t h i s study f a c i l i t a t e s the fo r m u l a t i o n of 
the boundary c o n d i t i o n s . In a d d i t i o n , the exponential 
p r o p e r t i e s of these coordinates give a f i n e l a t t i c e near 
the surface of the p a r t i c l e i n general and near the t i p s 
i n p a r t i c u l a r , and a coarse l a t t i c e f a r away from the 
surface. As the i n f l u e n c e of the p a r t i c l e on the. flows 
i s mainly manifested near the su r f a c e , e s p e c i a l l y 
around the tips', and as t h i s i n f l u e n c e decreases w i t h 
distance from the su r f a c e , the l a t t i c e thus produced 
served the purpose of g i v i n g a d e s i r e d l a t t i c e g r a d a t i o n . 

A. Spheroids 
A..1 Formulation of the F i n i t e D i f f e r e n c e Equations 

The Navier-Stokes equation f o r steady s t a t e flow 
as expressed i n orthogonal c u r v i l i n e a r c o o r d i n a t e s , 
equation 1, reduces to 

VF'V- ( coshg s i n n r 1 . 5(V ,E'V ) 
c (smh C+cos n ) 

2 E* ifrtcosh g s i n n )" ^ 3 ,C cosh g s i n n ) 
c 4 (sinh 2S+cos 2n) 9(£>r,) 

and (91) 
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12 2 2 

E = —5 5 =— { — T T - - tanh £ l - = - + — = r - c o t n -|— } 
c ( s i n h ^ + c o s n) H 2 5 3 n 2 9 n 

(92) 

f o r oblate s p h e r o i d a l coordinates, the metric co
e f f i c i e n t s f o r these coordinates being given by 

c { s i n h £+cos n} 

and 

h, = 1. c . (94) 
3 c cosh E, s i n n 

where c i s a c h a r a c t e r i s t i c length of the coordinate 
system. The minor semi-axis, b, and the major semi-
a x i s , a, of the spheroid are given by 

a = c cosh E, (95) 

b = c sinh £ (96) 
£ Q being the value of K at the surface of the spheroid. 
The f o l l o w i n g dimensionless q u a n t i t i e s are now defined: 

ib = IJJ'/U a 2 , Re = 2a U/v and E 2 = c 2 E* 2 , 

where Re i s the Reynolds number and U i s the v e l o c i t y of 
the undisturbed stream. The Navier-Stokes equation then 
becomes 

sech E E 2 ( E 2 ^ ) = ge t cosh g s i n n ] C | i |_ { £ ± } 

a d sinh 2 C+cos n 5 n c o s h ^ s i n ^ 

cosh C s i n n 
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with 

„2 1 r d 2 , . r 3 • 3 3 . 3 T. ( 9 8 ) E = - = — { — - t a n h £ ~-=- + — ~ - cot n ~— } 
s i n h 2 ? + c o S

2 n 3 ? 2 3 ? 3 n
2 3 n 

I t i s u s e f u l to s p l i t equation 97 i n t o two equations, one 
p 

i n terms of if ̂  and n and the other i n terms of E \p, E, 

and n to give 

. _ „ 2 / , r . >. Re r coshg s i n n n sech £ E ( t, cosh £ s i n n ) = p— L p2 p - J ' 
a s i n h € +cos n 

r 3ifr 3 r g 1 3ip 3 : r C i f q q N 
L 3g 3n c o s h g s i n n 3n 3? ̂  cosh £ sinn 

and 

E2\\J = r, cosh £ s i n n s e c h 3 g a ( 1 0 0 ) 

where £ i s the dimensionless' v o r t i c i t y defined as 
t 

c, = K a/U,the dimensional v o r t i c i t y being 

£f = h 3 E'V ( 1 0 1 ) 

For a spheroid which i s almost s p h e r i c a l , cosh 5 

becomes very large and d i f f i c u l t y w i l l be encountered i n 
the numerical a n a l y s i s . For t h i s reason the f o l l o w i n g 
f u n c t i o n s are introduced: 

G = ? cosh g s i n n /cosh £ ( 1 0 2 ) 

P = 5 cosh£ / cosh £sinri ( 1 0 3 ) 
3, 
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Equations 99 and 100 then become 

Re sech £ a.r cosh g s i n n 3^ 9F 3ifr 3F 
2 s i n h 5+cos n 2 J L 3? 3n 3n 3C 

(104) 

and 

(105) 

r e s p e c t i v e l y . The s o l u t i o n of the above two s i m u l 
taneous d i f f e r e n t i a l equations i n the stream f u n c t i o n 
and i n the modified v o r t i c i t y G could be achieved by 
using Jenson's r e l a x a t i o n technique (55). This tech
nique i n v o l v e s approximating the d i f f e r e n t i a l equations 
by f i n i t e d i f f e r e n c e equations which r e l a t e the values 
of neighbouring p o i n t s on a flow g r i d . The s o l u t i o n of 
these equations i s followed by the i n t e r p o l a t i o n between 
the g r i d p o i n t s over the whole f i e l d of i n f l u e n c e . 

and B i n the n - d i r e c t i o n , as shown i n f i g u r e 1, and u s i n g 
Taylor's s e r i e s expansion c o r r e c t to the second order, 
one obtains f o r a f i e l d f u n c t i o n Q : 

Considering l a t t i c e spacing A i n the ^ - d i r e c t i o n 

32Q = Q(I,J+1) + Q(I,J-1) 2Q(I,J) (106) 
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Figure 1. Oblate sp h e r o i d a l mesh system. 
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92Q = Q(I+1,J) + Q(I-1,J) 2Q(I,J) ( 1 0 ? ) 

9n 2 B 2 B 2 

9Q _ Q(I,J+1) - Q(I,J-I) ( R. 
9£ 2 A U U O j 

_9Q = Q(I+1,J) - Q ( I - l . J ) (109) 
9n 2 B 

Using equations 106 - 109, the d i f f e r e n t i a l equation 
104 and 105 take the f o l l o w i n g f i n i t e d i f f e r e n c e forms 

G(I,J) (2/A 2 + 2/B 2) = G(I,J+1) [ (2 - A tanh C ( J ) ) / 2 A 2 ] 

+ G ( I } J - 1 ) { 2 + A
?

t a n h S ( J ) > + G ( I + 1 , J ) { 2 - B cot n ( I ) } 

2 A 2 B 

+ G(I-1,J){ 2
 + B C g t n ( I ) } - 5s- sech 5 cosh 5(J) s l n n ( I ) 

2 2 ^ 

r [t|»(I,J+l) - i K l , J - l ) ] [ F ( I + l , J ) - F ( I - 1 , J ) ]  
1 A.B 

L>(l+l,J) - ^ ( I - 1 , J ) ] [ F ( I , J + 1 ) - F(I,J-1) ] } ( 1 1 Q ) 
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and 

i K l , J ) (2/A 2+2/B 2) = iJ;(I,J+l) 2 - A tanh g(I) 
2 

2 A 

+ i|>(I,J-l) 2 + A tanh g ( J ) + i p ( I + l , J ) 2 - B cot n ( D 
2 

2 A 

+ Tp(I-l, J ) 2 + B cot n ( D 
2 

2 B 

(111) 

The above f i n i t e d i f f e r e n c e equations f o r an oblate spheroid, 
and t h e i r s o l u t i o n f o r given boundary c o n d i t i o n s would 
f u r n i s h values of the stream f u n c t i o n and the. v o r t i c i t y at 
each poi n t of the g r i d i n the flow f i e l d . Equations 110 
and 111 reduce to those obtained by Jenson (55) f o r a per
f e c t sphere when £ ->- <» 

equations could be obtained from those of an oblate spheroid 
by r e p l a c i n g each sin h £ by i coshg and each coshC 
by i s i n h g , or more g e n e r a l l y each c by i c, i n the language 
of Happel and Brenner (8). From the computational point of 
view t h i s i s e x a c t l y equivalent to changing each sinhg 

2 2 
to coshg , coshg to sinhg and cos n to - cos n • By 
t h i s procedure the term a w i l l then represent the length of 
the minor semi-axis and the Reynolds number w i l l be based 
on the minor a x i s . For both p r o l a t e and oblate spheroids 

For a p r o l a t e spheroid, the f i n i t e d i f f e r e n c e 
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the Reynolds number i s thus based on the e q u a t o r i a l d i a 
meter. 

A. 2 Boundary Conditions 

The numerical a n a l y s i s i s confined between an 
inner surface represented by the spheroid i t s e l f and by 
an outer envelope which, l i k e the s p h e r o i d a l s u r f a c e , 
coincides with one of the s p h e r o i d a l coordinate g r i d l i n e s 
as shown i n f i g u r e 2. 

As the two flow equations are of second order, 
four boundary co n d i t i o n s are to be s a t i s f i e d . For an 
oblate spheroid the boundary c o n d i t i o n s f o r are: 
f o r n = 0 along BA , $ = 0 

n = ir along NO , ^ = 0 
a x i s of symmetry 

£ = £ along AMN, ^ =.0 | surface of spheroid 
cl 

At the outer boundary, £ = £^ the flow i s assumed to be 
T 2 2 2 

a streaming p a r a l l e l f l ow, g i v i n g ^ = ± s i n n cosh r sech E, , 
2 D a 

The boundary co n d i t i o n s f o r r, are : 
f o r 

n = 0 along BA , r, = 0 
n = TT along NO , £ = 0 

a x i s of symmetry 

2 2 E \p cosh £ 
£ = S a along AMN , ? = a 

a ° ' s i n n 

5 = 5 b along BRO , ? = 0 case I 

£ = ? b along BRO , c = C _ 0 case I I 



Figure 2. Oblate spheroid with i t s outer envelope. 



The boundary c o n d i t i o n f o r C at E, - E, , 
3. 

which o r i g i n a t e s from equation 1 0 0 , can be as f o l l o w s : 
Near the surface of the spheroid i t i s assumed that the 
stream f u n c t i o n can be f i t t e d by a cubic equation having 
the form 

i> = a (? - Ka )2 + $ U - ? a ) 3 (112) 

The above equation s a t i s f i e s the n o - s l i p boundary con
d i t i o n s assuming that the constant value of \b at the sur
face i s zero f o r any value of the constants a and 3 . 

Equations 98 and 105 combined give 
2 

c o s h £ a 9 2 . 3 2 , 9 . 
G = — _ _ { — % . _ tanhCTr + — £ - cot n * (113) 

sinh^ + c o s n 8^ 5 3n 2 3 n 

At the s u r f a c e , the n o - s l i p conditions noted above r e q u i r e 
that 

Sn 3 r ) 2 35 

and equation 113 t h e r e f o r e reduces to 

G(I , 1 ) = 
cosh 5 a 

2 ' 2 s i n h £ +•cos n H 2 

(114) 
a 

Where J = 1 i s the value of J at the surface of the spheroid, 
D i f f e r e n t i a t i n g equation 112 twice with respect to E, y i e l d s 

. 2 
•2-4 = 2a + 6g ( 5 - ? ) (115) 
35 a 



Hence at £ = £ , 
9, 

as 2 

2a (116) 

Introducing equation 116 i n t o 114 y i e l d s 

cosh t, 
G(I,1) = g -^ 2 — 2 a ( 1 1 7 ) 

s i n h £ +cos n a 

Using the values of at J = 2 and J = 3 i n equation 116, 
w r i t t e n i n f i n i t e d i f f e r e n c e form according to Taylor's 
s e r i e s to the t h i r d order, gives 

a = 8 * ( I > 2 > I » ^ > 3 ) • (118) 
4 A 

and equation 117 becomes 

cosh2£ [ 8 i f ( I , 2 ) - \|»(I,3) 1 
G(I,1) = a — , ; (119) 

2 A 2 (sinh2£ +cos 2n ) : . 
a . 

which i s equivalent to 

cosh2£ [ 8 i K l , 2 ) - <Kl,3) 1 
? ( I , 1 ) = a

 ? = : ( 1 2 0 ) 

2 A ( s i n h L+cos n) s i n n a 

This equation gives the value of £ at the surface of the 
spheroid (£ = £ ) and could a l s o be a r r i v e d at by ex-

a 
panding d i r e c t l y as a T a y l o r . s e r i e s expansion" c o r r e c t tc 
the t h i r d order, as subsequently shown f o r e l l i p t i c a l 



c y l i n d e r s . 
The boundary c o n d i t i o n for . £'at £ = ? b f o r Case I I 

which corresponds to Happel's boundary c o n d i t i o n s , can be 
derived as f o l l o w s : 
The dimensional v o r t i c i t y , obtained by expanding equation 
101, i s given by 

r ' _ i_ y, r3 r
 h l h 3 3^* 3 r

 h 2 h 3 3^' . . 

c - h , h 2 { ^ C—u^- af 3 + t—hr 3TT ] } ( 1 2 1 

For the oblate spheroids h1 = h 2 and equation 121 becomes 
h?{lr[h> If ] + (122) 

or 

2dhi 3^ + h i f ' (123) 

The dimensional shear s t r e s s i s given (10) by 

T • " h7 Ii < If'" - * 177 In -1 h '" ' h ' If' ( 1 2 M 

For the oblate spheroids, h t= h g and equation 124 becomes 
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5n - 2 h l h 3 ^ It- - h 2
 9 h 3 ^ / 

95 95 1 95 95 
hi h 3 

2 » 

H 2 

;- 9 h r ~ , • 0 9 h 3 ~ . » 0 . 2 . i 
j.o u v, 1 9^ , , 2 3 9^ , , 2 , 9 ib 

1 d 9 n 9n 1 9n 9n 1 3 2 
on 

(125 ) 

S e t t i n g = 0 and adding equation 125 to equation 123 

y i e l d s 

, 2 , r „ ah, „,« 9h , _ , f 

TC = 0 5n 
o *, 2 . d .ib , „ , 2 3 9i|> . 0 . . = 2 h, h 3 — f + 2 h x 9 — 9 ^ + 2 h xh 

3n 
3 3n 3n 

3 h , . . i 

95 95 

S u b s t i t u t i n g f o r the metric c o e f f i c i e n t s according to equations 
93 and 9 4 , 

» 3 2 2 T5n=
 ® c cosh 5 s i n n (sin h 5+cos n) 3 n 2 

_3ij/ 
9n ' ... . "\'2L' " 2 9n s i n h 5 +cos n 

_ C o t n 1 ^ - + c o s n s l n n 

s i n h 5 cosh 5 ̂ 1 ' 
• v 2 r , 2 95 s i n h 5^ +cos n (126 ) 

At 5 = 5̂  » the stream f u n c t i o n i s 



f 1 2 2 2 if)' = 75- U c cosh £ b s i n n (127) 

D i f f e r e n t i a t i n g w i t h respect to n y i e l d s . 

_Oi -
:3n 

2 2 U c cosh £ b s i n n cosn (128) 

and 
2 » 2 2 2 2 U c cosh £ b ( cos n- s i n n ) (129) 

S u b s t i t u t i n g equations 128 and 129 i n t o equation 126 and 
rendering a l l q u a n t i t i e s dimensionless y i e l d s 

w 0 
2 cosh 
— 2 2 s i n n ( s i n h g^+cos n) 

- cosh £ b s i n n 

2 2 cosh £ b cos n s i n n 
2 2 s i n h £ b + cos n 

sinh £ b cosh g b, ^ 
sinh £ b + cos n 

(130) 

and by equation 102, 

G n 
T C n = 0 

2 cosh £ b 

2 2 ^ (sinh £b+cos n) \ 
2 

- cosh s i n n 

2 2 cosh £, cos n s i n n 
+ ;—: P_ 

2 2 s i n h £b+cos n 
2 

s i n h cosh £ 
2 2 s i n h g^+cos n 

3jjj_ 
9? (131) 



value of | | r 
5=5 b 
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Equation 131 gives the modified, v o r t i c i t y G at the 
outer boundary when the shear s t r e s s at t h i s boundary i s 
equal to zero, i . e . the envelope i s f r i c t i o n l e s s . The 

can be found by using Newton's 
d i f f e r e n t i a t i o n formula. Again the boundary c o n d i t i o n s 
f o r a p r o l a t e spheroid could be obtained by r e p l a c i n g sinh 5 

with i cosh 5 and cosh 5 with i sinh 5 • 

The boundary c o n d i t i o n f o r 5 = 0 at 5 = 5 , 
b 

as given by case I , was used f o r the study of flow past 
i s o l a t e d spheroids. For the c e l l models used to represent 
swarms of spheroids, case I r e f e r s to Kuwabara's zero 
v o r t i c i t y model, while case I I r e f e r s to Happel's f r e e sur
face model. Both were used f o r the study of flow through 
swarms of spheroids. 
B. E l l i p t i c a l C y l i n d e r s 

B . l Formulation of the F i n i t e D i f f e r e n c e Equations 
The Navier-Stokes equation f o r steady s t a t e flow 

as expressed i n orthogonal c u r v i l i n e a r c o o rdinates, equa
t i o n 1 ., reduces to 

v. E'V = — i ^ i ^ ) ^ > ( 1 3 2 ) 
' c ( sinh 2 5 + s i n 2 n ) ' d {^" T ] ) 

and 

E ' 2 = - 2 \ — { — 2 + — 2 > ( 1 3 3 ) 
c ( s i n h 5 + s i n n) 95 9n 
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f o r e l l i p t i c a l c y l i n d r i c a l c o o rdinates, with the un-
di s t u r b e d flow being p a r a l l e l . t o . the x- or. major a x i s . 
The metric c o e f f i c i e n t s f o r t h i s coordinate system are 
given by Happel and Brenner (8) as 

, hj = h 2 = p — ^ p YPT (134) 
c [ sinh^S + cos n ] ' 

h 3 = 1 
where c i s the c h a r a c t e r i s t i c length of the coordinate 
system. The minor semi-axis, b, and the major semi-
a x i s , a, of the e l l i p t i c a l c y l i n d e r are given by 

a = c cosh (135) 
a. 

b = c sinh E (136) 
Ct 

E 0 being the value of £ at the surface of the c y l i n d e r . 
The f o l l o w i n g dimensionless q u a n t i t i e s are now define d : 

\|> = /Ub , E 2 = c 2 E' 2 and Re = 2bU / v , 
where Re i s the Reynolds number and U i s the v e l o c i t y of 
the undisturbed stream along the major a x i s . The two-
dimensional flow: Is; then governed by : 

2_ E \ = 1 , : { 3 i 9 E f i _ 91 9 E 2 ! } ( 1 3 ? ) Re fi w . . 2 r x . 2 l3£ 3n 3n 9? ' K ± 5 { ) 

s i n h E+sm n . 

and 

2 • '2 
E 2 = p-{ ̂ -+^-5-} ; (138) 

sinh E+sin n 3? •. 3n • 
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Equation 137 can be s p l i t i n t o two equations, one i n 

terms of y 5 and n and the other i n terms of £ , £ and n 

to give 

' 2 s i n h 2
? + s i n 2 n 3« ^ ^ 3* U 3 9 ) 

and 
E2TJ, = x, / s i n n 2 5 a (140) 

where z, i s the dlmensionless v o r t i c i t y defined as ? = ? b/U, 
the dimensional v o r t i c i t y being 

h E'V = E'V (141) 

The s o l u t i o n of the two simultaneous equations, 139 and 140, 
i n the stream f u n c t i o n and i n the v o r t i c i t y z, could be 
achieved by using Jenson's r e l a x a t i o n technique (55) as f o r 
the case of spheroids. Considering l a t t i c e spacing A i n 
the n - d i r e c t i o n and B i n 5 - d i r e c t i o n , as shown i n f i g u r e 
3, and using Taylor's s e r i e s expansion c o r r e c t to the se
cond order as given by equation 106 - 109, the d i f f e r e n t i a l 
equations 139 and 140 take the f o l l o w i n g d i f f e r e n c e forms: 

G(l,J)(2/A 2+2/B 2) = G(*»J+1)+G(I.J-1) , 0(1+1,J)+0(1-1,J) 
A 2 B 2 

- Re \ r ^ { I , J + Y ) - t y { I ^ - x ) i r G ( I + l , J ) - G ( I - l , J ) n 

2 [ L 2 A J L 2 B J 

_ r ^ ( I + l , J ) - i J ; ( I - l > J ) G(I,J+1)-G(I,J-1)-,1 
2 B J L 2 A J J 

(142) 





and 

^ ( I , J ) ( 2 / A 2
+ 2 / B 2 ) = <HI,J+1WI,J-1) 

A 

, ^(1+1, J ( 1 - 1 , J) G(I,J) (sinh2£(J)+sin2n (I) 
2 2 

sinli E 

(143) 

r e s p e c t i v e l y , where f o r e l l i p t i c a l c y l i n d e r s G = r; . 

For flow p a r a l l e l to the minor a x i s , the f i n i t e 
d i f f e r e n c e equations could be obtained from equations 142 
and 143 by r e p l a c i n g each sin h £ by i cosh E and each 
cosh E w i t h i s i n h E . By t h i s procedure the term b w i l l 
now represent the major semi-axis and a the minor semi-
a x i s , but the Reynolds number i s again based on the pro
j e c t e d length perpendicular to the flow d i r e c t i o n . The 
s o l u t i o n of the above f i n i t e d i f f e r e n c e equations f o r 
given boundary co n d i t i o n s r e s u l t s i n the knowledge of the 
flow d e t a i l s . When E+°° , equations 142 and 143 become 
i d e n t i c a l to those obtained by Hamielec and Raal (6l) f o r 
a c i r c u l a r c y l i n d e r w i t h the exponential transformation 

£-5 a z 
r - e a

 s e where r i s the r a d i a l d i stance f o r the 
c y l i n d r i c a l coordinates and z the r a d i a l distance i n t h e i r 
transformed coordinates. 
B.2 Boundary Conditions 

The computational f i e l d i s confined between an 
inner surface (the e l l i p t i c a l c y l i n d e r ) and an outer en
velope which c o i n c i d e with the inner and outer e l l i p t i c a l 
coordinate g r i d l i n e s , r e s p e c t i v e l y , as shown i n f i g u r e 4. 
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The four boundary c o n d i t i o n s d e f i n i n g the flow 
are given by having two boundary c o n d i t i o n s f o r each of 
^ and C. For flow along the major a x i s the boundary con
d i t i o n s f o r are: 
f o r n = 0 along BA , i|) = 0 

a x i s of symmetry 

n = ir along NO , if = 0 

E = E & along AMN, if = 0 | surface of c y l i n d e r 

At the outer boundary, £=5 b , the flow i s assumed to be 
streaming p a r a l l e l f l o w , g i v i n g ^ = s i n n sin h E b cosech E a 

The boundary c o n d i t i o n s f o r C are: 
for n = 0 along BA , z, = 0 

n = TT along N , z, = 0 
a x i s of symmetry 

E = E 0 along AMN, z, = E 2if s i n h 2 E „ a a 
E = E b along BRO, ? = 0 case I 

E = E b along BRO, z, = z, Q case I I 
T En 

The boundary c o n d i t i o n f o r z, at E = £ can be 
a 

expanded as f o l l o w s : 
The v o r t i c i t y z, i s given by equation 140, which when com
bined w i t h equation 138 leads to 

sinh 2E„ ~2. .2 a 2 2 2 2 s i n h E+sin n 9E 3n 
{ 3_1 + 9_4 } (144) 

At the surface of the c y l i n d e r , if i s a constant f o r a l l 
.2 

values of n , l e a d i n g to = 0, so that equation 144 becomes 
3n 
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s i n h E a 
2 2 s i n h 5 + s i n n a 

o 2 ^ 

3 5 2 

(145) 
5 = 5. 

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

as T a y l o r ' s s e r i e s e x p a n s i o n s t o t h e t h i r d o r d e r : 

5 = 5. 

2 2 A d j | j 
2 d 5 2 

5 = 5. 

, A 3 d 3 ^ (146) 

5 = 5, 

i ( ; ( 5 a+2A ) = ^ ( 5 a ) + 2A | | 
5 = 5 

+ 2 A 2 

d5 
a 5=5, 

+ | A 3 m 
F d 5 3 

(147) 

5=5, 

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 , ^ = f|" = 0 J w h i c h s a t i s f i e s 

t h e n o - s l i p c o n d i t i o n a t t h i s s u r f a c e . C o m b i n i n g e q u a t i o n s 
13,,.. 

y i e l d s 
5 = 5„ 

146 and 147 t o e l i m i n a t e d — | 
d 5 3 

M5 +A) - M5 + 2A) = 2 A 2 ^-4 
a a d5 

(148) 
5 = 5. 

E l i m i n a t i n g —̂!=j-
d5 

f r o m e q u a t i o n 145 by u s i n g t h e above 
5 = 5 a 

e q u a t i o n y i e l d s 

? ( I 5 D = 
s i n h 2 5 a 

2 A 2 [ s i n h 2 5 + s i n 2 n ( D ] 
3, 

[ 8 ^ ( l , 2 ) - ^ ( I , 3 ) ] (149) 

The same r e s u l t c o u l d be o b t a i n e d by u s i n g t h e method 

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

The b o u n d a r y c o n d i t i o n f o r £ a t 5 = 5 ^ f o r c a s e I I 
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which corresponds to. Happel's fr e e surface model, can 

be derived as f o l l o w s : 

Equating the shear s t r e s s given by equation 124 to zero 

y i e l d s 

where h 3 = 1 and h1 = h 2 . Introducing the values of 
dh1 9hj 

hi , - j r — and -^r— obtained from equation 134 i n t o the on 95 

above equation gives 

2 2 
9 y _ 9 y 2 s i n h 5 cosh 5 ,9i[> 2 cos n s i n n 9̂  s ~ r2 „ 2 " . . . 2 r x . 2 95 . u 2 r . . 2 9n U 5 i ; 

95 ori sinh 5 + s m n sinh 5 + s i n n 
At the envelope s u r f a c e , 5=5 , the dimensionless stream 
f u n c t i o n i s given by 

\p = sinrisinh5L 0 cosech ^ (152) 
Using equation 152 to ob t a i n |1 and i _ | then 

9 n 9n2 

2.,. s i n n 'sinh5^ 2 s i n h 5 b cosh 5 b 9 ijj 

3S2 
2 2 95 

r _ r s i n h 5 s i n h 5 K
+ s i n n s — a D 

5=^ 

2 
2 cos n. s i n n .sinh 5K 

+ 2 2 " ( 1 5 3 ) 

s i n h 5^+sin n 
The v o r t i c i t y at 5 = 5 b as obtained from equation 144 i s 

2 s i n h 5 *>2. .2, 
r _ a r 9_JJ. . 9_1 -, 

' ^£ = £ 2 2 2 2 ^ ^b si n h 5 b+sin n 9n 95 
(154) 

^ b 
Combination of equations 153 and 154 leads to 
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'x r = 0 
2 sinh E sinh E, 
. a . 2 2 sinh E^+sin r| 

- 2 sin.n 

cos T) s i n n 2 2 sinh E^+sin n 

cosh E, sinh E,. ^ , ^b _b 3jp_ 
. .2- . . 2 3E 

sinh E^+sin n ^ £=£> 

( 1 5 5 ) 

The value of | 1 
5 = 5v 

i s found by using Newton's formula 
f o r d i f f e r e n t i a t i o n . The above expression, equation 155> 

gives ' e x p l i c i t l y the v o r t i c i t y at the outer boundary when 
the shear s t r e s s at t h i s boundary i s zero. Once again 
the boundary co n d i t i o n s f o r flow along the minor a x i s 
could be obtained by r e p l a c i n g each s i n h E with i coshg 
and cosh E wi t h i sinh E • 

Since the two simultaneous d i f f e r e n t i a l equations 
to be solved are of second order, four independent boundary 
conditions were s u f f i c i e n t to provide a unique s o l u t i o n i n 
each case. 
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Formulation of Drag C o e f f i c i e n t Equations and the 
Pressure D i s t r i b u t i o n 

The d e r i v a t i o n of the drag c o e f f i c i e n t equations 
f o r an oblate spheroid w i l l be given i n d e t a i l as i t w i l l 
serve as an example of the general method. 

A. Spheroids 
G o l d s t e i n (10) gives the dimensional shear 

s t r e s s i n general c u r v i l i n e a r coordinates as 

T E n = T n £ = y h 
hi 

2 
L_ (h, V J + l l l ' L - ( h i Yl ) 

9E 71 h 1 3n ^ (156) 

where v^ and v^ are the dimensional v e l o c i t i e s i n the 
n - a n d E - d i r e c t i o n s r e s p e c t i v e l y . At the surface of the 
spheroid, the n o - s l i p c o n d i t i o n s give 

9vl . . 
= v = Vj. '= 0 9n - n 

and equation 156 becomes 

En 
9v 

= F = v n 1 K =E a 3E (157) 
The v o r t i c i t y i n general c u r v i l i n e a r coordinates i s de

f i n e d as 

1 = Vxv = hjhjh. 

h. 

3E 

v, 
h. 

"n 
h. 

9 
9n 

h. 

-<J> 
h. 

9_ 
9<f> 

v 
h. 

(158) 
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For axisymmetrie and two-dimensional flows a l l de-
t 

r i v a t i v e s i n 0 are zero and v^ =0. The only non-
vanishing v o r t i c i t y i s that i n the 0 - d i r e c t i o n and i s 

_» t 
given by z, = i z, , where 

? ni L
 8?. n 2 8Tf 5 ] (159) 

and hj = h' f o r both s p h e r o i d a l and e l l i p t i c a l co
ordi n a t e s . Using the n o - s l i p condition at the surface 

(5 = 5 . ) , equation 159 becomes a , 
8v 

c' =h — ^ 
^5=5 n i 85 5=5 

(160) 
a 

S u b s t i t u t i n g equation 157 i n t o equation 160 y i e l d s 

5n = y S£=5 5=5 K ^a ^a 
(161) 

Making a l l terms dlmensionless by p u t t i n g 

t r = T ' /2pU 2-
5n 5n 

and z, = . s'a/U > 

the dlmensionless l o c a l shear s t r e s s at the surface i s then 
given by 

5n = 4 c ? _ r / Re 
5='5a 

(162) 

The surface of the oblate spheroid f o r z = 0 i s 
given by 

y x 

with 
2 2 c sin h 5 a 

2 2 c cosh 5 

and 
y = c sin h 5 cos n 

cL 

x = c cosh 5 s i n n a 

(163) 

(164) 

(165) 
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The surface area of the s t r i p on which the shear s t r e s s 

i s considered to act i s 2ir x ( d x 2 • + d y 2 ) 1 / / 2 

Diagram 1. A c t i o n of the normal and t a n g e n t i a l s t r e s s e s on 
an element of area of the oblate spheroid. 

The drag force i n the d i r e c t i o n of the streaming flow a c t i n g 
on the whole surface due to shear s t r e s s alone i s then given 
by 

P = 2TT x ( d x 2 + dy 2 ) 1 / 2 cos e (166) 
5 = 5 a 

The drag on a body i s u s u a l l y expressed in.terms 
of a dimensionless drag c o e f f i c i e n t 

drag force i n the flow d i r e c t i o n 
'D 

(Projected area normal to the) 
( d i r e c t i o n of flow ) x k i n e t i c pressure 

From equation 166 the s k i n drag c o e f f i c i e n t then becomes 

(167) 

1U1 

2TT x (dx 2 + d y 2 ) 1 / 2 T^|g = g a C Q S 

DS (TT C 2 c o s h 2 £ ) ( |p U 2 ) 
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Now 
cos 6 = — 2 1 / 2 

( d x 2 + d y 2 ) 1 7 2 

dx = c cosh 5 cos n dn , 
a 

dy = - c sinh £ s i n n dn , .a. 

and making use of equation 162 and equation 167 y i e l d s 

CDS = I? t a n h ? a / s i n 2 n C 5 = C d n ( l 6 8 ) 

The above equation gives the s k i n ( f r i c t i o n ) drag co
e f f i c i e n t f o r an oblate spheroid. In the l i m i t i n g 
case of sphere, tanh '£ • i s u n i t y and equation 168 becomes 

a 
i d e n t i c a l to that given by Jenson ( 5 5 ) f o r a p e r f e c t 
sphere. For an i n f i n i t e s i m a l l y t h i n c i r c u l a r d i s c , tanh £ 

a 
i s zero and thus equation 168 shows a zero s k i n drag 

c o e f f i c i e n t , i n conformity w i t h simple geometrical con
s i d e r a t i o n s . For a p r o l a t e spheroid, tanh? a i s t r a n s 
formed as usual to coth £ , but i t then becomes d i f f i c u l t 

a 
to p r e d i c t C^g i n the l i m i t of a very long needle, f o r 
which Cr_ r 0 and coth B, -* CD . 

^ a a 

The pressure d i s t r i b u t i o n around an oblate 
spheroid i s obtained by considering, the i ^ and i ^ d i r e c t i o n s 
of the Navier-Stokes equation. The Navier-Stokes equation 
as given by equation 3 can be transformed (8) to 
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- ' 1 - - l - - ' 2 = 
v x K

 = i V P + ^ V v + v V x £ 
P . 2 ( 1 6 9 ) 

by u s i n g s i m p l e v e c t o r 1 i d e n t i t i e s and t h e c o n t i n u i t y 
t 

e q u a t i o n , V.v = 0 . 

L e t us now c o n s i d e r t h e i component o f 

e q u a t i o n 1 6 9 t e r m by t e r m . By d e f i n i t i o n , we h a v e 

v x z = h h h 
1 2 3 

V h l i
n

/ n 2 ± / h 3 

V, V V 

! t t 
r, r/h ? /h £,/h 

( 1 7 0 ) 

As m e n t i o n e d p r e v i o u s l y f o r a x i s y m m e t r i c and t w o -

d i m e n s i o n a l f l o w s , zl ~ g' = 0 P u t t i n g = c , t h e 

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

1 6 9 i s - h ^ The f i r s t and s e c o n d t e r m s on t h e 

r i g h t - h a n d s i d e o f e q u a t i o n 1 6 9 y i e l d 
h* 3P' 

+ I h ^ p 3n 2 " 2 3n 
where V i s d e f i n e d by e q u a t i o n 4. By d e f i n i t i o n , we have 

V x ? = h ! h 2 h ; 9/9E 

i /h„ n 2 

9/9n 

1 / h 3 

9/34) 

4 / h i C n / h 2 

( 1 7 1 ) 

and t h e t h i r d t e r m i n t h e i - d i r e c t i o n on t h e r i g h t - h a n d 
n 

s i d e o f e q u a t i o n 1 6 9 becomes 

-v h 1 h 3 | I ( ? V h 3 ) 
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The i^-component of equation 169 thus becomes 

h • 1 -' 2 
v n i n 3 3£ (172) 

_ i 2 1 

At the su r f a c e , v =0 , = 0 and f o r an oblate spheroid, 
hj = h 2 , so that equation 172 becomes 

9P 
9n 5=5 

= y { 95 
a 5=5, 3 35 ( l / h 3 ) } (173) 

Introducing the dimensionless pressure 

P = 
1 t P - P . st__ (173a) 

s u b s t i t u t i n g f o r h 3 and rendering a l l terms dimensionless, 
then equation 173 becomes 

Re 9P 
T~ 9n 

_ 3? 
5=5. 95 + C r_ p tanh 5 

5=5 4 a a 
(174) 

I n t e g r a t i o n of equation 174 along AS of f i g u r e 2 gives 
n 

4 I <• H 

0 

P " P ° " Re I [ 95 + ? r _ r tanh 5 Q ] dn (175) 
5=5a ? _ 5 a a 

where P Q i s the dimensionless f r o n t a l stagnation pressure 
(at n = 0) and P i s the dimensionless pressure at point S 
on the surface of the spheroid. 

The dimensionless stagnation pressure P c i s ob
tai n e d by c o n s i d e r a t i o n of the i^-component of equation 169. 
Using 'equation 170, the term i n the i ^ . - d i r e c t i o n on the l e f t -
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hand side of equation 169 Is 'h-2v̂  c' , since once 
again ^ = ^' and ^ =' 5^ = 0 f o r axlsymmetric and two-
dimensional flows. The f i r s t and second terms on the 
right-hand side of equation 169 y i e l d f o r the i ^ - d l r e c t i o n 

h ' -' 2 
~ dK 2 1 H 

The l a s t term of equation 169 gives h 2 h 3 7 ^ - ( ? / h 3) . 
The i ̂ .-component of equation 169 thus becomes 

h*V,B r l r + I h i H ' + v h* h 3 In ^'/h, ) (176) 
Considering flow along the a x i s BA-shown i n f i g u r e 2 gives 

r v =0 (no-cross flow) n 
t 

v. =0 ( a x i a l symmetry) 
_«2_.2 _,2 _.2 _ i 2 

Hence v = vc + v + v, = v r , 
5 n <p 5 

and equation 176 along n = 0 becomes 
3 v £ , 3P (177) 

where a l l q u a n t i t i e s have been rendered dlmensionless and 
the values of h , , h 2 and h 3 f o r an oblate spheroid have 
been s u b s t i t u t e d . 
I n t e g r a t i n g along BA y i e l d s 

B 
dC (178) 

n=0 
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As point B l i e s on the outer boundary and point A on 
the surface of the spheroid (stagnation p o i n t ) , i t f o l l o w s 
r e s p e c t i v e l y that P B =0, v B = 1 and P A = P D, v A = 0. 

Equation 178 therefore becomes 
E, 

J U cot n+ f̂ - ) d£ (179) p ° = 1 + Si" / U c o t n + In" ) 

^a 

Along t he a x i s n = 0, cotn = °° and t, = 0, using L* H o s p i t a l ' s 
r u l e , equation 179 becomes 

EVj 

d£ (180) P = ! + §_ fn 
F ° 1 Re J ~r\ n=o 

Equation 180 gives the dimensionless f r o n t a l s tagnation 
pressure and equation 175 gives the dimensionless pressure 
d i s t r i b u t i o n around the surface of t h e oblate spheroid . 
I t i s i n t e r e s t i n g to note that P becomes anti-symmetrical 
about n =TT/2 as Re + o and that the unityterm i n equation 
180, which a r i s e s from the i n e r t i a l term of the. Navier-
Stokes equation, does not appear when the i d e n t i c a l 
a n a l y s i s i s made on the creeping flow equation. 

Using diagram 1, the form (pressure) drag co
e f f i c i e n t i s given by 

2TT x ( dx + dy ) ' s i n 6 P 
c D p = - L -2 - j - . (181) 

TT c cosh E 
a 
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2 2 1 / 2 where s i n 0 = dx / ( dx + dy ) 

and at the Surface, 

x = c cosh £ s i n n 
£1 

dx = c cosh £ cos n dn , 
3. 

rendering equation l 8 l 

TT 
C D p = J P s i n 2 n dn ( 1 8 2 ) 

0 

The t o t a l drag c o e f f i c i e n t i s obtained by 
adding the s k i n and form drag c o e f f i c i e n t s . The c o r r e s 
ponding equations f o r a p r o l a t e spheroid could be derived 
by the usual transformation. 

B. E l l i p t i c a l C y l i n d e r s 
F o l l o w i n g the a n a l y s i s given f o r an oblate spheroid, 

equation 1 6 2 i s a l s o a p p l i c a b l e to an e l l i p t i c a l c y l i n d e r , 
f o r which the shear s t r e s s at the surface i s t h e r e f o r e 

T £n 
= 4 ? /Re ( 1 6 2 ) 

The surface of the e l l i p t i c a l c y l i n d e r at z = 0 i s given by 

2 2 

2

 y

 2 + = 1 d 8 3 ) 
c s i n h £ c cosh E a a 
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with 
y = c sinh £ s i n n 

cl 
(184) 

and 
x = c cosh £ cos n a (185) 

The surface area of the s t r i p on which the shear s t r e s s i s 
a c t i n g i s £ ( d x 2 + dy 2 ) 1 / 2 , 

dy 

U 

U 

Diagram 2. A c t i o n of the normal and t a n g e n t i a l s t r e s s e s on 
an element of area of the e l l i p t i c a l c y l i n d e r . 

where I i s the length of the s t r i p i n the z - d i r e c t i o n . The 
s k i n drag c o e f f i c i e n t i s then given by 

2 J T R 

ft 5n 'DS 
l ( d x 2 + dy 2 ) 1 / 2 cos 6 

(186) 

where cos 0= 

( \ pU 2 ) 2 c sinh £ I 

dx 
( d x 2

 + d y 2 ) 1 / 2 
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dx = - c cosh E s i n ndn , 

and using equation 162, equation 186 becomes 

TT 
C DS Re coth 5=5 a 

s i n n dn (187) 

0 

The above expression gives the s k i n drag c o e f f i c i e n t 
f o r an e l l i p t i c a l c y l i n d e r w i t h the main flow p a r a l l e l 
to i t s major a x i s . For an e l l i p t i c a l c y l i n d e r with the 
main flow p a r a l l e l to i t s minor a x i s , coth £ becomes 

a 
tanh E and hence i n the l i m i t i n g case of a f l a t p l a t e 

CL 

set perpendicular to the flow d i r e c t i o n , C^g -* 0 as 
tanh £ ->• 0, which i s i n t u i t i v e l y c o r r e c t . 

deduced from the a n a l y s i s of the oblate spheroid by appro
p r i a t e l y modifying equation 173 and 175, the r e s u l t being 

since the l a s t term of both equations 173 and 175 becomes 
zero because h 3 =1 f o r e l l i p t i c a l c y l i n d r i c a l coodinates. 
The stagnation pressure P G can be s i m i l a r l y obtained from 
equations 176 and 178, where the l a s t term of equation 176 
again reduces to zero f o r h 3 = 1, so that the r e s u l t i n g 
equation 179 i s modified to 

a 
The dlmensionless surface pressure, P, can be 

n 
(188) 
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^b 
P o = 1 + k/In- I n

 d ? (189) 
,n=o 

Using diagram 2, the form (pressure) drag c o e f f i c i e n t i s 
given by 

^ P s i n 2 J P s i n 6 H ( dx^ + dy .) • 
C = 2 (190) 

u r I 2 c si n h £ 
a 

CDF = J P cos n dn (19D 

o 

where s i n 9 = ~ — 0 — N >0 

(dx 2 + dy 2 ) 1 / 2 

and 

dy = c s i n h E cos n dn 
cl 

The expression given by equation 191 i s i d e n t i c a l to that 
obtained by Hamielec and Raal (.61) f o r c i r c u l a r c y l i n d e r s . 

The t o t a l drag c o e f f i c i e n t , c

Drp> i s again ob
t a i n e d by adding C D S and C D p. 
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CHAPTER V 

Discussion and P r e s e n t a t i o n of Results 

1. A p p l i c a b i l i t y of the Navier-Stokes Equations and Choice 
of the Numerical Technique 

The steady s t a t e form of the Navier-Stokes equation 
i s a s p e c i a l case of the general momentum equation governing 
the flow f i e l d where both the v i s c o s i t y and d e n s i t y of the 
f l u i d are constant. The momentum equation i s derived f o r a 
continuous f l u i d , even though r e a l f l u i d s are composed of 
f i n i t e elementary p a r t i c l e s i n continuous motion i n a r e 
l a t i v e l y large expanse of space. As the f l u i d under study 
i s continuous even to the i n f i n i t e s i m a l l i m i t , i t s proper
t i e s such as pressure, v e l o c i t y and temperature can be regarded 
as continuous and can be mathematically d e f i n e d . When a body 
i s immersed w i t h i n a r e a l f l u i d and i t s dimensions are much 
l a r g e r than the mean fre e path of the f l u i d molecules, then 
the momentum equation i s adequate i n d e s c r i b i n g the flow 
f i e l d . However, f o r small body dimensions, the Brownian 
Movement of the f l u i d molecules c o n t r i b u t e s to the flow f i e l d . 
Lapple (148) has shown that the c o n t r i b u t i o n to the drag fo r c e 
experienced by a 10y diameter sphere from Brownian Movement 
i s about 0.5%, whereas f o r a l u diameter sphere i t .is over 
130$, of the g r a v i t a t i o n a l l y induced drag. This i n d i c a t e s 
that the a n a l y s i s i n the present work i s only v a l i d where the 
p a r t i c l e (s) under c o n s i d e r a t i o n i s large enough that the de
t a i l s of i t s shape are "seen" by the f l u i d . - The 
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axisymmetric steady s t a t e form of the Navier-Stokes equation 
i s used, which means that there i s complete symmetry between 
"top" and "bottom" of the flow f i e l d and hence that any 
asymmetric phenomena such as v o r t e x shedding and wake i n 
s t a b i l i t y could not be detected. 

The main o b j e c t i v e of t h i s work i s to f i n d the flow 
c h a r a c t e r i s t i c s f o r i s o l a t e d spheroids and e l l i p t i c a l 
c y l i n d e r s and f o r t h e i r r e s p e c t i v e c l u s t e r s using the c e l l 
models, r a t h e r than to i n v e s t i g a t e and experiment w i t h 
various numerical techniques. Jenson's r e l a x a t i o n technique 
has been found (58-61) to be very adequate and s u c c e s s f u l ' i n 
a c c u r a t e l y d e s c r i b i n g the flow f i e l d f o r both c i r c u l a r 
c y l i n d e r s and spheres. I t s adaptation to spheroids and 
e l l i p t i c a l c y l i n d e r s f o l l o w s q u i t e r e a d i l y . 

2. R e l a x a t i o n Procedure 
The r e l a x a t i o n technique used i n v o l v e d c a l c u l a t i n g 

new values f o r if.(I,J) and G(I,J) from the four adjacent p o i n t s 
l y i n g on the orthogonal l i n e s c r o s s i n g at ( I , J ) , a s shown i n 
f i g u r e 1 f o r spheroids and f i g u r e 3 f o r e l l i p t i c a l c y l i n d e r s . 
The new values of and G are c a l c u l a t e d by means of equations 
110 and 111 f o r the spheroids and 142 and 143 f o r the : 

e l l i p t i c a l c y l i n d e r s . As the r e l a x a t i o n procedure i s the 
same f o r the spheroids and the c y l i n d e r s , the technique f o r 
the former only i s discussed i n d e t a i l . In the. i t e r a t i v e pro
cedure f o r s o l v i n g the d i f f e r e n c e equations, r e l a x a t i o n 
parameters a g and ag were introduced to s t a b i l i z e the com
putations as f o l l o w s : 
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1^(1,J) = ^ n _ 1 ( I , J ) + a s [ i[»*(I,J) - * n _ 1 ( I , J ) ] (192) 

G n ( I ' J ) = G n - l ( I ' J ) + a g [ G n ( I > J ) ~ G n - l ( I ' J ) ] ( 1 9 3 > 

where the s u b s c r i p t n denotes the nth i t e r a t i o n and super
s c r i p t * s i g n i f i e s the unmodified r e s u l t of the nth i t e r a t i o n . 
The proper choice of a and a were very important f o r con-

s g 
t r o l l i n g the r a t e of convergence. A Gauss-Seidel. s o l u t i o n . 
uses a r e l a x a t i o n parameter of u n i t y , i . e . the new value 
c a l c u l a t e d f o r point ( I , J ) i s used unal t e r e d i n the next 
i t e r a t i o n . I t has been shown by Porsythe and Wasow (152) 
that f o r l i n e a r equations, successive o v e r - r e l a x a t i o n using 
Ka<2 g r e a t l y improves the ra t e of convergence. Also they 
suggest that i t i s b e t t e r to be s l i g h t l y on the high side of 
the optimum a than on the low side f o r higher r a t e of con
vergence. In the present problems equations 111 and 143 
are l i n e a r , and i n general a value of 1.8 was assigned to 
a f o r spheroids and 1.8 - 1.6 f o r e l l i p t i c a l cylinders.. 
On the other hand, equations 110 and 142 are l i n e a r only when 
Re i s equal to zero, and t h e i r " n o n l i n e a r i t y " becomes more 
pronounced as Re in c r e a s e s . This n e c e s s i t a t e d a c o n t i n u a l 
r e d u c t i o n i n a as Re was increased f o r the s i n g l e bodies, i n g 
order to obt a i n convergence. The present work s u b s t a n t i a t e s 
the comments made by Burggraf (153) that the r e l a x a t i o n 
parameter a appearsto be f a i r l y i n s e n s i t i v e to mesh s i z e , but 
s t r o n g l y dependent on the p r e c i s e method of i t e r a t i o n used. 
In t h i s work, f o r each a l t e r n a t i v e c y c l e of these c a l c u l a t i o n s , 
p o i n t s were considered from the surface of the spheroid to the 
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outer boundary, s t a r t i n g w i t h n=0 at the f r o n t to n=tr at the 
r e a r . Once a c y c l e was completed, the next c y c l e was s t a r t e d 
from n = TT proceeding down to n=G,points being taken from the 
outer boundary to the s o l i d s urface. Corrected values of 4* 
and G were used as soon as they became a v a i l a b l e . However, i f 
the cor r e c t e d values obtained during a given c y c l e were not 
u t i l i z e d once a v a i l a b l e , i t was found that the optimum value 
of a would be l e s s than that of the former method, and con-g 
sequently the number of i t e r a t i o n s would be increased f o r 
proper convergence. Rhodes (57) used the l a t t e r method and 
found that he r e q u i r e d an excessive number Of i t e r a t i o n s , f o r 
example 10,000 i t e r a t i o n s f o r convergence i n the case of flow 
past a.sphere at Re = 100. The number of i t e r a t i o n s f o r the 
l i m i t i n g case of a sphere using the, former method was 1000 
as obtained i n the present work. 

During the course of the work i t was found that large. 
values of a introduced an o s c i l l a t i o n of the v o r t i c i t y at 
the s u r f a c e , and that such an o s c i l l a t i o n sometimes l e d to 
divergence. For t h i s reason a separate r e l a x a t i o n parameter, 
a ,was introduced to the v o r t i c i t y at the surface. This gs 
made i t p o s s i b l e to assign a higher value to a than was pre-
v i o u s l y p o s s i b l e , a being smaller than a.. Values of a 
and a f o r various values of Re and aspect r a t i o , A.R., are gs 
given i n t a b l e s 2 and 3 f o r spheroids and t a b l e s 4 and 5 for' 
e l l i p t i c a l c y l i n d e r s . 

C a l c u l a t i o n s were begun by f i r s t a s s i g n i n g approximate 
values to if and G on the g r i d from the creeping flow equation 
f o r a sphere i n the case of the spheroids and from the 
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Table 2 
R e l a x a t i o n f a c t o r s f o r oblate spheroids 

Re A.R. a g a gs 
No. i t e r a t i o n s 
f o r convergence 

1 
1 
1 
1 

0.999 
0.9 
•0.5 
0.2 

0.7 
0.7 
0.7 
0.7 

0.5 
0.5 
0.5 
0.4 

400 
450 
500 
600 

5 0.999 0.5 
5 0.9 0.5 
5 0.5 0.5 
5 0.2 0.5 

0.3 400 
0.3 400 
0.3 450 
0.3 450 

10 0.999 0.3 
10 0.9 0.3 
10 0.5 0.3 
10 0.2 0.3 

0.15 1750 
0.15 2100 
0.15 2200 
0.15 2300 

20 0.999 0.25 
20 0.9 0.25 
20 0.5 0.25 
20 0.2 0.20 

0.13 1100 
0.13 1050 
0.13 1200 
0.10 1300 

50 0.999 0.2 
50 0.9 0.2 
50 0.5 0.2 
50 0.2 0.15 

100 0.999 0.08 
100 0.9 0.08 
100 0.5 0.08 
100 0.2 0.08 

0.01 9-0.2 0.8 

0.1 900 
0.1 1000 
0.1 1000 
0.08 . 1500 

0.05 1000 
0.05 1150 
0.05 1250 
0.05 1800 

0.6 250 - 400 swarms 
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Table 3 

R e l a x a t i o n f a c t o r s f o r p r o l a t e spheroids 

R e A.R. a a No. i t e r a t i o n s 
g gs f o r convergence 

1 0.9 0.70 0.55 450 
1 0.5 0.70 0.55 500 
1 0.2 0.60 0.50 400 

5 0.9 0.5 0.3 550 
5 0.5 0.5 0.3 550 
5 0.2 0.45 0.3 600 

10 0.9 0.25 0.15 700 
10 0.5 0.25 0.15 550 
10 0.2 0.25 0.15 900 

20 0.9 0.25 0.15 800 
20 0.5 0.25 0.15 750 
20 0.2 0.40 0.30 600 

50 0.9 0.20 0.10 850 
50 0.5 0.20 0.10 850 
50 0.2 0.15 0.10 650 

100 0.9 0.08 0.05 1000 
100 0.5 0.08 0.05 1000 
100 0.2 0.06 0.04 650 

0.01 0.9-0.5 0.6 0.50 400 swarms 
0.01 0.2 0.5 0.40 800 swarms 
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Table 4 

R e l a x a t i o n f a c t o r s f o r e l l i p t i c a l c y l i n d e r s with O.R. > 1 

Re O.R. a oi No. i t e r a t i o n s 
g gs f o r convergence 

1.0 %1.0 0.6 0.45 1900 
5.0 <vi.O 0.2 0.15 2500 

1.0 10/9 0.4 0.3 2150 
5.0 10/9 0.2 0.15 2950 

15.0 10/9 0.08 0.05 2250 
40.0 10/9 0.03 0.02 2500 
90,0 10/9 0.005 0.003 3500 

.5 2 0.65 0.55 1150 
1.0 2 0.40 0.3 1750 
5.0 2 0.2 0,15 1800 

15.0 2 0.06 0.03 ... 2000 
50.0 2 0.02 0.01 2150 

v2 5 0.6 0.5 1150 
1.0 5 0.5 0.4 1500 
5-0 5 0.12 0.10 2150 

10.0 5 0.05 0.035 1800 
20.0 5 0.03 0.015 1950 
40.0 5 0.02 0.01 1500 

0.01 10/9-5 0.7 0.5 450 - 600 swarms 
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Table 5 
Rela x a t i o n f a c t o r f o r e l l i p t i c a l c y l i n d e r s with O.R. < 1 

Re O.R. a • a g g No. i t e r a t i o n s 
f o r convergence 

1.0 0.2 0.4 0.3 1900 
5.0 0.2 0.3 0.15 2500 

15.0 0.2 0.06 0.03 5500 
40.0 0.2 0.018 0.012 3500 

0.01 0.9-0.2 0.7 0.5 450 - 600 swarms 
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numerical s o l u t i o n f o r a c i r c u l a r c y l i n d e r i n case of the 
e l l i p t i c a l c y l i n d e r s . Using equation m , f o r oblate 
spheroids a new value of if was c a l c u l a t e d and then modified 
by equation 192. The new value of if was used i n equation 
110 to f i n d an improved value of G, which was subsequently 
modified by equation 193. This procedure was repeated u n t i l 
no f u r t h e r change was apparent i n the d e s i r e d s i g n i f i c a n t , 
f i g u r e of any f u n c t i o n between successive i t e r a t i o n s . 

3. Computer Programs 
The numerical a n a l y s i s of flow past oblate spheroids, 

i n c l u d i n g the c e l l models, were c a r r i e d out using an IBM 7044 
d i g i t a l computer, but the f u r t h e r work on p r o l a t e spheroids 
and e l l i p t i c a l c y l i n d e r s was c a r r i e d out on an IBM 360/67 
i n conjunction w i t h Michigan Terminal Systems. Two general 
programs were w r i t t e n , one f o r the spheroids and the other 
f o r the e l l i p t i c a l c y l i n d e r s . Each program was w r i t t e n to 
incorporate a l l p o s s i b l e v a r i a b l e s to be s t u d i e d : oblate or 
p r o l a t e i n the case of the spheroids, flow past major or minor 
a x i s i n the case of the e l l i p t i c a l c y l i n d e r s , v o l u m e t r i c con
c e n t r a t i o n , Reynolds number, g r i d s i z e , r e l a x a t i o n parameters 
and number of i t e r a t i o n s per run. Each program evaluated 
the s k i n and drag c o e f f i c i e n t s and the dimensionless surface 
pressure, and i t i n i t i a t e d the contouring of s t r e a m l i n e s , 
e q u i - v o r t i c i t y l i n e s and e q u i - v e l o c i t y l i n e s * . The l i s t i n g 

* The contouring program was w r i t t e n by the Computing 
Centre S t a f f of the U n i v e r s i t y of B r i t i s h Columbia. 
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of the two programs i s given i n Appendix IV.. 
The p o i n t values of the stream f u n c t i o n and v o r t i c i t y 

f o r a l l the cases are stored i n a master tape i n d u p l i c a t e . 
The computer times to produce a new value f o r one g r i d p o i n t 
are 0,000441 and 0.0002 61 second per i t e r a t i o n f o r the spheroids 
and the e l l i p t i c a l c y l i n d e r s , r e s p e c t i v e l y , based on the IBM 
360/67. 

4. V a l i d i t y of the numerical work 

In the r e l a x a t i o n procedure, or i n any other technique 
i n which only point values of the f i e l d f u n c t i o n under con
s i d e r a t i o n are known, misleading r e s u l t s could be obtained 
from the values of the f i e l d f u n c t i o n s at the l a t t i c e p o i n t s 
unless great care were taken by c o n s i d e r i n g the various com
p u t a t i o n a l parameters that could i n f l u e n c e the flow f i e l d . 
These parameters are: (a) the number of Taylor expansion terms 
used, (b) Convergence t o l e r a n c e , (c) mesh s i z e , (d) p o s i t i o n 
of the outer boundary f o r s i n g l e bodies and (e) the d i f f e r e n t 
i a t i o n technique. Comments on each parameter f o l l o w : 

(a) The flow equations were transformed to f i n i t e 

d i f f e r e n c e ' equations by using second order Taylor 
expansions. Jenson (55), i n h i s work on spheres, 
used both second and f o u r t h order Taylor expansions 
f o r Re = 5, and found no d i f f e r e n c e i n the accuracy 
of the f i n a l values of the drag c o e f f i c i e n t s f o r a 
l a t t i c e spacing of 12 degrees i n the angular, and 
0.2 u n i t s of In r (where r = dimensionless r a d i a l 
coordinate) i n the r a d i a l , d i r e c t i o n . Although a 



s i m i l a r i n s e n s i t i v i t y to the order of the Taylor 
expansion would be l e s s probable f o r a spheroid or 
e l l i p t i c a l c y l i n d e r of small aspect r a t i o , the 
second order expansion was nevertheless used 
throughout t h i s a n a l y s i s i n order to keep the com
puter time w i t h i n reasonable bounds. 

(b) Convergence of the computed values f o r the stream 
f u n c t i o n and v o r t i c i t y was assumed when no 
f u r t h e r change was apparent In the f o u r t h s i g 
n i f i c a n t f i g u r e of any f u n c t i o n between successive 
i t e r a t i o n s . With such a tolerance the drag 
c o e f f i c i e n t s and surface pressure d i s t r i b u t i o n s 
would not change by more than 0.2% and 0.5%, r e s 
p e c t i v e l y , f o r the case of a spheroid and 0.5% 

and 1.0$ r e s p e c t i v e l y , f o r the case of an e l l i p t i c a l 
c y l i n d e r , f o r a f u r t h e r 50 i t e r a t i o n s . In some 
cases of low Re and large mean diameter f o r the 
e l l i p t i c a l c y l i n d e r s , the convergence c r i t e r i o n was 
taken when no f u r t h e r change occurred i n the f i f t h 
s i g n i f i c a n t f i g u r e of any f u n c t i o n between successive 
i t e r a t i o n s . During the course of t h i s work i t was 
found that while the drag c o e f f i c i e n t s were not very 
s e n s i t i v e to the degree of convergence of the l a t t i c e 
p o i n t s , P was very s e n s i t i v e to the degree of con-
vergence. 

(c) The e f f e c t of the mesh s i z e f o r the oblate spheroids 
at Re: = 50 and Re = 100 was evaluated by changing the 
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g r i d s i z e f o r the angles from ^6° to ^3°, and the 
r a d i a l step from ^0.06 to ̂ 0.03. The r e s u l t i n g 
changes i n the t o t a l drag c o e f f i c i e n t s f o r the 
two Reynolds numbers at any aspect r a t i o were w i t h 
i n the numerical e r r o r (e.g. approximately 2%). 

No appreciable change i n the dimensionless f r o n t a l 
stagnation pressure was detected, but the re a r 
stagnation pressure was a l t e r e d by about 30$ which, 
however, represented only a 5% change r e l a t i v e to 
the f r o n t a l stagnation pressure. For lower Re, the 
l a r g e r step s i z e was used because the r a t e of 
change of the flow f u n c t i o n s with step s i z e was not 
as r a p i d as that f o r higher values of Re. The 
shape of the wake was found to be almost the same 
f o r the two mesh s i z e s used except f o r A.R. of 0.2, 
where the wake length was about 10% smaller f o r the 
f i n e r g r i d s i z e . For the p r o l a t e spheroids, the 
step s i z e was found to be more c r i t i c a l , and the r e f o r e 
a smaller step s i z e was used throughout. A change 
i n step s i z e of ^6° i n the angular and ^0.04 i n 
the r a d i a l d i r e c t i o n to ̂ 3° and^0.02° r e s p e c t i v e l y , 
f o r Re = 100 and A.R.= 0.5, gave a H% d i f f e r e n c e i n 
the t o t a l drag c o e f f i c i e n t , using the same d i f f e r e n t 
i a t i o n and i n t e g r a t i o n formulae. PQ was si m u l 
taneously changed by 1% and P n = T r by about 6% r e l a t i v e 
to P 0. Some se l e c t e d values f o r the drag co
e f f i c i e n t s and P0. are given i n Table 6 . The angle 



Table 6 

Some s e l e c t e d data f o r s i n g l e spheroids 

Mark Type of A.R. Mean IMxJM Re C D S C D p C D T P D 

spheroid diameter 3 5 3 5 3 5 
dm points points points' points p o i n t s p o i n t s 

266 Oblate 0 .2 7. 0 41x65 100 0 .1947 1 .155 1 .145 1 • 350 1 .340 1 .060 1 .061 
137 " . 0 .2 17. 11 33x59 100 0 .1755 1 .157 1 .146 1 .333 1 .321 1 .057 1 .058 
234 0 .2 17. 11 61x105 100 0 .1666 1 .123 1 .118 1 .289 1 .285 1 .056 1 .057 
113 0 .2 17. 11 33x59 50 0 .2928 1 .378 1 • 371 1 .671 1 .664 1 .116 1 .117 
165 " 0 .2 17. 11 61x105 50 0 .2855 1 .368. 1 .366 1 .653 1 .651 1 .115 1 .115 
97 0 .2 17. 11 33x59 10 0 .9186 2 .985 2 .982 3 .904 3 .900 1 .559 1 .564 
96 0 .2 29. 90 33x69 10 0 .9055 2 .940 2 .936 3 .846 3 .842 1 .554 1 .560 

128 0 .5 17. 13 33x59 100 3 .747 0 .812 0 .809 1 .187 1 .184 1 .077 1 .078 
224 " 0 .5 17. 13 61x105 100 3 .627 0 .769 0 .774 1 .132 1 .137 1 .076 1 .076 
111 " 0 .5 17. 13 33x59 50 0 .601 0 .9996 1 .006 1 .600 1 .607 1 .151 1 • 153 
164 0 .5 17. 13 61x105 50 0 .586 0 .981 0 .984 1 .567 1 .570 1 .149 1 .150 
59 0 .5 17. 13 33x59 10 1 .818 2 .162 3 .971 1 .685 
84 0 .5 29- 95 33x73 10 1 .802 2 .169 2 .173 3 .970 3 • 974 1 .682 1 .687 

126 0 • 9 17. 10 33x59 100 0 .576 0 .558 0 .557 1 .134 1 .133 1 .103 1 .104 
217 " 0 .9 17- 10 61x105 100 0 .554 0 .548 0 .562 1 .102 1 .116 1 .100 1 .100 
126 0 .9 17. 10 33x59 100 0 • 576 0 .558 0 .557 1 .134 1 .133 1 .103 1 .104 
217 " 0 .9 17- 10 61x105 100 0 • 554 0 .548 0 .562 1 .102 1 .116 1 .100 1 .100 
112 " 0 • 9 17. 10 33x59 50 0 .890 0 .711 0 .728 1 .601 1 .617 1 .196 1 .196 
161 0 • 9 17- 10 61x105 50 0 .868 0 .703 0 .713. 1 .571 1 .580 1 .192 1 .192 
61 0 • 9 17. 10 33x59 10 2 .665 1 .626 1 .638 4 .291 4 .303 1 .847 1 .848 
8 0 .9 29. 63 33x65 10 2 . 650 1 .628 1 .641 4 .278 4 .290 1 .845 1 .846 

106 " 0 • 999 17. 10 33x59 50 0 .949 0 .662 0 .681 1 .611 1 .630 1 .207 1 .207 
150 " 0 .999 17. 10 61x105 50' 0 •925 0 .656 0 .666 1 .580 1 .591 1 .202 1 .202 
90 0 • 999 17. 10 33x59 20 1 .740 1 .025 1 .040 2 .765 2 .780 1 .477 1 .476 

283 0 .999 17. 10 61x65 20 1 • 715 1 .018 1 .032 2 .734 2 .748 1 .467 1 .467 
58 • » 0 .999 17. 10 33x59 10 2 .844 1 .534 1 .548 4 • 378 4 .392 1 .887 1 .886 

cont. 



Table 6 ( cont'd ) 

Mark Type of A.R. Mean IMxJM Re C n Q Cn_, CnrT1 . P Q 

spheroid .diameter ^ 5 3 5 3 5 
points points points points p o i n t s p o i n t s 

73 Oblate 0 .999 29 • 96 33x69 10 2 .833 1 .525 1 .539 4 .357 4.371 1 .885 1 .885 
249 It 0 .999 7 .00 . 41x65 100 •0 .611 0 .533 0 .551 1 .144 1.162 1 .108 1 .108 
124 11 0 • 999 17 .10 ' 33x59 100 0 .617 0 .516 0 .515 1 .133 1.132 1 .109 1 .110 
218 tt 0 .999 17 .10 6lxi05 100 0 .591 0 .508 0 .524 1 .099 1.115 1 .106 1 .106 
588 P r o l a t e 0 .2 14 .9 65x105 100 1 .481 0 .104 1 .50 1 .585 1.631 1 .332 1 .481 
580 t! 0 .2 14 .9 33x95 100 1 • 551 0 .124 0 .175 1 .675 1.726 1 .350 1 .372 
613 tt 0 .2 14 • 9 65x105 50 2 .361 0 .1508 0 .190 2 .511 2.551 1 .599 1 .573 
578 It 0 .2 14 • 9 33x95 50 2 .40 0 .160 0 .205 2 .560 2 .606 1 .630 1 .661 
572 It 0 .2 14 • 94 33x95 10 7 .49 0 .430 0 • 507 7 .920 7.997 3 .389 3 .461 
590 t l 0 .5 14 .95 65x105 100 0 .895 0 .279 0 .303 1 .174 1.198 1 .162 1 ".16 
555 It 0 .5 14 .95 33x65 100 0 .935 0 .278 0 .293 1 .213 1.228 1 .172 1 .167 
549 II 0 .5 14 .95 33x65 50 1 .408 0 .374 0 .404 1 .782 1.813 .1 .317 1 .408 
537 tt 0 .5 14 .95 33x65 10 4 .316 0 .987 1 .018 5 .303 5.334 2 .285 2 .249 
530 It 0 .5 29 • 67 33x65 10 4 .292 0 .954 1 .001 5 .246 5.293 2 .284 2 .248 
566 tt 0 .9 15 .08 65x95 100 0 .626 0 .447 0 .466 1 .074 1.093 1 .112 1 .112 
558 II 0 .9 ; 15 .08: 33x65: 100 0 .655 0 .473 0 .487 1 .128 1.142 1 .115 1 .115 
550 tt 0 .9 15 .08 33x65 50 .999 .607 0 .626 1 .606 1.625 1 .218 1 .217 
534 It 0 .9 15 .08 33x65 10 3 .085 1 .674 1 .685 4 .759 4.77 1 .923 1 .920 
531 tt 0 .9 29 • 93 33x65 10 3 .023 1 .447 1 .465 4 .470 4.489 1 .929 1 .926 

cont. . . . 



T a b l e 6 ( c o n t ' d ) 

Mark Angle o f w' 
S e p a r a t i o n ^ 

H 

266 99.3 2.3 
137 100. 3 3.9 
234 99 .7 3.6 
113 104.3 2.3 
165 103.4 2.3 
97 122.4 0.52 
96 122.3 0.52 

128 110.9 2.8 
224 110.1 2.7 111 118.8 1.7 164 118.3 1.6 
59 — _ 
84 161.4 0.08 

126 125.1 1.9 
217 i 124.5 1.8 
126 | 125.1 1.9 
217 124.5 1.8 
112 . 136.1 1.0 
161 135.1 1.0 
61 
8 _ 

106 139.9 0.85 
150 138.6 0.95 
90 173-9 — 

283 175.5 58 
73 " - — 

249 128.3 1.65 
124 128.4 1.7 
218 127.7 1.7 
588 — 
580 — — 
613 • — _ 
578 • - — 
572 - — 
590 151.8 0.65 
555 155.4 0.55 
549 172.2 — 
537 - — 
530 — _ 
566 129.4 i : 5 5 558 132.0 1.50 
550 143.4 0.75 
534 -

0.75 
531 - -
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of separation i s seen to be s e n s i t i v e to the step 
s i z e chosen, f o r the p r o l a t e spheroids. 
For s i n g l e e l l i p t i c a l c y l i n d e r s l e s s extensive 
t e s t s were made and, i n genera l , smaller g r i d s i z e s 
were used. The g r i d s i z e s used v a r i e d from ^6° 
to %3° i n the angular d i r e c t i o n and M).044 to about 
0.053 i n the r a d i a l d i r e c t i o n . The d e t a i l s are 
given i n Table 7 and Appendix I I . 

For both the spheroids and e l l i p t i c a l c y l i n d e r s at 
Re = 0.01, using e i t h e r Happel's f r e e surface c e l l 
model or Kuwabara'szero v o r t i c i t y c e l l model, .where 
the outer envelope i s r e l a t i v e l y close to the inner 
surface of the body a r e l a t i v e l y small g r i d s i z e 
i n the r a d i a l d i r e c t i o n i s p o s s i b l e even though 
the t o t a l number of po i n t s i s not l a r g e . In 
general the g r i d s i z e v a r i e d from 6° to 4.5° 
i n the angular d i r e c t i o n and from 0.08 to 0.003 i n 
the r a d i a l d i r e c t i o n . Table 8 shows that the g r i d 
s i z e s used i n t h i s work were adequate, as they gave 
very close r e s u l t s to the a v a i l a b l e a n a l y t i c a l 
s o l u t i o n s , the d e t a i l s of which are once again given 
i n Appendix I I . 

For numerical a n a l y s i s purposes the f i e l d of com
p u t a t i o n f o r s i n g l e bodies must be r e s t r i c t e d w i t h i n 
an outer envelope which i s made to c o i n c i d e w i t h 
one of the g r i d l i n e s used. The p o s i t i o n of such an 
envelope i s an important f a c t o r i n the numerical 



Table 7 

Some s e l e c t e d data f o r s i n g l e e l l i p t i c a l c y l i n d e r s 

Mark O.R. Mean I MxJM Re C C C n r p P 0 Angle „' 
diameter D b , D* _ _ D i _ 0 _ of 1 

3 5 3 5 3 5 sepa- w' 
^ points points points points points P°l n' b s

ration d 
m 

1254 0.2 133.04 65x105 40 0.1725 1.656 1.642 1.829 1.814 1.086 1.086 103.2 6.9 
1143 0.2 133.04 33x93 15 0.3097 2.283 2.276 2.597 2.586 1.220 1.222 108.8 2.95 
1112 0.2 133.04 33x93 1 1.7795 9.038 9.030 10.817 10.810 3.642 3.658 

1139 5 133-04 33x93 40 1.138 0.573 0.594 1.711 1.732 1.438 1.630 
1117 5 133.04 65x105 40 1.100 O.631 0.652 1.730 1.752 1.342 1.324 

1021 5 59.78 33x69 1 11.577 2.436 2.437 14.013 14.014 6.264 6.239 

1023 5 89.18 33x85 1 11.247 2.408 2.417 13.655 13.665 .6.150 , 6.124 
1028 5 133.04 33x93 1 11.236 2.370 2.370 13.606 13.607 6.118 6.092 

1096 2 111.05 33x93 50 0.7163 0.744 0.752 1.460 1.469 1.185 1.183 150.6 1.14 

125110/9 133.79 65x105 90. 0.3156 0.8014 0.8017 1.117 1.117 1.070 1.067 118.1 7.1 

1266 10/9 133.79 65x105 40 0.5587 0.861 0.861 1.420 1.420 1.151 1.151 128.4 3-45 

1066 ^1.0 121.5 33x93 5 1.891 2.158 2.161 4.049 4.052 1.86 I.856 - -

1045 ^1.0 257.23 33x93 1 5.3144 5.461 5.464 1.077 1.078 4.001 3-989 - - S 



Table 8 

E f f e c t of g r i d s i z e on C D T and a comparison 
with a n a l y t i c a l s o l u t i o n s f o r Re = 0.01 

96 

Mark A.R. O.R. 
(spheroids) ( c y l i n d e r s ) 

Concen- IMxJM 
t r a t i o n 

c 
'DT Model 

1525 
A n a l y t i c a l 

1000/995 
1.0 

0.4025 33x33 0.265xl0 5 Happel 
0.4025 0.266xl0 5 Happel 

1544 

1535 

A n a l y t i c a l 

1526 
A n a l y t i c a l 

1000/999 
999/1000 

1.0 

0.01005 33x33 
0.01005 33x33 
0.01005 

0.140x10 
0 . l 4 0 x l 0 i 

0.l40xl0 J 

Happel 
Happel 
Happel 

1000/995 0.4025 33x33 0.373xl0 5 Kuwabara 
,5 1.0 0.4025 0.372x10"" Kuwabara 

1272 
1276 
A n a l y t i c a l 

1000/995 
999/1000 

1.0 

0.01005 33x33 
0.01005 33x33 
0.01005 -

0.161x10 
0 . l 6 l x l 0 J 

0.l62xlO J 

Kuwabara 
Kuwabara 
Kuwabara 

5517 
5516 

5138 

5117 

0.2, p r o l a t e 
0.2, p r o l a t e 

o.2, oblate 
0.2, oblate 

5150 0.999,oblate 
A n a l y t i c a l 1.0 sphere 

0.5959 65x21 0.505x10 Happel 
0.5959 33x21 0.505xl06 Happel 

0.4011 41x33 0.336xl05 Happel 
0.4011 61x33 0.336xl05 Happel-

0.4066 33x33 0.474xl05 Happel 
0.4066 - 0.475xl05 Happel. 

5051 0.999,oblate 
A n a l y t i c a l 1.0, sphere 

0.0498 33x33 0.529x10 Happel 
0.0498 0.529x10 Happel 

272 0.999,oblate 
A n a l y t i c a l 1.0, sphere 

0.0498 33x33 0.619x10 Kuwabara 
0.0498 0.620x10 Kuwabara 
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r e s u l t s . The a n a l y t i c a l solution of the 

creeping flow equations for a sphere surrounded 

by an outer spherical envelope under the boundary 

conditions of zero v o r t i c i t y at the outer en

velope i s given by equation 90 : 

p = —3_PjT_uJJ__a (90)-

5 - 9Y + 5Y - Y 
where y i s the diameter r a t i o of s o l i d sphere to 
spherical envelope ,then 

l \ y = 0 ' 0 1 = 1.018 ' : 

PI Y=0 
This indicates that even when the outer envelope 

i s located at 100 diameters from the sphere, i t s 

influence on the drag force or drag c o e f f i c i e n t i s 

s t i l l perceptible. The drag c o e f f i c i e n t s at 

Re =1.0 for both oblate and prolate spheroids were 

extrapolated to i n f i n i t e envelope volume from a 

plot of C D T against the r e c i p r o c a l of the mean d i 

meter,, d (=Y~ 1=C~ 1 / / 3) , defined as the t o t a l volume 
of the outer envelope divided by the volume of the 

spheroid, a l l raised to the power one-third. The 

range of d m actually computed was 17-102, as shown 

i n figure 5. At Re.= 10 the difference between 

the computed values of the drag c o e f f i c i e n t s for d^ 

of 17 and 30 was n e g l i g i b l e for both the oblate and 

prolate spheroids. For higher Re the values of 
d used to represent an i n f i n i t e medium were 15 and m ^ 
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17 for prolate and oblate spheroids, respectively. 

It i s i n t e r e s t i n g to note that a d of 7.0 for 
• m 

an oblate spheroid with A.R. = 0.2 gave a much 

smaller wake than d^ = 17, even though the res

pective values of C D T were within 2% of each other. 

However, for A.R. = 0.999 the wake shape was not 

affected by decreasing d to 7.0. 
• m 

For e l l i p t i c a l cylinders no a n a l y t i c a l solution 

of the creeping flow equation i s available and-

hence no dir e c t comparisons could be made as i n 

the case of spheroids. Results for an e l l i p t i c a l 

cylinder of O.R. = 5 at Re = 1.0 with d m = 60-133 

indicated that there i s no appreciable difference 

i n r esults between d = 89 and d = 133. For 
m m 

higher Reynolds numbers the values of d^ used to : 

represent an i n f i n i t e medium were i n the range 

111 - 133. 

For the c l u s t e r s , the p o s i t i o n of the outer en

velope was used to evaluate the concentration of 

the swarm i n the c e l l model. 

The evaluation of the pressure d i s t r i b u t i o n as 

given by equations 175 and 180 involved both 

d i f f e r e n t i a t i o n and integration. The l a t t e r posed 

no d i f f i c u l t y and i n i t i a l tests indicated that 

Simpson's rule (3 points) and Boole's rule (5 points) 

gave almost i d e n t i c a l r e s u l t s . On the other hand, 

numerical d i f f e r e n t i a t i o n could give an uncertainty 
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i n the computed values of P, and consequently 
i n the form drag c o e f f i c i e n t . In order to examine 
the s t a b i l i t y of the d i f f e r e n t i a t i o n , Lagrange 
d i f f e r e n t i a t i o n formulae f o r 3 and 5 p o i n t s were 
used ( i n i t i a l t e s t s were made using 3 S 4 and 5 

p o i n t s ) . In general f o r an oblate spheroid w i t h , 
small A.R. the v a r i a t i o n i n the computed values 
of C D p was w i t h i n 0.5%. For a p r o l a t e spheroid, 
however, d i f f i c u l t y was encountered, C D p v a r y i n g 
as much as 20% f o r small A.R. An examination of 
equation 175 and i t s numerical e v a l u t i o n i n d i c a t e s 
that the value of -j^\Ej=E,

 a t l o w a s P e c t r a t i o Is 
£1 

negative and nearly equal to C a tanh. Ka, except 
near the t i p s of the spheroid, r e s u l t i n g i n the 
f l a t n e s s of the surface pressure d i s t r i b u t i o n f o r 
A.R. = 0 . 2 shown i n f i g u r e s 23 - . 2 6 . This gave 
r i s e to a large e r r o r i n the computed value of P 
and hence C D p. F o r t u n a t e l y , f o r small aspect 
r a t i o the major c o n t r i b u t i o n to C D T i s from the. 

s k i n drag c o e f f i c i e n t , which could be obtained 
with good accuracy. For Re = 1 , and A.R. = 0 . 2 . 

and 0 . 5 , the Lagrange 5-point d i f f e r e n t i a t i o n formula 
as compared to the 3-point formula gave a c l o s e r 
value of Opp/Cpg to that given.by equation 3 4 . 

For higher Re the 5-point formula was used. 
For e l l i p t i c a l c y l i n d e r s , C^p i s given by one term 
only and hence the e r r o r i n using d i f f e r e n t d i f f e r e n t -
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l a t i o n formulae was not as severe as f o r the case 
of p r o l a t e spheroids. The worst case was the 
e l l i p t i c a l c y l i n d e r of A.R. = 5 at Re = 40, 
f o r which the v a r i a t i o n i n C DF was about 3%. I t 
i s unfortunate that most p u b l i c a t i o n s i n t h i s 
f i e l d d iscuss i n d e t a i l the s e v e r a l methods of 
o b t a i n i n g converged and s t a b l e l o c a l flow f u n c t i o n s , 
but f a i l to discuss the method used i n o b t a i n i n g 
the dependent cumulative f u n c t i o n s , which u s u a l l y 
r e q u i r e numerical i n t e g r a t i o n and d i f f e r e n t i a t i o n . 

5. Results f o r S i n g l e Spheroids 

The boundary c o n d i t i o n s used f o r the i s o l a t e d 
spheroids are given i n Chapter I I I . At the outer envelope 
the zero v o r t i c i t y model as given by Case I was used. • 

comes a p e r f e c t sphere. In t h i s study an oblate spheroid 
with A.R. of 0.999 was considered to be a sphere. The 
v a r i a t i o n of the t o t a l drag c o e f f i c i e n t w i t h Re obtained 
f o r the l i m i t i n g case of a sphere i s shown i n f i g u r e 6. 
The present computed r e s u l t s agree w e l l w i t h the e x p e r i - ' 
mental values summarized by Lapple and Shepherd (154). The 
reason that the computed values of C ^ In general are above 
the experimental curve seems mainly to be that the outer 
envelope was not taken f a r enough f o r i t s i n f l u e n c e to be 
n e g l i g i b l e . The same d i r e c t i o n of i n f l u e n c e would be ex
pected from the presence of w a l l s c o n f i n i n g the flow f i e l d . 

For an aspect r a t i o of u n i t y , the spheroid be-



Re 
Figure 6. V a r i a t i o n of the t o t a l drag c o e f f i c i e n t with Reynolds number 

f o r a sphere. 
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The v a r i a t i o n of the t o t a l drag c o e f f i c i e n t w i t h 
Reynolds number of an oblate spheroid having v a r i o u s 
aspect r a t i o s i s given i n f i g u r e 1. At low Re, an oblate 
spheroid with higher A.R. gives a higher drag c o e f f i c i e n t , 
i . e . , C D , j f o r a sphere i s higher than that f o r a c i r c u l a r 
d i s c . For higher Re, t h i s tendency i s e v e n t u a l l y reversed 
and a spheroid w i t h lower A.R. gives a higher C ^ . At -
low Re, f o r which the c o n t r i b u t i o n of C D S to C D T i s l a r g e , 
t h i s r e s u l t appears to be q u i t e reasonable, since at a f i x e d 
value of Re a l l the spheroids may be considered to have the 
same e q u a t o r i a l diameter ( f o r constant U and v ), and con
sequently the surface area and hence the s k i n drag co
e f f i c i e n t increases with A.R. For higher values of Re . 
the wake bubble becomes l a r g e r f o r an oblate spheroid as 
A.R. decreases and s i n c e , normally, high form drag co
e f f i c i e n t s are as s o c i a t e d w i t h l a r g e wakes, and i n c r e a s i n g 
Re increases the r e l a t i v e c o n t r i b u t i o n of C D p to C^rp, the 
r e s u l t i s that at s u f f i c i e n t l y high Re, f o r a low aspect 

r a t i o i s higher than that f o r a sphere. Experimental work 
on d i s c s by Schmiedel (155) i n d i c a t e s that the - Re 
curve f o r a d i s c (crosses that of a sphere at Re = 50. A 
d i s c may be thought of as the l i m i t i n g oblate spheroid of 
zero aspect r a t i o . Figure 8 shows the v a r i a t i o n of 
wit h Re f o r various" aspect r a t i o s of a p r o l a t e spheroid. 
The comparison at a f i x e d value of Re may once again be con
sidered as based on spheroids having the same e q u a t o r i a l 
diameter f o r f i x e d U and v . 
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The r a t i o of s k i n to form drag c o e f f i c i e n t f o r 
oblate spheroids at d i f f e r e n t Reynolds numbers i s shown i n 
f i g u r e 9 as a f u n c t i o n of aspect r a t i o . At Re = 1.0 , Aoi's 

expression as given by equation 35 i s i n good agreement 
with the present numerical study. The r e l a t i v e con
t r i b u t i o n of C D S to C D T decreases w i t h Re f o r a l l aspect 
r a t i o s . The same i s observed f o r p r o l a t e spheroids as 
given by the p l o t of Cjjp/^DS vs. A.R. i n f i g u r e 10. 
Aoi's expression, equation 34, i s again i n good agreement 
at Re = 1.0. However, t h e r e l a t i v e c o n t r i b u t i o n of C^g 
to C D T increases with A.R. f o r an o b l a t e , but decreases f o r 
a p r o l a t e , spheroid. 

The v a r i a t i o n of the dimensionless f r o n t a l s tag
nation pressure with Re f o r an oblate and a p r o l a t e spheroid 
i s shown i n f i g u r e s 11 and 12, r e s p e c t i v e l y . I t i s i n t e r 
e s t i n g that the f r o n t a l stagnation pressure f o r the various 
aspect r a t i o s of both oblate and p r o l a t e spheroids d i f f e r 
considerably from each other and from u n i t y , P c f o r an oblate 
spheroid with A.R. = 0.2 being the c l o s e s t to u n i t y at each 
Re. Moreover the d e v i a t i o n of P Q from u n i t y increases w i t h 
decreasing Reynolds number. This.seems to confirm two w e l l 
observed c h a r a c t e r i s t i c s of s t a t i c p i t o t tubes, namely that 
the c o r r e c t i o n . f a c t o r i s l a r g e f o r low Re and that i t v a r i e s 
considerably f o r d i f f e r e n t t i p shapes (156). 

A comparison of the surface pressure d i s t r i b u t i o n 
obtained by s e v e r a l workers (25a,55,57,163) f o r a sphere at 
Re = 10 i s made with the present l i m i t i n g case of a sphere i n 
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A.R. 
Figure 9. V a r i a t i o n of C D S / C D p with aspect r a t i o f o r 

oblate spheroids. 
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Figure 12. V a r i a t i o n of f r o n t a l stagnation pressure with 
A.R. f o r p r o l a t e spheroids. 



I l l 

f i g u r e 13, which shows good agreement between the numerical 
work and the a n a l y t i c a l s o l u t i o n of Oseen's equations as given 
by Piercey and McHugh (25a). Figure 14 shows the comparison 
of P f o r a sphere at Re=100 and Re+°°,Stewartson (25b,equation 32). 

The dlmensionless pressure d i s t r i b u t i o n at 
the surface of an oblate spheroid f o r d i f f e r e n t A.R. i s 
shown i n f i g u r e 15 f o r Re = 1.0. The Stokes pressure d i s 
t r i b u t i o n f o r both a sphere and an oblate spheroid w i t h > 
A.R. = 0.2 are i n good agreement wi t h the computed d i s 
t r i b u t i o n , c o n s i d e r i n g , t h a t even f o r a sphere the Stokes 
regime i s s t r i c t l y v a l i d only f o r Re ̂  -0.1. I t i s i n t e r 
e s t i n g to note sharp maxima and minima f o r A.R. = 0.2, 

l e s s pronounced ones f o r A.R. = 0.5 and none at a l l f o r 
A.R. of 0.9. The exact value of A.R. where maxima and 
minima would be o b l i t e r a t e d f o r Stokes flow could be found 
from equation 22a. Such surface pressure maxima are s t i l l 
e x h i b i t e d f o r A.R. = 0.2 up to Re = 10, as shown i n f i g u r e s 
16 and 17. The surface pressure d i s t r i b u t i o n on an oblate 
spheroid f o r s t i l l higher Reynolds numbers are shown i n . 
f i g u r e s 1 8 - 2 0 . 

For an oblate spheroid w i t h A.R. = 0.2, f i g u r e s 18, 

19 and 20 show that the pressure at the surface i n c r e a s e s 
r a p i d l y j u s t before the boundary l a y e r s e p a r a t i o n p o i n t , where
as f o r a p r o l a t e spheroid w i t h the same A.R. the surface 
pressure at corresponding Reynolds numbers increases slowly 
or not at a l l , and no separation Is observed, according to 
f i g u r e s 24, 25 and 26. The dimensionless surface pressure 
d i s t r i b u t i o n on a p r o l a t e spheroid with d i f f e r e n t A.R. i s 
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Figure 1 3 . Surface pressure d i s t r i b u t i o n f o r a sphere at 
R e = 1 0 . 



-Figure.14. Surface pressure d i s t r i b u t i o n of a sphere at high Reynolds number. 
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Figure 15. Surface pressure d i s t r i b u t i o n f o r oblate spheroids 
at Re=1.0. 
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Figure 16. Surface pressure d i s t r i b u t i o n f o r oblate spheroids 
at Re-5.0. 
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P 

Figure 1 7 . Surface pressure d i s t r i b u t i o n f o r oblate spheriods 
at Re=10. 
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Figure 18. Surface pressure d i s t r i b u t i o n f o r oblate spheroids 
at Re=20. 
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Figure 19. Surface pressure d i s t r i b u t i o n f o r oblate spheroid 
at Re=50. 
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given i n f i g u r e 21 f o r Re = 1.0, A comparison w i t h the 
Stokes pressure d i s t r i b u t i o n f o r A.R. = 0.2 shows general 
agreement i n the shape of the curve, but a considerable 
d i f f e r e n c e i n the f r o n t a l s t a g n a t i o n pressure. Figures 
22, 23, 24, 25 and 26 show the surface pressure d i s t r i b u t i o n 
on a p r o l a t e spheroid f o r various A.R. at Re = 5, 10, 20, 
50 and 100, r e s p e c t i v e l y . 

The dlmensionless surface v o r t i c i t y i s a d i r e c t 
measure of the shear s t r e s s at the surface of the spheroid, 
and i t s change i n s i g n i n d i c a t e s the onset of s e p a r a t i o n , 
i . e . , a r e v e r s a l i n the flow d i r e c t i o n i n the immediate 
v i c i n i t y of the body. The dimensionless surface v o r t i c i t y 
i s p l o t t e d i n f i g u r e s 27 - 30 f o r an oblate spheroid i n • 
f i g u r e s 31 - 33 f o r a p r o l a t e spheroid, at the va r i o u s 
A.R. and Re. For the ob l a t e spheroid a maximum i s ob
served, which s h i f t s toward the f r o n t a l stagnation p o i n t ; 
with increase of Re, thus rendering the curve more 
asymmetric about n= TT/2 . For the p r o l a t e spheroid with 
A.R. = 0.2 at Re = 1.0, f i g u r e 33 shows that there are two 
maxima, the one nearer the re a r of the spheroid disappear
ing with increase of Reynolds number. The corresponding 
asymmetry of the flow i s a r e s u l t of i n c r e a s i n g l y dominant 
i n e r t i a l e f f e c t s . The maximum near the f r o n t of the pro
l a t e spheroids with A.R. of 0.2 ( f i g u r e 33) and A.R. of 
0.5 ( f i g u r e 32) seems to be r a t h e r f i x e d f o r the various Re 
at 11° and.28°, r e s p e c t i v e l y . 
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Figure 21. Surface pressure d i s t r i b u t i o n f o r p r o l a t e 
spheroids at Re'=1.0. 
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Figure 22. Surface pressure d i s t r i b u t i o n f o r p r o l a t e 
spheroids at Re=5.0. 
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Figure 2 3 . Surface pressure d i s t r i b u t i o n f o r p r o l a t e spheroids 
at R e = 1 0 . 
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Figure 2k. Surface pressure d i s t r i b u t i o n f o r p r o l a t e spheroids 
at Re=20. 
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Figure 2 6 . Surface pressure d i s t r i b u t i o n f o r a p r o l a t e 
spheroid at Re=100. 
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Figure 27. Surface v o r t i c i t y d i s t r i b u t i o n f o r an oblate spheroid 
with A.R. = 0.999 (sphere). 
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Figure 29. Surface v o r t i c i t y d i s t r i b u t i o n f o r an oblate 
spheroid With A.R. = .0.5. 
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Figure 30. Surface v o r t i c i t y d i s t r i b u t i o n f o r an oblate 
spheroid with A.R, = 0.2. 
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Figure 31. Surface v o r t i c i t y d i s t r i b u t i o n f o r a p r o l a t e spheroid 
with A.R. = 0.9. • 
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Figure 3 2 . Surface v o r t i c i t y d i s t r i b u t i o n f o r a p r o l a t e spheroid 
w i t h A.R. = 0.5. 
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Figure.33. Surface v o r t i c i t y d i s t r i b u t i o n f o r a p r o l a t e spheroid 
with A.R. = 0.2. 



1 3 4 

The appearance of the wake bubble behind a 
spheroid i s c l e a r l y a f u n c t i o n of the s o l i d body's shape 
and of the Reynolds number. I t was found that a wake 
bubble develops at Re as low as 20, 10 and 5 f o r an oblate 
spheroid with A.R. of 0.9, 0.5 and 0.2 r e s p e c t i v e l y . For 
an almost s p h e r i c a l oblate-spheroid (A.R. = 0.99 ), however, 
the present work shows no marked vortex development at Re=20, 

though a separation was i n d i c a t e d at t h i s Reynolds number, 
by a negative v o r t i c i t y at the surfac e . Taneda's (160) 

e x t r a p o l a t i o n of h i s experimental work gave the onset of 
separation at Re = 24, while Jenson's work (55) i n d i c a t e d 
the Re at separation to be 17. The correct e d value of 
Porter and N i s i (157) i s Re = 17 (158).. For a p r o l a t e 
spheroid of A.R. - 0.2, no vortex was observed even f o r 
Re of 100. The v a r i a t i o n of the dimensionless wake length 
with Re i s shown i n f i g u r e 34. I t i s i n t e r e s t i n g that 
Van Dyke's (159)-equation, derived from Oseen's approxi
mation f o r the wake length behind a sphere i s i n e x c e l l e n t 
agreement with the values of wake length computed f o r a 
nearly spherical oblate spheroid (A.R. = 0.999). Figure 
35 gives the point of separation f o r the various shapes and 
Reynolds numbers. Taneda's (160) experimental data f o r a 
sphere are i n e x c e l l e n t agreement with those computed f o r the 
oblate spheroid of A.R. = 0.999, but Van Dyke's t h e o r e t i c a l 
equation f o r the separation point i s at variance w i t h these 
r e s u l t s . 



135 

Figure 34. V a r i a t i o n of wake length with Re f o r spheroids 
Oblate spheroids: A.R. = 0.2; v , A.R. = 0.5; 
A , A.R. = 0.9;o , A.R. = 0.999 (sphere). P r o l a t e 

. spheroids: • , A.R. = 0.9; CD , A.R. = 0.5. • 
Sphere: e , (Hamielec et a l ) ; , Van Dyke j 
( t h e o r e t i c a l ) . I 



Re 
Figure 35. L o c a t i o n of separation point f o r spheroids. 



Streamlines and e q u i - v o r t i c i t y l i n e s at various 
Reynolds numbers and aspect r a t i o s f o r oblate and p r o l a t e 
spheroids are shown i n f i g u r e s 36 - 49. I t i s i n t e r e s t i n g 
to note that the streamline of magnitude 4.0 tends to be 
l e s s curved with i n c r e a s i n g Re, i n d i c a t i n g that the flow, 
becomes undisturbed at a s h o r t e r distance from the spheroid 
as Re i n c r e a s e s . This r e s u l t c o r r e l a t e s w i t h the f a c t that 
the w a l l e f f e c t on the drag c o e f f i c i e n t decreases w i t h i n 
c r e a s i n g Re, as experimentally shown by McNown et a l . ( l 6 l ) . 

The d e v i a t i o n of the flow from the Stokes regime, 
i n which symmetry p r e v a i l s , i s best observed by the 
asymmetry of the v o r t i c i t y l i n e s . The v o r t i c i t y i s generated 
upstream and i s c a r r i e d by the f l u i d around the spheroid : 
to considerable distances downstream, these distances i n 
creasing with Reynolds number. The heat-flow analogy i n 
d i c a t e s that i n time t v o r t i c i t y would d i f f u s e outwards a 

• , . 1/2 
distance d=(ty/p) while i t i s being convected downstream f o r 
a distance s'= Ut. E l i m i n a t i n g t y i e l d s the r e s u l t 

1/2 1/2 
S a Re > where S and d have been rendered dimensionless 
d 
by use of the e q u a t o r i a l r a d i u s of the spheroid. The e q u i -
v o r t i c i t y l i n e s f o r a given spheroid c l e a r l y support the above 
r e s u l t i n that f o r Re = 1.0 the convection of v o r t i c i t y i s 
much l e s s than that at Re = 100 (see f i g u r e s 40 - 42 and . 
47 - 49). 

The e q u i - v e l o c i t y l i n e s at Re = 100 f o r both an 
oblate and a p r o l a t e spheroid having an aspect r a t i o of 0.2, 

and f o r an almost s p h e r i c a l oblate spheroid, are shown i n 



Figure 36, Streamlines f o r a nearly s p h e r i c a l oblate spheroid 
(A.R. = 0.999). 



R e = 100. 
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Figure 37. Streamlines f o r an oblate spheroid with aspect r a t i o 0.9. 
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Figure 3 8 . Streamlines f o r an oblate spheroid with aspect r a t i o 0 . 5 





Figure 40. V o r t i c i t y l i n e s f o r a n e a r l y s p h e r i c a l oblate spheroid 
(A.R. = 0.999). 
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Figure i l l . V o r t i c i t y l i n e s f o r an oblate spheroid with aspect 
r a t i o 0.9. 
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Re = 100. 

Figure 42. V o r t i c i t y l i n e s f o r an oblate spheroid with aspect 
r a t i o 0.5. 



Re = 100. 

Figure 43. V o r t i c i t y l i n e s f o r an oblate spheroid with aspect 
r a t i o 0.2. 



Re = 100. 
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Re = 100. 147 
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Re a 100. 

Figure 48.' . V o r t i c i t y l i n e s f o r a prolate, spheroid with aspect 
r a t i o 0.5. 
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Re = 5 0 . 

.1 

Re = 1. 

. .1 

(d) 
Figure 49. V o r t i c i t y l i n e s f o r a p r o l a t e spheroid with aspect 

r a t i o 0.2. 
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f i g u r e 50. The modulus of the v e l o c i t y vector was found by 
using the Lagrange 3-point formula on the stream f u n c t i o n 
l a t t i c e . I t i s i n t e r e s t i n g to note that the streamline 
e n c l o s i n g the wake f o r the 0.2 aspect r a t i o oblate spheroid 
( f i g u r e 39a) has approximately the same curvature over the 
wake reg i o n as the e q u i - v e l o c i t y l i n e of u n i t y ( f i g u r e 50a), 
and i t may be a conjecture that both l i n e s c o i n c i d e w i t h each 
other when the Reynolds number Is increased i n d e f i n i t e l y ; . 
Also i t can be seen that the centre of the vortex ( f i g u r e 
39a) l i e s i n a r e g i o n of low v e l o c i t y ( f i g u r e 50a). 

In p o t e n t i a l f l o w , i . e . when an i d e a l f l u i d flows 
past a spheroid, symmetry e x i s t s between the upstream flow 
and the downstream flow.. This i s a r e s u l t of no f r l c t i o n a l 
energy losses due to the absence of viscous f o r c e s . The 
dimensionless surface pressure d i s t r i b u t i o n f o r p o t e n t i a l 
flow past a sphere, as given i n Appendix I , i s p l o t t e d i n 
f i g u r e 51 together w i t h the numerical r e s u l t s at Re = 50 
and Re =100 f o r a spheroid having A.R. = 0.999- The curve 
f o r the higher Re shows c l o s e r agreement wi t h the pressure 
d i s t r i b u t i o n f o r p o t e n t i a l flow than that f o r the lower Re. 
This agreement i s best f o r p o i n t s near the f r o n t end of the 
spheroid. S i m i l a r p l o t s f o r A.R. = 0,2 of an oblate and a 
p r o l a t e spheroid are given i n f i g u r e s 52 and 53 r e s p e c t i v e l y . 
For the p r o l a t e spheroid at Re = 100 the agreement with the 
p o t e n t i a l flow extends to about 3TT/2, which i s undoubtedly r e 
l a t e d to the absence of separation f o r the r e a l flow at 
Re = 100. 
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Figure 51. Surface pressure d i s t r i b u t i o n at high Re f o r an 
oblate spheroid w i t h A.R. = 0.999 (sphere). 
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Figure 53. Surface pressure d i s t r i b u t i o n at high Re f o r 
p r o l a t e spheroid with A.R. = 0.2. 
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Figure 54a shows the e x c e l l e n t agreement of 
Homann's r e s u l t s w i t h those obtained i n the work on a . 
nearly p e r f e c t sphere and by other numerical and a n a l y t i c a l 
work. Figures 54 - 57 compare the dimensionless f r o n t a l -
s tagnation pressure f o r various aspect r a t i o s of oblate and: 
p r o l a t e spheroids with the s o l u t i o n derived i n Appendix I 
using boundary l a y e r theory and the p o t e n t i a l flow s o l u t i o n 
f o r spheroids. In a l l cases the agreement i s much c l o s e r 
f o r high than low Reynolds number which i s not s u r p r i s i n g 
since the boundary l a y e r theory i s s t r i c t l y a p p l i c a b l e f o r 
the higher Re. The modified Stokes s o l u t i o n (which adds 
the f i r s t term of u n i t y ) to the unmodified s o l u t i o n gives 
s u r p r i s i n g l y close r e s u l t s to the numerical values obtained 
i n t h i s work. 

The modulus of the v e l o c i t y vector i n the n- . 
d i r e c t i o n was determined at n=ir / 2 , i . e . |v | was evaluated 
along n = TT/2 and the p o s i t i o n of i t s maximum value was; 
taken as the edge of the boundary l a y e r . This p o s i t i o n was 
non-dimensionalized by the use of the e q u a t o r i a l r a d i u s of 
the spheroid, and the dimensionless boundary t h i c k n e s s , # , 
was p l o t t e d against the Reynolds number i n f i g u r e 5 8 . The 
p l o t gave s t r a i g h t l i n e s having slopes of about -1/2 , 

i n agreement wi t h boundary l a y e r theory ( 1 6 2 ) . 

6. Results f o r S i n g l e E l l i p t i c a l C y l i n d e r s 

The boundary c o n d i t i o n s used f o r the i s o l a t e d 
e l l i p t i c a l c y l i n d e r s are given i n Chapter I I I as Case I , i n 
which the v o r t i c i t y i s taken as zero at the outer boundary. 
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Re 

Figure 54. V a r i a t i o n of the f r o n t a l s tagnation pressure w i t h 
Reynolds number f o r oblate spheroids of high aspect 
r a t i o r B.L.T., Boundary l a y e r theory; o , t h i s work; 
• , Jenson, A , Rhodes; V , Hamielec et a l ; ? , 

Pearcey and McHugh. 
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F i g u r e 55. V a r i a t i o n o f t h e f r o n t a l s t a g n a t i o n p r e s s u r e w i t h 
R e y n o l d s number f o r o b l a t e s p h e r o i d s o f l o w a s p e c t 

• r a t i o : B.L.T.., B o u n d a r y l a y e r t h e o r y ; o , t h i s 
w o r k . 
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Figure 56. V a r i a t i o n of the f r o n t a l stagnation pressure with Reynolds number 
f o r p r o l a t e spheroids with A.R. .= 0.9: B.L.T., Boundary l a y e r 
theory; o , t h i s work. 
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Figure 57. V a r i a t i o n of the f r o n t a l stagnation pressure -with 
Reynolds number f o r p r o l a t e spheroids of low aspect 
ratio*. B..-L.T., Boundary l a y e r theory; o , t h i s work. 
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SLOPE = -1/2 

SOC Re -1/2 SLOPE = - 1/2 

10 20 Re 50 100 
Figure 58. V a r i a t i o n of the boundary l a y e r thickness with 

Reynolds number f o r spheroids at n = TT/2 
Oblate spheroids: 6, A.R. = 0.999 (sphere); v , 
A.R. = 0.2. P r o l a t e spheroids: e , A.R. = 0 . 5 ; 
A , A.R. = 0.2. Sphere: • , Jenson. 
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The numerical work on c i r c u l a r c y l i n d e r s has 
been w e l l covered by previous workers. I n i t i a l work on 
a nearly c i r c u l a r e l l i p t i c a l c y l i n d e r was done to t e s t the 
computer program. An aspect r a t i o of 0.995 was used. 
Figure 59 shows the experimental data of various workers 
together with the s o l u t i o n s of Lamb (5) and Kaplun (29) as 
w e l l as the present work. The C D T r e s u l t s at Re = 0.01 . 
f o r O.R. = 0.995 and at Re - 1 and 5 f o r O.R. = 1/0.995 
agree very w e l l w i t h the experimental data of the various 
workers (145, 146, 147). I t i s i n t e r e s t i n g that Lamb's, 
s o l u t i o n i s q u i t e accurate i n e s t i m a t i n g the t o t a l drag 
c o e f f i c i e n t up to Re = 1.0. The recent experimental work 
of Jayaweera and Mason (145) at Re - 0.02 shows that Lamb's 
s o l u t i o n s t i l l holds at t h i s very low Reynolds number. 
I t should be borne i n mind that there i s no v a l i d creeping 
flow s o l u t i o n f o r the c i r c u l a r c y l i n d e r , since Stokes 
s o l u t i o n gives zero drag c o e f f i c i e n t when the outer en
velope i s at i n f i n i t y . At Re = 0.01 the presence of the 
outer boundary i s very i n f l u e n t i a l i n determining the exact 
value of the t o t a l drag c o e f f i c i e n t . For d m = 257, i t 
was found that obtained by the numerical s o l u t i o n of 

the complete Navier - Stokes equation agrees with that ob
ta i n e d by the creeping flow s o l u t i o n as given by equation 89. 
However, t h i s value i s about 30% higher than the ex
perimental value (see Appendix I I , Mark 1524). At d m = 1808 
the numerically computed value of C^T' i s very close to the 
experimental data, i n d i c a t i n g that the Influence of the outer 
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envelope i s n e g l i g i b l e , while the creeping•flow s o l u t i o n 
gives a lower value than the experimental data. For 
spheroids, the i n f l u e n c e of the outer envelope becomes 
n e g l i g i b l e at much shorter distances than f o r c y l i n d e r s . 
This could be due to the f a c t that a two-dimensional body 
creates a l a r g e r disturbance than a three dimensional 
body. Lamb's s o l u t i o n of Oseen's equations and Kaplun's 
inner and outer expansion s o l u t i o n f o r low Reynolds number 
give lower values of C D T on a c y l i n d e r than the e x p e r i 
mental data, whereas the corresponding s o l u t i o n s f o r a 
spheroid f a l l higher than the experimental curve of 
C D T vs. Re. 

The t o t a l drag c o e f f i c i e n t based on the length 
of the e l l i p t i c a l c y l i n d e r (axis perpendicular to the flow 
d i r e c t i o n ) i s shown i n f i g u r e 60, where i t i s seen that C D T 

does not vary much with O.R. I t i s i n t e r e s t i n g that at 
Re < 6, flow along the minor a x i s of an e l l i p t i c a l c y l i n d e r 
with O.R. = 0.2 shows values of C D T lower than those ob
t a i n e d f o r flow along the major a x i s (O.R.=o )• However, f o r 
higher Re, the curve of C D T vs. Re f o r O.R. = 0.2 crosses and 
exceed a l l the others. The work of Miyagi (8la) f o r flow: 
perpendicular to f l a t p l a t e s (O.R. = 0) gives values of C D T 

much higher even than those computed f o r O.R. = 0.2 at 
higher Re. The reason f o r the slower r a t e of decrease In 
C D T with Re f o r the low o r i e n t a t i o n r a t i o s i s probably the 
e a r l y formation of a wake bubble when the flow i s along the 
minor a x i s at low aspect r a t i o s . 
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In order to compare the t o t a l drag c o e f f i c i e n t w i t h 
that of a f l a t p l a t e , cjjrp$ i s p l o t t e d against Rew i n f i g u r e 
61, the s u b s c r i p t w s i g n i f y i n g that the coordinates are both 
based on the width of the e l l i p t i c a l c y l i n d e r ( a x i s along 
the flow d i r e c t i o n ) . I t i s seen that the r e s u l t s f o r O.R.=5,2 

•and 10/9 l i e between those of a c i r c u l a r c y l i n d e r (O.R. = 1.0) 

and those of a f l a t p l a t e (O.R. = 0 0 ), as computed numeri
c a l l y by Dennis and Dunwoody ( 4 l ) . The B l a s i u s (83) and 
Kuo (82) s o l u t i o n s f o r a f l a t p l a t e , using boundary l a y e r 
theory, f a l l below the l a t t e r . 

Figure 62 shows that as Re increases the r a t i o : o f 
CpS to decreases, that t h i s r a t i o approaches that of 
Oseen's s o l u t i o n at low Reynolds number, and that i t i n 
creases with o r i e n t a t i o n r a t i o . From simple geometrical 
considerations the s k i n drag c o e f f i c i e n t i s zero f o r O.R. =0, 

whereas the form drag c o e f f i c i e n t i s zero f o r O.R. = 0 0 . 
The v a r i a t i o n of the dimensionless f r o n t a l 

stagnation pressure, P 0, f o r the e l l i p t i c a l c y l i n d e r s i s : 
quite s i m i l a r to that of the spheroids. For low Re, the 
d e v i a t i o n from u n i t y i s large and P 0 increase r a p i d l y w i t h 
O.R., as shown i n f i g u r e 63. For higher Re the d e v i a t i o n 
from u n i t y i s smaller and P0 does not increase much with O.R. 

The v a r i a t i o n of the dimensionless pressure d i s 
t r i b u t i o n on the surface of a nearly c i r c u l a r c y l i n d e r i s 
shown i n f i g u r e 64. Any tendency towards antisymmetry about 
ri = TT/2 at Re = 1 i s no longer present at Re = 5. In 
f i g u r e s 65, 66, 67 and 68 the surface pressure d i s t r i b u t i o n 
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Figure 6 1 . . V a r i a t i o n of t o t a l drag c o e f f i c i e n t with Reynolds number f o r flow 

along the major a x i s , which i s taken as the c h a r a c t e r i s t i c l e n g t h . 



Figure 62. V a r i a t i o n of C n q/C n i T with Reynolds number f o r various o r i e n t a t i o n r a t i o s 
of e l l i p t i c a l c y l i n d e r s . 

VO 
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Figure 66. Surface pressure d i s t r i b u t i o n f o r an 
e l l i p t i c a l c y l i n d e r w i t h O.R. = 2. 
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Figure 68. Surface pressure d i s t r i b u t i o n f o r an e l l i p 

t i c a l c y l i n d e r with O.R. = 0.2. 
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i s given at various Re f o r O.R. = .10/9, 2,5, and 0.2, 
r e s p e c t i v e l y . At O.R. = 5 ( f i g u r e 65) a f l a t pressure 
d i s t r i b u t i o n was obtained on the e l l i p t i c a l c y l i n d e r , 
except f o r the l e a d i n g and t r a i l i n g edges at low Re and 
the l e a d i n g edge at high Re. At O.R. = 0 . 2 ( f i g u r e 68) 

a maximum was observed f o r P as i n the case of the oblate 
spheroid with A.R. = 0.2 ( f i g u r e 17). Such a maximum d i d 
not, however, appear f o r Re higher than about 5. 

The dimensionless surface v o r t i c i t y d i s t r i b u t i o n 
f o r the various o r i e n t a t i o n r a t i o s and Reynolds numbers 
are given i n f i g u r e s 69 - 73. As i n d i c a t e d p r e v i o u s l y , 
the change i n the s i g n of the surface v o r t i c i t y i s an 
i n d i c a t i o n of a r e v e r s a l i n the flow d i r e c t i o n and hence 
of sep a r a t i o n . Once again the maximum of the 5 - n 
curve s h i f t s s l i g h t l y towards n = 0 w i t h increase 
of Re. At O.R. = 5 ( f i g u r e 72) there e x i s t s two maxima f o r 
Re = 1 . 0 . The maximum nearer the t r a i l i n g edge disappears 
f o r Re > 5. At O.R, = 0.2 ( f i g u r e 73) the surface 
v o r t i c i t y changes signs very r a p i d l y j u s t beyond n=Tr/2 
f o r the higher Re. 

The v a r i a t i o n of the dimensionless wake length 
with Re f o r the e l l i p t i c a l c y l i n d e r s i s shown i n f i g u r e 74. 
I t i s c l e a r that the wake lengths are longer 'than those 
produced by the corresponding spheroids. However, such long 
two-dimensional wakes are i n general not s t a b l e , and shedding 
u s u a l l y occurs. The experimental data of Taneda (160) 

on c y l i n d e r s are p l o t t e d f o r comparison. Figure 75 shows 
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Figure 70. Surface v o r t i c i t y d i s t r i b u t i o n f o r an e l l i p 

t i c a l c y l i n d e r with O.R. = 10/9. 
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Figure 72. Surface v o r t i c i t y d i s t r i b u t i o n f o r an e l l i p 

t i c a l c y l i n d e r with O.R. = 5 . 
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the angle of s e p a r a t i o n f o r O.R. =0.2, 10/9 and 2. 
For a n e a r l y c i r c u l a r c y l i n d e r (O.R. =; 1.0) at Re = 5 no 
separation was observed, and f o r O.R. = 5 no flow r e 
v e r s a l was noted at Re as high as 40. 

The surface pressure d i s t r i b u t i o n s at Re = 40 
f o r A.R. = 0.2 w i t h the flow along both the minor a x i s 
(O.R. = 0.2) and the major a x i s (O.R. = 5.0) are compared 
wi t h the corresponding p o t e n t i a l flow d i s t r i b u t i o n s i n 
f i g u r e 76. As expected, f o r the flow along the major 
a x i s there was f a i r l y c l o s e agreement to n greater than 
TT/2 due to the absence of s e p a r a t i o n . For t h e flow along 
the minor a x i s the agreement was reasonable only f o r the 
f r o n t of the e l l i p t i c a l c y l i n d e r . Figures 77 and 78 

show the v a r i a t i o n of the dimensionless pressure w i t h Re 
f o r the f r o n t a l s tagnation p o i n t , compared with the f i r s t 
approximation of the boundary l a y e r theory where the out
side flow i s taken to be a p o t e n t i a l flow. The agreement 
i s very good f o r the higher Reynolds numbers, as would be 
expected. The d e r i v a t i o n of the expression used f o r PQ-• 
i s given i n Appendix I . 

The boundary l a y e r thickness at n = TT/2 f o r the 
various e l l i p t i c a l c y l i n d e r s i s " shown i n f i g u r e 79. The 

= 0 . 3% edge of the boundary l a y e r Is again taken at 
From the p l o t s of f i g u r e 79 i t i s seen that the boundary laye 

-1/2 
thickness v a r i e s as Re , as p r e d i c t e d by boundary l a y e r 
theory. Separation'for the cases considered occurs w e l l 
a f t e r n = TT/2 
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Figure 76. Comparison of surface pressure d i s t r i b u t i o n on e l l i p 
t i c a l c y l i n d e r s at Re=40 with p o t e n t i a l flow. 
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gure 77. V a r i a t i o n of the f r o n t a l stagnation pressure w i t h 
Reynolds number f o r e l l i p t i c a l c y l i n d e r of 
A.R. = 0.2: , Boundary l a y e r theory; o, t h i s 
work. 



Figure 78. V a r i a t i o n of the f r o n t a l stagnation pressure 
with Reynolds number f o r e l l i p t i c a l c y l i n d e r s : , 
Boundary l a y e r theory; o, t h i s work. 
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Figure 79. V a r i a t i o n of the Boundary l a y e r thickness with 
Reynolds number f o r e l l i p t i c a l c y l i n d e r s at 
TI=TT/2. 
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The contouring of the streamlines and e q u i -
v o r t i c i t y l i n e s f o r the e l l i p t i c a l c y l i n d e r s i s shown i n 
f i g u r e s 86 - 9 0 . For O.R. = 2 . 0 at Re = 0 . 0 1 , the con
tours of stream f u n c t i o n , v o r t i c i t y and v e l o c i t y i n d i c a t e d 
that symmetry p r e v a i l e d between the upstream and downstream 
regions of the flow. At t h i s low Reynolds number, as 
opposed to those p l o t t e d i n f i g u r e s 8 l - 90 the d i f f u s i o n 
of v o r t i c i t y i s dominant and there i s no apparent con
v e c t i o n of v o r t i c i t y i n the downstream r e g i o n . I t i s w e l l 
known that the. disturbance due to a two-dimensional object 
i s more intense than f o r a three-dimensional one ( 1 5 9 ) . 

This i s confirmed i n the present work, i n that at a given 
distance from the e l l i p t i c a l c y l i n d e r the streamline i s , 
more curved than that f o r the corresponding spheroid (same 
A.R.; also.O.R. < 1 f o r e l l i p t i c a l c y l i n d e r corresponds to 
oblate spheroid and O.R. > 1 to p r o l a t e spheroid). More
over, even f o r the higher Re; the if = 4 . 0 l i n e i s s t i l l 
curved f o r the c y l i n d e r s (as opposed to the s p h e r o i d s ) , 
i n d i c a t i n g that the e f f e c t of a w a l l would be more appre
c i a b l e f o r the c y l i n d e r s than f o r the corresponding 
spheroids. For a given Re, the wakes f o r the e l l i p t i c a l 
c y l i n d e r s are much longer than those of the corresponding 
spheroids. The behaviour of the v o r t i c i t y f o r the cy- ., 
l i n d e r s i s s i m i l a r to that of the spheroids. The v e l o c i t y 
contour i n f i g u r e 91 I n d i c a t e s that the v e l o c i t y i n s i d e 
the wake i s very s m a l l . 
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Figure 80. Flow c h a r a c t e r i s t i c s f o r an e l l i p t i c a l c y l i n d e r with 
O.R. = 2 at Re = 0.01: a) v e l o c i t y l i n e s , b) v o r t i c i t y 
l i n e s , c) streamlines. 
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Re = 1. 

Figure 81. Streamlines f o r a ne a r l y c i r c u l a r c y l i n d e r (O.R.=1/0.995). 
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Figure 83a. Streamlines f o r an e l l i p t i c a l c y l i n d e r with 
O.R. = 10/9 at Re=l and 5-
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Figure 8 3 b . Streamlines f o r an e l l i p t i c a l c y l i n d e r with 
0...R. = 10/9 at Re=15 and 40. 



Re = 90. 
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Figure 84a. Streamlines f o r an e l l i p t i c a l c y l i n d e r with O.R.=2 
Re=l and 5 . 
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Figure 84b. Streamlines f o r an e l l i p t i c a l c y l i n d e r with O.R. = 2 
Re=15 and 5 0 . 
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Figure 85a. Streamlines f o r an e l l i p t i c a l c y l i n d e r with O.R. = 
at Re=l and 5-
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Figure 85b . Streamlines f o r an e l l i p t i c a l c y l i n d e r with O.R = 
at Re = 20 and 40. 5 
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R e = 1. 

Figure 86a. Streamlines f o r an e l l i p t i c a l c y l i n d e r w i t h O.R. 
at Re=l and 5. = 0.2 



Re = 1*0. 

o 
Figure 86b. Streamlines f o r an e l l i p t i c a l c y l i n d e r with O.R. = 0.2 

at Re = 15 and 40. 
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Figure 87a. V o r t i c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r 
with O.R. = 10/9 at Re=l and 5. 



203 



204 

Figure 88a. V o r t i c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r 
with O.R. = 2 at Re=l and 5. 



Figure 88b. V o r t i c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r 
w i t h O.R. = 2 at Re=15 and 50. 
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Figure 89a. V o r t i c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r 
with O.R. = 5 at Re=l and 5. 



Figure 89b. V o r t i c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r 
with O.R. = 5 at Re=20 and 40. 
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Figure 90a. V o r t i c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r 
w i t h O.R. = 0.2 at Re=l and 5-
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Re = 1*0. 
.1 

.1 

Figure 9 0 b . V o r t i c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r 
with O.R. = 0.2 at Re=15 and 40. 



Figure 91a. V e l o c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r with O.R. = 0.2. 
o 



Re B 90. 
A.R. = .9 

Figure 91b. V e l o c i t y l i n e s f o r an e l l i p t i c a l c y l i n d e r with O.R. = 10/9. 



7. Results f o r Swarms of P a r t i c l e s i n Creeping Flow 

The Reynolds number used throughout was 0.01, 
based on the e q u a t o r i a l diameter and on the a x i s per
pendicular (except i n f i g u r e 105) to the main -flow 
d i r e c t i o n , i n the case of spheroids and e l l i p t i c a l c y l i n d e r s 
r e s p e c t i v e l y . The concen t r a t i o n of the swarms was taken 
up to about 0.6 and the r a t i o of minor to major a x i s con
sidered ranged from 0.999 to 0.2. 

A. Swarms of Spheroids 
Figures 92 and 93 show the v a r i a t i o n of V/V0 w i t h 

c o n c e n t r a t i o n , c, f o r various aspect r a t i o s of oblate 
spheroids using the Happel f r e e surface and Kuwabara 
zero v o r t i c i t y models, r e s p e c t i v e l y . Both models pre
d i c t that t h e v e l o c i t y r a t i o V/VQ i s much lower f o r 
A.R. = 0.2 than f o r spheres. This i n d i c a t e s that the drag 
forces on a swarm of disc-shaped spheroids a l i g n e d per
pe n d i c u l a r to the main flow are much l a r g e r than those ex
perienced by spheres having the same e q u a t o r i a l diameter. 
Happel's model p r e d i c t s a lower value of V/V0 than 
Kuwabara's f o r a given A.R. and c. 

The v a r i a t i o n of V/VG with c o n c e n t r a t i o n f o r pro
l a t e spheroids i s shown i n f i g u r e 94 and 95 f o r the Happel 
and Kuwabara models, r e s p e c t i v e l y . The curves of V/V 0 

vs. c f o r the d i f f e r e n t A.R. are clo s e to each other, but i t 
i s i n t e r e s t i n g to note that the curve f o r A.R. = 0.2 (needle-
shaped spheroids) f a l l s below the others. This can be 
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Figure 92. V a r i a t i o n of v e l o c i t y r a t i o with concentration 
f o r oblate spheroids: Happel's model, Re=0.-01. 
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.Figure 93- V a r i a t i o n of v e l o c i t y r a t i o with concentration 
f o r oblate spheroids: Kuwabara's model, Re=0.01. 
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Figure 9 4 . V a r i a t i o n of v e l o c i t y r a t i o with c o n c e n t r a t i o n 
f o r p r o l a t e spheroids: Happel's model, R e= 0 ; 0 1 . 
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Figure 9 5 . V a r i a t i o n of v e l o c i t y r a t i o w i t h concentration 
f o r p r o l a t e spheroids: Kuwabara's model, 
Re= 0 . 0 1 . 
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a t t r i b u t e d to the f a c t that at t h i s low aspect r a t i o the 
surface area i s large f o r a given e q u a t o r i a l diameter, and 
consequently a high s k i n drag predominates. 

For A.R. = 0.9, both oblate and p r o l a t e spheroids 
showed values of V/V 0 very c l o s e to that of a p e r f e c t 
sphere, i n d i c a t i n g that l a r g e v a r i a t i o n s i n the e x p e r i 
mental r e s u l t s f o r swarms of "spheres" recorded i n the 
l i t e r a t u r e (126) cannot be a t t r i b u t e d to the use of im- , 
p e r f e c t l y s p h e r i c a l p a r t i c l e s . 

The v a r i a t i o n of the Kozeny constant, k, with con
c e n t r a t i o n , evaluated from the drag c o e f f i c i e n t s f o r oblate 
and p r o l a t e spheroids, i s shown i n f i g u r e s 96 and 97, 

r e s p e c t i v e l y . For oblate spheroids w i t h A.R. = 0.2, 

minimum values of k are observed at c = 0.15 f o r the Happel 
model and 0.1 f o r the Kuwabara model. Thereafter k i n - : 
creases with concentration to values of 48 and 70 at c = 0.6, 

f o r the Happel and Kuwabara models, r e s p e c t i v e l y . For 
A.R. =0.5 - 0.999, k showed only a s l i g h t v a r i a t i o n w i t h • 
concentration i n the range c = 0.3 - 0.6. 

For p r o l a t e spheroids- ( f i g u r e 97) no minimum i n 
k'was observed. The value of k at c = 0.6 f o r A.R. = 0.2 

i s 3.7» which compares favourably w i t h the value of 3 - 4 4 ;for 
flow p a r a l l e l to c y l i n d e r s (133). This agreement i s not 
s u r p r i s i n g In view of the f a c t that the p r o l a t e spheroids 
w i t h A.R. = 0.2 represent n e e d l e - l i k e p a r t i c l e s a l i g n e d w i t h 
the flow. 

The broken l i n e s i n f i g u r e s 96 and 97 represent 
the Kozeny constant evaluated by the t o r t u o s i t y method, where 



50 

30 

20 

10 

I A"R 

KUWABARA 0-2 

HAPPEL 0-2 

KUWABARA 0-5 

HAPPEL 0-5 

KUWABARAO-9 
KUWABARA 10 
HAPPEL 0-9 

1 
HAPPEL 10 

0 2 0 4 0 6 
Figure. 9.6. V a r i a t i o n of the Kozeny constant with concentration f o r oblate 

spheroids: , t o r t u o s i t y method. oo 



20 

10 

A . R 

KUWABARA 0-9 
HAPPEL 0-9 
KUWABARA 0 5 
HAPPEL 0-5 

BOTH MODELS 0 2 

0 0-2 0-4 0-6 
Figure 97- .Variation of the. Kozeny constant with concentration f o r p r o l a t e 

spheroids: , t o r t u o s i t y method. 



220 

only the shape of the p a r t i c l e i s taken i n t o account. 
Even though the method i s very approximate, i t apparently 
gives a good estimate of t h e order of the Kozeny constant 
as obtained from the computed drag c o e f f i c i e n t s , f o r the 
higher concentrations. The methods of e v a l u a t i n g k are 
given i n Appendix I I I . 

The l a r g e d e v i a t i o n s from the commonly accepted 
value of 5 c l e a r l y i n d i c a t e that t h i s value i s q u i t e 
i n a p p l i c a b l e to a l i g n e d p a r t i c l e s which deviate s i g n i f i c a n t l y 
i n shape from a sphere. 

A comparison between the s t r e a m l i n e s , e q u i -
v o r t i c i t y l i n e s and e q u i - v e l o c i t y l i n e s f o r oblate spheroids 
with A.R. = 0.2 and c = 0.1832, of both models, i s shown i n 
f i g u r e 98. In a l l cases complete symmetry e x i s t s between 
upstream and downstream c o n d i t i o n s , because of creeping flow. 
The streamlines and e q u i - v e l o c i t y l i n e s appear to be r e s 
p e c t i v e l y very s i m i l a r f o r the two models, but the e q u i -
v o r t i c i t y l i n e s d i f f e r from each other. For Happel's model 
some of the e q u i - v o r t i c i t y l i n e s l e a v i n g the surface of the 
spheroid meet the outer c e l l envelope, whereas,for Kuwabara's 
model none of the l i n e s l e a v i n g the surface meet the outer . 
envelope. The d i f f e r e n c e a r i s e s from the f a c t that for. 
Happel's model the value of v o r t i c i t y at the outer envelope 
i s non-zero except at the a x i s of r e v o l u t i o n of the c e l l ' , 
whereas f o r Kuwabara's i t i s always zero by d e f i n i t i o n . 

1. 

\ 



S t r e a m l i n e s 
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B. C l u s t e r s of E l l i p t i c a l C y l i n d e r s 

The v a r i a t i o n of the t o t a l drag c o e f f i c i e n t 
with concentration f o r O.R. n i s given i n f i g u r e s 99 
and 100 f o r the Happel and Kuwabara models, r e s p e c t i v e l y . 
Both f i g u r e s show that C D T f o r O.R. = 0.2 i s much higher 
than that f o r c i r c u l a r c y l i n d e r s (O.R. = 1.0). For 
O.R. ^1.0, the v a r i a t i o n of w i t h c o n c e n t r a t i o n i s 
given by f i g u r e s 101 and 102, f o r the Happel and Kuwabara 
models, r e s p e c t i v e l y . U n l i k e the curves f o r O.R.<: 1, 
curves of C D T vs. c f o r 1.0 « O.R. < 5.0. are c l o s e to each 
other according to both models. . 

The v a r i a t i o n of the Kozeny constant w i t h ,c 
f o r O.R. < 1.0, shown i n f i g u r e 103, i s very s i m i l a r to 
that of the oblate spheroids ( f i g u r e 96) i n that a m i n i 
mum p o i n t i s again e x h i b i t e d for. O.R. = 0.2. The r e s u l t s 
by both models are c l o s e to each other f o r both O.R. = 0.2 
and O.R. = 0.5- However, f o r O.R. = 0.9 and 1.0, Happel's 
model gives higher values of k than Kuwabara's model. For 
O.R. > 1.0, the v a r i a t i o n of k w i t h c, given i n f i g u r e 104, 
i s s i m i l a r to that of p r o l a t e spheroids ( f i g u r e 97). Thus 
f o r e l l i p t i c a l c y l i n d e r s the d e v i a t i o n from k - 5 i s again 
large f o r shapes that are s i g n i f i c a n t l y n o n - c i r c u l a r . The 
Kozeny constant as found by the t o r t u o s i t y method once 
again gives a reasonable estimate of k f o r high c o n c e n t r a t i o n s . 

The v a r i a t i o n of non-dimensional pressure gradient 
w i t h O.R. i s given i n f i g u r e 105 f o r Rew = 0.01, where 
Rew i s the Reynolds number based on the a x i s , 2b , p a r a l l e l to 
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Figure 99. V a r i a t i o n of the t o t a l drag c o e f f i c i e n t with con
c e n t r a t i o n f o r e l l i p t i c a l c y l i n d e r s with 
O.R. ^ 1.0: Happel's model, Re=0.01. 
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Figure 100. V a r i a t i o n of the t o t a l drag c o e f f i c i e n t with 
concentration f o r e l l i p t i c a l c y l i n d e r s with 
•O.R... 4. -1.0: Kuwabara's model, Re=0.01. 
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Figure 101. V a r i a t i o n of the t o t a l drag c o e f f i c i e n t with 
concentration f o r e l l i p t i c a l c y l i n d e r s with 
O.R. »1.0: Happel's model, Re=0.01. 
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Figure 102. V a r i a t i o n of the t o t a l drag c o e f f i c i e n t with 
concentration f o r e l l i p t i c a l c y l i n d e r s with 
O.R.^1.0: Kuwabara's model, Re=0.01. 
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0. R. 

Figure 105. V a r i a t i o n of AP/L with o r i e n t a t i o n r a t i o f o r 
e l l i p t i c a l c y l i n d e r s , Rew = 0.01. 
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the main flow d i r e c t i o n . For a given f l u i d and a f i x e d 
length of the a x i s , 2b , f i g u r e 105 shows that f o r 
A.R. = 0.2 at c = 0.6, AP/L f o r the flow perpendicular 
to the major a x i s (O.R. = 0.2) i s as much as 1000 times that 
f o r the flow p a r a l l e l to t h i s a x i s (O.R. = 5.0). The 
d e r i v a t i o n of the expression used f o r AP/L i s given i n Appendix 
I I I . 

When the concentration of a bank of c y l i n d e r s i s > 
very low (high c l e a r a n c e ) , then the pressure drop across 
s e v e r a l rows of c y l i n d e r s can be taken as equal to the sum 
of pressure drops across i s o l a t e d rows. Kuwabara (134) 
evaluated the t o t a l drag c o e f f i c i e n t .on a row of e l l i p t i c a l 
c y l i n d e r s . Here the i s o l a t e d row has been extended to a 
square c e l l model by assuming that other rows of c y l i n d e r s 
are present i n a square l a t t i c e , as shown i n f i g u r e 106. The 
concentration i s then the area of the e l l i p t i c a l c r o s s -
s e c t i o n d i v i d e d by the area of the hatched square. A com
pari s o n between Kuwabara's zero v o r t i c i t y c e l l model and.the 
extended square c e l l model i s shown i n f i g u r e 107. Ex
c e l l e n t agreement between these two models i s obtained f o r 
low values of c o n c e n t r a t i o n . For c > 0.05 the two Kuwabara 
models diverge as the e f f e c t of concentration becomes more , 
appreciable. 

The contouring of e q u i - v e l o c i t y and streamlines 
f o r O.R. = 5 and c = 0.200 shows s i m i l a r flow patterns f o r -
both random c e l l models. However, as i n the case of the 
spheroids, the e q u i - v o r t i c i t y l i n e s l e a v i n g the e l l i p t i c a l 
c y l i n d e r surface f o r Kuwabara's model do not end on the outer 
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Figure 106. Square c e l l model f o r e l l i p t i c a l c y l i n d e r s . 
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envelope, whereas f o r Happel's model some of the equi-
v o r t i c i t y l i n e s l e a v i n g the inner surface j o i n the outer 
envelope, as shown i n f i g u r e 108. 
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Conclusions and Recommendations 

P r i n c i p a l conclusions 

1. The numerical s o l u t i o n of the Navier-Stokes 
equation has been s u c c e s s f u l l y accomplished, using 
the r e l a x a t i o n technique of Jenson, f o r laminar flow 
past i s o l a t e d spheroids and e l l i p t i c a l c y l i n d e r s 
with aspect r a t i o s from 0.2 to ~1 and Reynolds numbers 
up to 100. 

2. The t o t a l drag c o e f f i c i e n t experienced by an • 
oblate spheroid with aspect r a t i o 0.999, as given by 
the numerical s o l u t i o n at the various Reynolds numbers, 
Is i n good agreement with the experimental data f o r a 
per f e c t sphere. 

3. The v a r i a t i o n of C^T w i t h Re f o r the spheroids of 
various aspect r a t i o s and f o r the e l l i p t i c a l c y l i n d e r s 
of various o r i e n t a t i o n r a t i o s was not much d i f f e r e n t 
from that of a sphere and a c i r c u l a r c y l i n d e r , resp-
p e c t i v e l y . . 

4. The f r o n t a l stagnation pressure, P Q, was found to 
be a f u n c t i o n of the shape of the body and of Re. The 
agreement of P 0 computed numerically f o r the higher Re 
with those p r e d i c t e d by boundary l a y e r theory Is ex
c e l l e n t . 

5. The computed boundary l a y e r thickness at n = tt/2 
was found to f o l l o w the r e l a t i o n s h i p 6<*Re~-'-//2 ,which • 
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corresponds to that p r e d i c t e d by boundary l a y e r theory. 
6. For swarms of spheroids and c l u s t e r s of e l l i p t i c a l 

c y l i n d e r s the same numerical s o l u t i o n s were accom
p l i s h e d f o r creeping flow, using the c e l l models of 
both Happel and Kuwabara. Large d e v i a t i o n s of the 
Kozeny constant from i t s commonly assumed value of 5 f o r 
packed beds were found f o r p a r t i c l e s which deviate 
s i g n i f i c a n t l y i n shape from a sphere or a c i r c u l a r 
c y l i n d e r , by both models. 

7. Happel's f r e e surface model g e n e r a l l y p r e d i c t e d ; 
lower t o t a l drag c o e f f i c i e n t s than Kuwabara's zero 
v o r t i c i t y model f o r both the swarms of spheroids and 
the c l u s t e r s of e l l i p t i c a l c y l i n d e r s . 

Recommendations f o r Further Work 

Flow v i s u a l i z a t i o n of a moving spheroid or an 
e l l i p t i c a l c y l i n d e r might be s t u d i e d , together with the 
experimental determination of the t o t a l drag c o e f f i c i e n t , 
f o r low and intermediate Reynolds numbers. 

The e x i s t i n g computer programs as developed i n 
t h i s work could be used to extend both the Happel and the 
Kuwabara models f o r swarms of spheroids or c l u s t e r s of 
e l l i p t i c a l c y l i n d e r s to higher Reynolds numbers. 

Heat and mass t r a n s f e r from spheroids and e l l i p 
t i c a l c y l i n d e r s could be studied by use of the stream 
f u n c t i o n s found i n t h i s work. 
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a sphere r a d i u s ; c y l i n d e r r a d i u s ; l e n g t h o f 
major s e m i - a x i s 

a1 l e n g t h o f t h e s e m i - a x i s of the p a r t i c l e p e r 
p e n d i c u l a r t o the f l o w d i r e c t i o n 

a 2 l e n g t h o f the s e m i - a x i s o f the o u t e r envelope 
p e r p e n d i c u l a r t o the f l o w d i r e c t i o n . 

a g e q u a t o r i a l r a d i u s of the s p h e r o i d 

A l e n g t h o f increment i n the ^ - d i r e c t i o n 

A c o e f f i c i e n t a p p e a r i n g i n e q u a t i o n 3 2 and 
t a b l e 1 

A.R. as p e c t r a t i o , r a t i o o f minor t o major a x i s 

b length o f minor s e m i - a x i s 

b l e n g t h o f the s e m i - a x i s of the p a r t i c l e , p a 
r a l l e l t o the f l o w d i r e c t i o n 

b 2 l e n g t h of the s e m i - a x i s of the o u t e r en
v e l o p e p a r a l l e l t o the f l o w d i r e c t i o n 

B l e n g t h o f increment i n the n - d i r e c t i o n 

c f o c a l l e n g t h o f the c o o r d i n a t e s system; 
v o l u m e t r i c c o n c e n t r a t i o n o f the swarm o r a 
c l u s t e r 

C D F form drag c o e f f i c i e n t 

C D S s k i n drag c o e f f i c i e n t 

C p T t o t a l d r ag c o e f f i c i e n t 

C'DTW t o t a l d r ag c o e f f i c i e n t based on the a x i s o f 
the e l l i p t i c a l c y l i n d e r p a r a l l e l t o t h e f l o w 
d i r e c t i o n 

d mean d i a m e t e r ( t o t a l volume o f the o u t e r en
ve l o p e d i v i d e d by the volume o f the i n n e r 
p a r t i c l e , a l l r a i s e d t o power 1 / 3 ) 

E ^ second o r d e r d i f f e r e n t i a l o p e r a t o r 

P t o t a l d r a g f o r c e 

Fp form drag f o r c e 
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P s s k i n d r a g f o r c e 

G d i m e n s i o n l e s s v o r t i c i t y f u n c t i o n g i v e n by 
e q u a t i o n 105 f o r s p h e r o i d s and by 5 f o r 
c y l i n d e r s 

G n v a l u e o f G a f t e r n i t e r a t i o n s 

G n u n m o d i f i e d v a l u e o f G a f t e r n I t e r n a t i o n s 

h d i s t a n c e between the c e n t r e s o f two p a r t i c l e s 

h 1 , h 2 , h 3 m e t r i c c o e f f i c i e n t s o f t h e c o o r d i n a t e system 

H bed h e i g h t f o r t h e e v a l u a t i o n of k u s i n g the 
t o r t u o s i t y method 

H* l e n g t h o f the s e m i - a x i s o f the p a r t i c l e p e r 
p e n d i c u l a r t o the f l o w d i r e c t i o n , f i g u r e s 
34 and 74 

H g e f f e c t i v e bed l e n g t h f o r the e v a l u a t i o n o f 
k u s i n g the t o r t u o s i t y method 

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

I denotes n - d i r e c t i o n 

I Gegenbauer f u n c t i o n o f o r d e r n and degree 
n -1/2 

IM maximum number o f p o i n t s i n n - d i r e c t i o n 

J denotes E - d i r e c t i o n 

JM maximum number o f p o i n t s i n E - d i r e c t i o n 

k Kozeny c o n s t a n t 

k Q c a p i l l a r y c o n s t a n t 

K shape f a c t o r f o r s p h e r o i d s ( e q u a t i o n s 20 and 
2 1 ) ; p e r m e a b i l i t y o f a packed bed 

L d i m e n s i o n l e s s bed l e n g t h , L = i Z / b j 

L' l e n g t h o f a packed bed 

L* l e n g t h o f the e q u i v a l e n t c h a n n e l i n a packed 
e bed 

m h y d r a u l i c r a d i u s 



o r i e n t a t i o n r a t i o of e l l i p t i c a l c y l i n d e r 

: p' :-: p.v 
dimensionless dynamic pressure, P=.-= p — - — 

| IT p 

dimensional dynamic pressure 
dimensionless f r o n t a l stagnation pressure 
dimensional s t a t i c pressure 
pressure drop per bed length L' 
c u r v i l i n e a r coordinates 
s p h e r i c a l r a d i a l coordinate; aspect r a t i o , 
appendix I I I 
Reynolds number 
Reynolds number based on the a x i s p a r a l l e l 
to the flow d i r e c t i o n 
p a r t i c l e surface area per u n i t volume of bed 
s p e c i f i c surface of p a r t i c l e s i n a packed be 
s u p e r f i c i a l v e l o c i t y ; v e l o c i t y of the un
di s t u r b e d stream 
dimensionless v e l o c i t y = v ?/U 
dimensional v e l o c i t y 
s e t t l i n g v e l o c i t y of a swarm of p a r t i c l e s 
s e t t l i n g v e l o c i t y of a s i n g l e p a r t i c l e 
wake l e n g t h , f i g u r e s 34 and 74 
Car t e s i a n coordinates 



Greek L e t t e r s 

r e l a x a t i o n f a c t o r f o r the v o r t i c i t y f u n c t i o n 

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

r e l a x a t i o n f a c t o r f o r the stream f u n c t i o n 

r a t i o o f t h e i n n e r p a r t i c l e r a d i u s t o t h a t o f 
the o u t e r e n v e l o p e ; E u l e r ' s c o n s t a n t 
= 0 . 5 7 7 2 

gamma f u n c t i o n 

d i m e n s i o n l e s s boundary l a y e r t h i c k n e s s , 6=6?/a1 

d i m e n s i o n a l boundary l a y e r t h i c k n e s s 

p o r o s i t y = 1-c 

d i m e n s i o n l e s s v o r t i c i t y f u n c t i o n 

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

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

s p h e r i c a l c o o r d i n a t e s ( r , 0 ) 

v i s c o s i t y 

k i n e m a t i c v i s c o s i t y 

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

d e n s i t y 

d i m e n s i o n l e s s s h e a r - s t r e s s 

d i m e n s i o n a l shear s t r e s s 

d i m e n s i o n l e s s stream f u n c t i o n 

d i m e n s i o n a l stream f u n c t i o n 

v a l u e o f if a f t e r n i t e r a t i o n s 

u n m o d i f i e d v a l u e o f ip a f t e r n i t e r a t i o n s 
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S u b s c r i p t s 

a i n n e r s u r f a c e 

b o u t e r s u r f a c e 

n n - d i r e c t i o n 

£ E - d i r e c t i o n 

(j) cf> - d i r e c t i o n 

S u p e r s c r i p t s 

v e c t o r 
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APPENDIX I 

Boundary Layer Theory and P o t e n t i a l Flow Development 

Groves et a l (1^9) obtained an expression f o r the 
dimensionless f r o n t a l s tagnation pressure on a b l u f f body using 
boundary l a y e r theory : 

P = 1 - V 
1/2pU2 9 x 

x'= 6 (1.1) 
y'= o 

where 6*is the boundary l a y e r thickness and the f r o n t a l stagnation 
point i s at (0,0) . The above expression was al s o obtained by 
Homann (150) through d i f f e r e n t reasoning . Once the expression 
f o r the p o t e n t i a l flow v e l o c i t y u' (the v e l o c i t y i n the x - d i r e c -
t i o n ) i s known f o r a given body , then the dimensionless stagna
t i o n pressure can be evaluated . 

A. Spheroids 
The s o l u t i o n of the harmonic equation 

E'2(JJ' = 0 . (1.2) 
d e s c r i b i n g the flow of an i d e a l f l u i d past an oblate spheroid i n 
terms of the stream f u n c t i o n ib1 , f o r the boundary c o n d i t i o n s of 

i 1 2 2 2 ib =0 at the spheroid surface (£ = £ ) and i|/= ̂ -Uc cosh £ s i n n. 
as £-><» , i s given (8,151) by 

ib' = | U c 2 sin 2n{T 2+F(A-T 2 c o t _ 1 A )} (1.3) . 

where 
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F = 
x 2 cot ̂ X - X a a a 

, t = coshE and A. = sinhE 

By d e f i n i t i o n , the v e l o c i t i e s a r e g i v e n by 

3i|;' v r = - h, h, ~ 
E 2

 3 an and 
' v, v. 3^ 

v n = h! h 3 91" 

(1.4) 

(1.5) 

and the m e t r i c c o e f f i c i e n t s h 1 , h 2 a n d h g a r e g i v e n by e q u a t i o n s 

93 and 94 . 

U s i n g e q u a t i o n s 1.3 and 1.4 y i e l d s 

3 v l 

3E 

- 2 U 

n=o 
E = E a 

x (A -x\ c o t - 1 A ) 
3. ci cl cl 

For an o b l a t e s p h e r o i d e q u a t i o n 1.1 t a k e s the form 

8 v r 8E 
P = i + — t i _ 

0 f..TT2 ^pU" \3£ 3x 

n=o 
E=E a 

(1.6) 

(1,7) 

where 

x = c cosn s i n h E 

and 
3x 

35 
n=o = C T a 

Combining e q u a t i o n s 1.6,1.7 and 1.9 y i e l d s 

(1.8) 

CI.9) 

P = 1 + 5-
o Re 

sechE, 

•T COt A — A 
\ a a a 

(I.10) 

For a p r o l a t e s p h e r o i d the d i m e n s i o n l e s s f r o n t a l s t a g n a t i o n 

p r e s s u r e i s g i v e n by 
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cosechE, 
p = 1 + 

o Re ,2 ,,-1 T - X coth T 
3. ci 3 

(I.11) 

Re Is based on the e q u a t o r i a l diameter of the spheroid . For 
S,,"*'00* equations 1.10 and 1.11 each reduce to a 

P = 1 + I i 
o Re ; 

which i s the case of a p e r f e c t sphere . 
. The surface pressure d i s t r i b u t i o n f o r the oblate sphe

r o i d i s obtained as f o l l o w s : 

v 
UT s i n n 

3 
l-X cot 

a a 
? _ ? a ( c o s f i + X 2 ) 1 7 2 T2 X - T 2 c o t _ 1 X a a a a a 

) (1.12) 

For the streamline if =0 , B e r n o u l l i s equation gives 

, p 12 

n=o 
E=o 
n=o 

= P 
5=E 2 n 

a 

(1-13) 
5=5 a 

Introducing the dimensionless surface pressure as given by 
equation 137a , and not i n g that 

5 = °° 
TI = 0 

= 0 and v r=<» ' 
n=o 

P = l - ( v'/u ) 2 

n 

then equation 1.13 a p p l i e d at the surface y i e l d s 

(1.14) 
The dimensionless surface pressure,P,for p o t e n t i a l flow past 
the oblate spheroid i s then given by 

X ? (Xl+1)2 

P = l - s i n n a l-X c o t _ 1 X a a 
,2. 2 U2. 1 X +cos n\X +1 a 1 » a X a - ( X 2

+ 1 ) c o t " 1 X a , 
(1.15) 

On f u r t h e r r e d u c t i o n equation 1.15 becomes 

P = 1 -
. 2 

s i n n 
(1.16) 

(X 2 +cos 2n)(X - ( X 2 +1) cot XX ) 2 

a a a a 
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The c o r r e s p o n d i n g p r e s s u r e d i s t r i b u t i o n f o r the p r o l a t e sphe

r o i d i s g i v e n by 

2 
P - 1 s i n n (1.17) 

(T? - c o s 2 n ) (T -(T 2 -1) c o t h _ 1 T ) 2 

a. a a d 

Both e q u a t i o n s I . l 6 and 1.17 reduce t o 

P = 1 - |- s i n 2 n (1.18) 
f o r spheres as A -+co and. T _>"CO . 

a. ci 

B. E l l i p t i c a l C y l i n d e r s 

The s o l u t i o n o f the harmonic e q u a t i o n 1.2 when t h e 

main f l o w i s p a r a l l e l t o the major a x i s o f an e l l i p t i c a l c y l i n 

der , f o r the boundary c o n d i t i o n s o f ip* = 0 a t the s u r f a c e o f 

the c y l i n d e r (E = E ) and IJJ' = U c s i n h ? s i n r i f o r E+°° , y i e l d s 

i|»'= Uc s i n n { - ^ 

a 
^ " l 1 / 2 T + A 

a a T - A 
a a 

e~^+ si n h E } (1.19) 

The v e l o c i t i e s f o r the t w o - d i m e n s i o n a l f l o w are g i v e n by d e f i 

n i t i o n as 

. - h 2 |4 (1.20) 

and 

v' = h . l f ' (1.21) 
n 1 8 ? 

The m e t r i c c o e f f i c i e n t s are g i v e n by e q u a t i o n 134 . 

D i f f e r e n t i a t i n g e q u a t i o n 1.19 w . r . t . n and combining w i t h equa

t i o n 1.20 y i e l d s 

' = U cosn { A*>/ Ta + A a e ? +sinhE } (1.22) 
V ? " 1.2+ . 2 aV^ a " X a y A +sm n 

By d i f f e r e n t i a t i n g e q u a t i o n 1.22 w.r.t.E , we o b t a i n , a f t e r 



some re d u c t i o n , 

8v 
3? 

U 
?=? 
n=o a 

sinh? a 

1 + tanh? a 
tanh? a ' 

1/2 
(1.23) 

For the main flow p a r a l l e l to the major a x i s of the e l l i p t i c a l 
c y l i n d e r , equation 1.1 has the form 

9v 
P = 1 + — 
° 1 2 

? 3? 
^ 3x' ? = ? 

n=o a 

where x = c cosh? cosn 
and 

3? = c s i n h ? a 

n=oa 

(1.24) 

(1.25) 

(1.26) 

Combining equations 1.23,1.24 and 1.26 y i e l d s 
\ l / 2 

or 

P = 1 + — ° """Re 

p o = 1 + k [ 

l+tanh? a 
1-tanh? \ ^a / 

l+tanh? 

sinh? 
a 

tanh? 
] (1.27) 

a 
The above equation gives the dimensionless f r o n t a l s tagnation 
pressure f o r O.R.^1.0 . For O.R.<1.0 , 

^ 1+coth?, 
P o = 1 + fe [ 

a 
coth? 

] (1.28) 
a 

For a c i r c u l a r c y l i n d e r ? and both tanh? and coth? tend to 
a a a 

unity g i v i n g , from both equations 1.27 and 1.28 
8 P = 1 + ° Re (1.29) 

The surface pressure d i s t r i b u t i o n around the e l l i p t i c a l 
c y l i n d e r f o r O.R.>1.0is obtained by using equation 1.14 , where 



For O.R .^1.0 the pressure d i s t r i b u t i o n i s given by 

1-6 

v n ?=? 
= U s i n n 

1 + tanh?„ a 
a 1 - tanh? a' [ X 2 • s i n 2 n ] 1 / 2 

d 

( 1 . 3 0 ) 

g i v i n g 

P = 1 
. 2 1 + tanh? s i n n [- _a -j 

2 2 X + s i n n 1 - tanh?^ a a 
( I . 3 D 

P = 1 -
. 2 

s i n n • 
coth? + 1 

[ ] 2 2 x - s i n n coth? - 1 a a 

( 1 . 3 2 ) 

For a c i r c u l a r c y l i n d e r ? + c o and equations 1 . 3 1 and 1 . 3 2 each 
Si 

reduce to 
2 

P =» 1 - 4 s i n n 
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NOTATION FOR APPENDIX I I 

A I n t e r v a l length In the ^ - d i r e c t i o n 
A.R. Aspect r a t i o , r a t i o of minor to major a x i s 
B I n t e r v a l length i n the n - d i r e c t i o n 
CDF Form drag c o e f f i c i e n t , C D p 

CDS Skin drag c o e f f i c i e n t , C D S 

CDT T o t a l drag c o e f f i c i e n t , C D T 

DM Mean diameter, d ' m 
IM Number of po i n t s i n the n - d i r e c t i o n 
JM Number of points i n the E - d i r e c t i o n 
MARK Run number 
XI Value of E at the p a r t i c l e surface 
X2 Value of E a t the outer envelope 
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APPENDIX I I 

D a t a f o r S i n g l e S p h e r o i d s , S i n g l e E l l i p t i c a l C y l i n d e r s , 
Swarms o f S p h e r o i d s and C l u s t e r s o f E l l i p t i c a l C y l i n d e r s . 

S i n g l e O b l a t e S p h e r o i d s 

/ 

nfllATE SPHEROID MARK* ?>iP 

A.fi. PF 
1 . 0 0 1 . 0 0 

nn 
•jn.qqqrS 

«i 
. 1 1 1 0 

K 2 T.0<*S? A « 
o.oni n.n*»B? 

fM 
w 

.1" 

DJHENS [ONLESS SUR FACE VORTICITY IT STfi ISUTtON AT 5.63 1Fr,RCc$ INTERVAL 
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O.TIlOf Ot 0."'???<' 11 0 . T I 7 S F 01 0 . * 3 0 7 F 01 1 11 7 P C 1 1 0.IflAIF 11 0.7444E 01 0. 1004F n ? -1.3RHF no -0.I610F 11 
-0.?7«iHF 01 -O.̂MMF oi -o.*,fci?r ni -T).u^ir ni -o 11 -1.SM7E 01 
FIVE PHINTS IAGPANOF 0IFFEBFNT1ATI0N ^ O O M I J L A S1"PS^N' S P I I L T FPP INTT OR AT 1ON 

r.ns rpF T O T fnr/rOF COF/COS 
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"1 
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-*F 00 -0.1H*5F 01 
tUMKE SHEAR STRESS IS POSITIVE EVERYWHERE 
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OBI ATF SPHERCl 0 MARK= 71 
•**•«**«** ********* 

A.R. PF CONCENTRATION 
l.no 1 0 . 0 0 o.i7iqg«,3F-04 nM XI 7.&irio 0 

A 
osoo 

R 
.nqR2 

IM 
•»3 

.1" 

OIMF.NSIONLFSS S UR E A C E VnRTICITY 01STRI»UTIPN AT "fCir.cs INTCRVftl. 
n.o o.Ânir-0.317SF 01 0.3211F 0 0 on n.nShF 

01 0,̂19->F 01 0.31?0f 

01 01 0 
0 

17-iOF n i 0.?T24r-100 ' f 11 n.704ir 01 
n.?/.43P 01 0.2'.̂ 2E 01 

0 n 27 01 
01 ">?0'F 

01 11 0 . 307or 
IQ'.nc 

ni 
01 0.171CF 01 0.1477F. 0.1273F 00 O . R 7 7 7 F 

01 0.125OF 01 0.1037E 01 0 . 143̂-12 01 0 RH/.Tr 0 0 n.',7",?r on O.S724F 0 0 0 .3̂ 44'"- no on n 1 Q7ir n« 

THRFF POINTS L AHR AN6E 01 FFF̂t-'NT I ATION FnoujL̂  S!«oSON«S "UlP FO" 1MTrORAT ION 
COS 0.2R326F 01 c OF cor 

0 . L <524 -SF 01 0.43S71f 
01 fns/roc 

n.tî flor oi 

COF/COS 1.S3A22E 0 0 
OIMFNSmNLFSS SURFACE POFSSIIRP niSTOIRUTinN AT 11 .?•} nfCOFCS 'NTPRVAl 

0 . IRRIF 01 0.1ROSF 01 0.1S70F oi 0 . l ' 3 f t F 0 I 0 
n 7 r p c on o.tii'F oo - 0 . 1131F-01 - 0 3 4 7?>t 1 0 - 0 n« -n 74*.FF 

-O.H24F on -0.8106F nO -0.7S45F 00 -n.ft97^F On - 0 ?̂l*r np -n.m,17E 0 0 -0.5f.fS2E 00 
FIVE POINTS LAGRANOP niFFFRFNTUnON FORMULA SIMPSON'S oill.F Fnp (NTF G° AT 1ON 

CDS rOF COT COS/COP enc/cos 
0.7R37ft£ 01 0.1«i3B9F 01 0.i,171SF 01 

0 . 1 P * n 7 F oi 0 . 1 4 3 7 8 F 00 

0T MFN$T ONLESS SURFACE PPFSSURF OISTRIRIJTION AT 1 1 .25 OFGO F F S 1NTFPVAI 
0.1RHSF 01 0.18C4F -O.R357F 00 - 0 . f l 3 3 r S F 

01 O.lSTrSF 01 ".1232F 0 0 -rt.TRTO""- 00 -0.7191F ni 
on 

0 
- 0 

Rlf.nF nn n.iRI" Ŝ2Sr no -1. o<i | F on 
00 

-n.2<ifj9E-0I -0,"ifl64F no - 0 
3^4 7P 0 0 /.l 44F no - 0 7 iSR4F 00 

SURFACE SHFAR STRESS IS POSITIVE FVFRYtfHFOp 

OIL ATE SPHFROIO **************** ******* MARK = on 

>— 
A.R. R̂  CONCFNTRAT TON 
1.00 20.00 0.7001383F-03 0*. Xl' 17.09"i7 4.0n00 

*2 ft."390 A 
0.04A9 

0 ft 
.09ft? 

I" 
3 3 

JM 
Sq OIHFNSIONLESS SURFACE VORTICITY OISTRIBUTION AT DEGREES INTFRVAL 

< 

0.0 0.ft652F 0.4313E 01 0.4313E 00 0.!307F 0 ) 0.1917F 
01 0.4?2e>F 0 ] 0.406BE 

01 0 . 
0 . 

?4 f lOC 01 0.79H5F 3939r 01 0.3S56E 01 01 0.3419E 01 0,323 If or 0. 0. 37 7«>r 
2«77F 

oi 
Ol 

n. 4044F '*> 1 1 r 
01 01 n. 

0 . 

4724F 7143 = 01 
01 n,1787F 01 0.1453E 0.9Q43E-0Z -0.9864E- 01 0.1I4TF 01 0.975P.F 

03 0.1S0«FT12 on 0 . 4423F 0 0 0 . 4 4 B I E 
0 0 0.292BE 00 0. 175DE no 916RT-01 0 . 01 

THPFF POINTS L AGRANOF OlfFFPFNTIATtriN FOPMIJLA SIMPSON'S RULF FOR TNTFfiRATlON 
CDS 0.17396E 01 COF CDT 0.102506 01 0.27647F •)1 COS/COF 0.16Q71F 01 COF/COS 

f».580?3E 00 

'OIMFNSinNL FSS SURFACE PRESSURE OISTRIBUTION AT 11 .25 DFGRFES INTERVAL 
0.1477E 01 0.1401F 01 O.llflflF 01 0.S720E 00 0. 499AF 00 0.1741F no -0.2063E 00 -0. 4S73F 00 - 0 . hi 3ftF 00 -0. 47<»3F 0 0 

-0.6727F 00 -0.61B7E 00 -0.5418F flO -0.4613F 0 0 -0. 391BF OO - 0 . 3 4 4 4 F 
0 0 -0.3274E 00 

FIVE POINTS LAGRANGE DIFFERFNTIATinN FORMULA SIMPSON'S RULE FOR 1NTFGPATI0N 
ens COF CDT COS/CDF COF/CDS 

0.17396E 01 0.10404E 01 n.?7R00E ni 0.1fc721E 01 0.59807E 00 
OINENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11 .25 OFGpFFS INTERVAL 
0.147&E 01 0.1401E -0.ft929E 00 -0.6393F 01 0.11 ARE 01 O.B707E 00 -0.SA70E 00 -0.4H10F 00 00 0.4965E 00 0.HB3F -0.4I09e 00- -0.3A3IF no 00 -0.2157E 00 -0.1459E 00 -0. 4705F 00 -0.6303E 00 -0. 69R3E 0} 

ANGLE AT WHICH SURFACE SHEAR STRESS BECOMES ZERO • E. SEPARATION,IS 173.9 OEGP""". 

http://-0.5f.fS2E


I I 

O B L A T E SPHEROID MARK* 783 

A . R . CONCENTRATION 
o . 2 Q o u i 9 E - n 3 

D I M E N S I O N L E S S SURFACE V O R T I C I T Y D I S T R I B U T I O N AT 3 . 0 0 1 DEGREFS I N T E R V A L 

0 . 0 
0 . 3 1 0 0 6 01 

0 . 3 4 9 3 E 0 0 
. 3 3 7 6 F 01 

0 . 6 9 5 D F 00 
0 . 3 5 3 0 E 01 

. 4 2 7 4 E Ot 0 . 4 7 5 3 E 01 0 . 4 2 1 0 E 01 0 . 4 1 4 3 E Ot 0 . 4 0 5 6 F 01 
0 . 3 1 8 4 E 01 0 . 3 0 0 0 E 01 0 . 2 8 1 O E Ot 0 . 2 A 1 & F 01 0 . 7 4 7 1 F 01 
0 . I 3 I 9 E 01 0 . 1 1 6 0 E 01 0 . 1 0 1 0 E 01 0 . 8 7 1 I F 0 0 0 . 7 4 7 5 F 0 0 
0 . 2 0 2 1 E 00 0 . 1 4 9 1 E 0 0 0 . 1 0 5 7 F 00 0 . 7 1 1 9 F - 0 1 0 . 4 4 7 7 E - 0 1 
0 . 0 

0 . 3 9 4 C F . n i 0 . 3 A 2 4 E 01 
0 . 2 2 2 T F 01 0 . 7 0 3 5 E 01 
O . A 2 * * r 00 0 . M B 3 E 00 
0 . 7 5 4 4 F - 0 1 0 . 1 2 M E - 0 1 

0 . 3 A R 3 E 01 0 . 3 5 7 R F 01 0 . 3 3 6 1 E 01 
0 . 1 R 4 4 F 01 0 . 1 6 6 3 E 01 0 . 1 4 8 7 T n j 
0 . 4 2 7 9 F 00 0 . 3 3 B h F 00 0 . 2 6 5 J F 00 
0 . 4 5 0 1 E - 0 2 0 ; M 9 0 F - 0 1 - 0 . f t ? 4 5 E - 0 3 

THRFF P O I N T S LAGRANGE D I F F E R E N T I A T I O N FORMULA 

COF 
0 . 1 0 I B 2 E 01 

CDT 
0 . 2 7 3 3 T F 01 

S I M P S O N ' S R U L F FOR I N T F G R A T I O N 

C O S / C D F 
0 . 1 6 R 4 B F 01 

D I M E N S I O N L E S S SURFACE P R E S S U R E D I S T R I B U T I O N AT ft.001 OFGREES INTERVAL 

0 . 1 4 6 T E 01 
0 . 1 7 8 9 F - 0 1 

- 0 . 6 * 0 5 6 n o 
- 0 . 3 2 3 4 E 00 

0 . 1 4 4 6 E 0 1 0 . 1 3 6 3 F 01 
- 3 . 1 5 8 9 E 00 - 0 . 3 0 9 0 5 00 
- 0 . 5 9 5 3 E 00 - 0 . 5 5 4 9 E 00 

0 . 1 2 8 2 E 01 0 . 1 1 4 T E 01 0 . 9 8 3 5 F 00 0 . T 9 9 4 E 00 0 . A 0 7 3 E OO 0 . 4 0 0 3 E 00 0 . 7 0 1 4 E 00 
- 0 . 4 3 3 9 E 0 0 - 0 . 5 3 1 9 F 0 0 - 0 . f t 0 2 1 F 00 - D . 6 4 7 9 E 00 - 0 . 6 6 9 7 E 30 - O . A 7 | 6 < - 0 0 . - 0 . A 5 7 7 E 01 
- 0 . 5 1 7 3 E 00 - 0 . 4 6 9 9 F 0 0 - 0 . 4 3 0 o r 00 - 0 . 3 9 * 3 F . 00 - 0 . 3 A 4 4 e 00 - 0 . 3 4 7 1 F 00 - 0 ; 3 2 8 1 E 00 

F I V E P O I N T S LAGRANGE D I F F E R E N T 1 AT I ON FORMULA 

CDS 
0 . 1 7 I S 5 E 01 

CDF 
0 . 1 0 3 7 . 1 E 01 

S I M P S O N ' S RULE FOR INTEGRATION 

CDT 
0 . 2 7 4 T 6 F 01 

C P S / C O F 
, Q . l f r f t 2 1 F 01 

C O F / C D S 
0 . h O t f t 4 E 00 

O I M E N S I O N L E S S SURFACE P R E S S U R E D I S T R I B U T I O N AT 6 . 0 0 1 OFGREES INTERVAL 

0 . 1 4 f t 7 F 01 0 . 1 4 4 6 F 01 0 . 1 3 R 3 E 01 0 . 1 2 8 2 F Ot 0 . 1 1 4 6 F 01 0 . 9 8 7 5 E 0 0 0 . 7 9 T 8 E 00 0 . 5 9 9 8 F 0 0 
0 . 6 2 5 6 F - 0 2 - 3 . 1 6 7 3 E 00 - 0 . 3 1 9 7 F 00 - 0 . 4 4 5 9 E 0 0 - n . 5 4 5 6 F . 00 - 0 . 6 1 7 1 F 00 - 0 . f t f t 4 3 E 00 - 0 . 6 8 T 1 F 00 

- Q . f t 4 9 1 E 00 - 0 . 6 1 3 9 E 0 0 - 0 . 5 7 3 4 E 00 - 0 . 5 3 0 7 F 0 0 - 0 . 4 8 8 I E 00 - 0 . 4 4 8 0 F 00 - 0 . 4 I 2 I E 00 - 0 . 3 8 7 I F 0 0 
- 0 . 3 4 0 6 E 00 

ANGLE AT WHICH S U R F A C F SHEAR S T R E S S BECOMES 7 F R 0 I . E . S E P A R A T I O N , I S 1 7 1 . 5 DEGREES 

. 3 9 6 7 F 00 0 . 1 O 6 4 E 00 

. * 4 9 5 E 00 - 0 . 6 7 5 f t C OT 

. 3 5 9 5 C 00 -0.345«E 00 

O B L A T E SPHEROID 

A . R . 
I . P Q 

CONCENTRATION 
0 . 2 0 0 1 3 8 3 E - 0 3 

D I N E N S I O W L E S S SURFACE V O R T I C I T Y D I S T R I B U T I O N AT . . . . 5 . A 3 . . DEGREES I N T E R V A L 

0 . 0 \ 0 . 1 0 9 7 E 01 0 . 7 1 4 3 E 01 0 . 3 1 3 7 F 01 n . * 0 4 9 F 01 0 . 4 8 5 5 E 
flrA74TE 01 Q.ftft»9F 01 0 . 6 4 0 0 E 01 

0 . 5 5 3 7 6 01 0 . 6 0 7 6 F 01 0 . f t 4 f c 2 r 01 O.AARft* 01 
T 3 f t 7 T E o] n . ^ Q i ^ r o i o . ? i < n r 0 | 

0 . 4 5 5 4 F 00 0 . 1 7 9 2 F 00 - 0 . 7 7 0 B F - 0 1 - 0 . 1 7 0 4 E 00 - 0 . 2 5 6 4 E 00 -0.?«9?.F no -0.27?fP 0 0 

THRFF POINTS LAGRANGE D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S RULF FOB INTEGRATION 

C O F / C O S 
n . 6 9 7 7 a E 00 

D I M E N S I O N L E S S SURFACE P A F S S U R E 01 STRI BUT ION AT 1 1 . 7 ? OEGR FF S I N T F R V A l . 

••flilft07F, Of U 3 0 E 01 I.9133E 00 0 . 5 9 6 W F 0 0 0 . 7 3 3 0 F 00 - 0 . 1 1 2 1 * 0 0 -0 >3'»24E 0,0 - 0 . 5 * 3 5 6 0 0 - Q . f t 4 R f t r QQ - 0 . 4 3 4 0 E 00 

- 0 . 5 A R 7 E 00 - 0 . 4 8 0 5 E 0 0 - 0 . 3 9 S 3 F 00 - 0 . 3 2 3 7 F 00 - 0 . 2 A 7 8 E 00 - 0 . 7 3 0 1 F no - 0 . ? 1 6 1 E 00 

F I V E P O I N T S L A G R A N G * 0 I F F F R F N T I ATI ON FORMULA 

CDS CJ>F CDT 

S I M P S O N ' S RULE FDR I N T E G R A T I O N 

C n s / C D E C O F / C O S 
0 . 9 4 9 2 7 6 00 0 . 6 R 0 5 9 F 0 0 0 . 1 A 2 9 9 E 01 0 . 1 1 9 4 R F 01 

D I M E N S I O N L F S S SURFACE P R F S S U R F D I S T R I B U T I O N AT. 1 1 . 2 5 . D E G R E E S . I N T F " V A 1 . 

0 . 7 1 4 9 7 6 00 

o . i m e 01 

-0.4896E 00 

0 . 9 I B 9 F 00 0 . f t 0 7 2 E 00 
- 0 . 4 0 4 2 F 0 0 - 0 . 3 3 7 2 E 0 0 

. 7 4 B 8 F 0 0 - 0 . 9 * 0 3 ^ - 0 1 - 0 . 3 8 I 7 E 0 0 

. 2 7 6 0 F 00 - 0 . 7 3 T 9 F 00 7 0 . 2 2 3 9 E , 00 
- 0 . 5 A 8 5 F . 0 0 - 0 . A 4 9 9 F 00 - 0 . A 4 2 0 F 00 

ANGLE AT WHICH SURFACE SHEAR S T R E S S BECDMFS 7 F R 0 I . F . SFPARAT I O N , ! S 1 3 9 . 9 OFGREES 

A . R . 
1 . 0 0 

CONCENTRATION 0.7001119E-Q3 
D I M E N S I O N L E S S SURFACF V O R T I C I T Y D I S T R I B U T I O N AT 3 . 0 0 O F O E E S I N T E R V A L . 

0 . 0 
0 , 4 9 6 IE 01 

0 . 5 6 3 3 E 0 0 
P , 5 3 1 7 E , 01 

0 . U 2 1 E 01 
, 5 6 2 4 5 01 

0 . 1 A 7 0 F 01 P.5R9ISF 01 O . 7 ? 0 f t F 01 
. A 1 7 6 F ' Ot 

0 . 2 7 2 7 F 01 
Q . 4 M IE 

0 . 3 2 2 7 E 01 
0.&»S7E 01 

0 . 3 7 0 4 * 01 0 . 4 1 5 5 F 01 0 . 4 S 7 5 F 01 
0.&S47'= 01 O.ftSQftg <>\ Q.*f ,OQF 01 

0 . 6 5 5 B E 01 
0 . 4 1 9 4 E 01 
0 . 1 0 7 7 E 01 

- 0 . 2 6 7 6 E 00 
0 . 0 

. 6 4 7 4 F 01 0 . f c 3 4 T F 01 0 . f t l f t 2 F 01 0 . 5 9 7 9 F n i 0 . 5 T 4 7 F 01 0 . S 4 7 6 F 01 0 . 5 1 1 3 E 0 1 0 . 4 1 4 9 F O f 0 . 4 5 3 R F 01 
0 . 3 8 4 3 E 01 o ; 3 4 B 9 F 01 0 . 3 1 3 T F . 01 0 . 7 7 9 1 F 01 0 . 2 4 * i S F 01 0 . 2 1 3 2 E 01 0 . 1 B 7 6 E 01 0 . 1 5 3 9 ^ 01 0 . 1 2 7 2 C Ot 
0 . B 0 4 3 F 0 0 0 . 6 0 4 2 F 0 0 0 . 4 2 f t ? F 00 0 . 2 4 9 7 F 00 . 0 . 1 3 3 9 1 7 . 0 0 _ _ . p . 1 7 8 4 E - 0 1 - 0 . 7 9 5 3 F - 0 1 - 0 . 1 ' i 9 1 F 00 - 0 . ? 2 1 * r 00 

- 0 . 2 9 7 8 E 0 0 - 0 . 1 I 7 7 E 0 0 - 0 . 3 1 7 B F 00 - 0 . 7 9 8 9 F np - O . ? 7 7 0 F on - 0 . 2 3 3 4 C 0 0 - 0 . 1 8 4 R F 00 - 0 . 1 2 8 7 E 00 - 0 . 6 f > 0 K - 0 1 

THREE P O I N T S LAGRANGE O I F f F R F N T I A T f O N FORMULA S I M P S O N ' S RULE FOR INTEGRATION 

C n s / C O F 
0 . 1 4 1 0 4 F 01 

C O F / C D S 
0 . 7 0 9 D 7 E 00 

0 1 M F N S I 0 N L E 5 S SURFACE P R E S S U R E D I S T R I B U T I O N AT ft.00 OEGREFS INTERVAL 

0 . I 2 0 2 E 01 
- 0 . 1 7 1 7 F 00 
- 0 . 4 7 4 0 E 00 
- Q T 1 B 0 1 F 0 0 

0.11«1E 01 
- 0 . 3 1 5 6 6 00 
- 0 . 4 2 7 1 E 00 

0 . 1 1 I 9 F 01 
- 0 . 4 3 2 7 F 00 
- 0 . 3 R 1 9 F 00 

0 . 1 0 1 9 E 01 
- 0 . 5 2 0 7 F 0 0 
- 0 . 3 4 0 1 F 0 0 

0 . B B 7 0 E 00 . 
- 0 . 5 7 7 f t F 00 
- O . 3 0 2 3 E 00 

0 . 7 2 B 3 E 0 0 . 
- O . f t 0 6 4 C 00 
- 0 . 7 f t R f t E 00 

. . 0 . 5 S 0 9 E .00 
- O . f t l O l E 00 
- 0 . 2 3 9 3 E 00 

0 . 3 6 3 6 E 0 0 
- 0 . 5 9 3 3 F 0 0 
- 0 . 2 1 4 B E 0 0 

0.I751P 00 -0.5O07F--0.5615F 00 -0.57',IF 1 

-0.19AIF 00 -0.1147E ' 
F I V E P O I N T S LAGRANGE D I F F E R F N T I AT 1DN FORMOLA 

COS 
P . 9 7 . 4 6 B E OQ, 

CDF 
0 . 4 6 6 3 1 E 00 

S I M P S O N ' S RULE FOR INTEGRATION 

COT 
0 . 1 5 9 I 0 F 01 

C O S / C O F 
0 . I 3 B 7 8 E 01 

C D F / C O S 
0 . 7 7 Q 5 9 E 00 

D I M E N S I O N L E S S SURFACE P R F S S U R E D I S T R I B U T I O N AT ft.00 DEGPFES INTERVAL 

0 . 1 7 0 7 F 01 0 . 1 1 B 1 P 01 
- 0 . 1 T 4 3 E 00 - 0 . 3 1 9 5 F 00 
- 0 . 4 9 6 3 F 00 - 0 . 4 3 9 4 E 0 0 

0 . I 1 1 9 E 01 
- 0 . 4 3 8 1 E 00 
- 0 . 3 9 4 7 E 00 

0 . 1 0 7 0 E 01 
- 0 . 5 2 T 1 F 00 
- 0 . 3 5 2 4 F 00 

0 . B R 7 5 E OO 0 . T 2 B 7 E 00 0 . 5 5 1 3 E 00 
- 0 . 5 B 5 9 E 00 -O.fclftor- 00 - 0 . 6 2 0 7 E 00 
- Q . 3 1 4 5 F 00 - 0 . 7 4 - n i J E QQ , - n . ? S | 5 E 00 

- 0 . 1 9 2 1 E 00 

ANGLE AT WHICH SURFACE SHEAR S T R E S S BECOMES 7ER0 . . . I . E . S E P A R A T I O N , I S 1 3 B . 6..DEJJR£F.S .. 

0 .3 f t3 f tE 0 0 
- 0 . 6 0 4 6 E 00 
-p t 2'>, ft9r nn 

0 . 1 T 4 5 F 00 -0."»441F-n7 
- 0 . 5 f 3 3 c no - 0 . 5 J 7 3 F 01 
- n . 7 0 B l F 00 -n,\n/,yc no 



I I 

O B L A T E S P H E R O I D MARK « 124 

> 

A . R . RF C O N C E N T R A T I O N DM X I 
1 . 0 0 1 0 0 . 0 0 0 . 2 0 0 1 3 B 3 E - 0 3 1 7 . 0 9 5 7 4 . 0 0 0 0 

X 2 
6 . 8 3 9 0 

A 
0 . 0 4 8 9 

n 
0 . 1 9 R 2 

IM J M 
3 3 S9 

O t M E N S I O N I E S S S U R F A C E V n R T I C T T Y D I S T R I B U T I O N AT . . . 5 . A 3 . _ . OEGREES I N T E R V A L . . . . . . 

0 . 0 0 . 1 6 2 9 F 
0 . 9 7 2 5 F 01 0 . 9 4 7 7 E 

01 0 . 3 1 9 5 E 01 0 . 4 A 7 1 F 01 0 . 6 0 1 7 E 01 0 . 7 1 9 7 F 01 
01 0 . 8 9 9 3 F n i 0 . 8 2 9 8 F 01 0 . 7 4 3 0 F 01 0 . A 4 3 4 F 01 

O . f l l B O E 01 
0-.*)^69E 01 

0 . 8 9 4 0 F 
0 . A 7 8 8 F 

01 
"1 

0 . 9 4 5 7 F 
0 . 1 7 5 0 F 

01 
0 1 

0 . 9 7 7 0 F 01 
0 . 2 3 0 5 * 01 

0 . 1 4 9 0 E 01 0 . 8 2 4 t E 
- 0 . 5 0 2 1 F 00 - 0 . 2 8 3 3 E 

0 0 0 . 3 1 0 7 E 00 - 0 . 6 4 A 4 E - 0 1 - 0 . 1 7 . 4 A F 00 - 0 . 4 1 9 1 F 0 0 
0 0 0 . 1 5 0 8 E - 1 7 

- 0 . A 1 5 0 E 0 0 - 0 . A 8 1 4 F o n - 0 . A 9 B 3 E 00 - 0 . A 4 2 2 F 00 

THREE P O I N T S LAGRANGE D I F F E R E N T I A T I O N FnPMULA S I M P S O N ' S O i J l F F O R INTFf .P A T ION 

CDS 
O . A 1 7 0 A E 0 0 

COF COT C O S / C O F 
0 . 5 I 6 1 6 E 00 O . M 332E n i 0 . I 1 9 5 5 E n ] 

C O F / C O S 
0 . B 3 A 4 9 E 0 0 

D I M F N S I O N L E SS S U R F A C F P R E S S U R E D I S T R I B U T I O N A T ^ I l ' . ? ' ! D F . G R F F S I N T F P V A l 

O . U 0 9 E 01 0 . 1 0 7 4 F 0 1 P . 7 R R 9 E 0 0 0 . 4 4 B A F 0 0 O . A B 1 * F _ O I - n . ' R ^ i r H - 1 . 5 4 A 8 E 0 0 - 0 . 6 9 0 1 F no - 0 . 7 1 4 ( S r 0 0 - 0 . 4 5 3 5 F o n 
- 0 . 5 5 4 B E 00 - 0 . 4 5 B 3 F 0 0 - n . 3 1 ? n f : 00 - 0 . 3 H R E 0 0 - 0 . ? i ? 7 F O O - 0 . 7 A 0 7 F 0 0 - 0 . 2 4 A 3 E 0 0 

F I V E P O I N T S LAGRANGE n i F F F R E N T T A T I O N F O R M U L A S I w n s n N ' S <»ULC F O P I N T F O P A r i n N 

CDS C O F . C O T r n s / r . n F r " F / c o s 
0 . 6 1 7 0 6 E 00 0 . S 1 A 7 2 F 0 0 n , | | l | " l E 0 1 r i . l l » R " H 0 . P 3 4 1 5 F 0 0 

D I H E N S IONLF S S S U R F A C E P R E S S U R E n i S T P I R U T I O N AT 1 1 . 7 5 OFGREFS 1 N T P R V A l 

0 . U 1 0 E 01 0 . 1 0 M E 
- 0 . 4 9 4 A E 00 - 0 . 3 9 9 0 E 

01 0 . 8 t ? 4 P 0 0 n . 4 9 4 l E 0 0 0 . 1 3 B 7 E 0 0 - 0 . 7 0 1 0 F o n 
00 - 0 . 1 ? 4 ? = 00 - 0 . 2 7 1 9 E O O - 0 . ? " * ? 1 F 0 0 - - 0 . 1 9 Q R F 0 0 

- O . ' . I O A F . 00 
- O . 1 0 - 5 7 E 0 0 

- 0 . 6 0 7 S F n o - 0 . 4 4 M F 00 - 0 . t R 9 0 r 00 

ANGLE AT WHICH S U R F A C E SHEAR S T R F S S BECOMES 7.FR0 r . F . S F P A P A T I O N , I S I ? . * . 4 O F G P F F S 

OBI ATE SPHFROTO MARK* 2 1 8 

A . O . PF C O N C F N T R A T i n N nn X1 
1 . 0 0 1 0 1 . 1 0 0 . 7 0 0 ! U O F - 0 3 1 7 . 0 9 6 * ' . . n o o n 

X?. 
fc.^no 

A 
0 . 0 2 7 3 i.1«)?4 

IM J M 
41 105 

0 1 M F N S I 0 N L E S S S U R F A C F V O R T I C I T Y 0 1 STR IRIJTI ON AT J . 0 0 OF-GRFFS I N T F P V A l 

0 . 0 O . f l l R h r 
0 . 7 1 7 8 F 01 0 . 7 A 7 6 F 

n o n . i A ' B F . o i o . ' 4 ? f t r o i 0 
0 ] O . B 1 l A c 01 O . B 4 9 S F Of 0 

3 ? 0 * e o i 0 . 3 t ' ' ' i F 
p o o i r o i n . o n s s F 

01 
n l 

0 . 4 6 B 3 E : Ot 
1 , o ? ^ 7 E 01 

0.5iT-»r 
0 . 9 H O P 

01 
o i 

O . f t O ? ! ^ 
0 . O 1 T ' . c 

01 
11 O . O l i q c 

nt 
01 

0 . O 7 3 3 F o t n . q n s t r 
0 . 5 I 5 3 F 01 0 . 4 5 R B F 
O . 5 A 8 0 F 00 0 . 3 1 4 9 F 

- 0 . A 4 6 A F 00 - 0 . 6 6 H E 
0 . 0 

01 0 . B B 1 Q C rH 0 . 8 5 I 7 F 01 0 
01 0 . 4 0 ? f l F 01 0 . ? 4 B | F 01 0 
00 0.100«T 00 - 0 . 7 7 1 7 F - Q 1 - 0 
0 1 - O . A A O O F 00 - 0 . A 4 0 A F 0 1 - 0 

R157F 01 0 . 7 7 4 A F 
? l * 7 r 01 0 . ? 4 4 ' F 
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SURFACE SHEAR STRESS IS POSITIVE EVERYWHERE 
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OBLATE SPHEROID MAR".- 7-.0 
********************** 

A.R. RF CONCFNTRAT TON OM XI V? A fl T« Ju  

Q.Qfl ) .00 0.443597,̂-05 59.9726 I . »T*Q 5f.?*g0. Q.Q̂H 0.098? 31 4J>_ 

DIMENSIONLESS SURFACF VORTICITY DISTRIBUTION AT 5,63 PFGREFS INTERVAL 
0.0 O.IROBF 0.1A13F 01 0.171TF DO 0.3«o?g 00 0.535P.F 00 0 01 O.lflOOE 01 O.IRŜF oi 0 7099* 00 0.«80£F 1091= 01 9.1R95F on 01 
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1204F l«24r 01 01 0 0 1 1 5 3 * 1 751 r 01 *\ 

0. 0. 14"1* tft«=7F ni 0.1547E 01 0.1474* 0.2414* 00 0.1205E 01 0.1294E "1 0.115PE ni 0 00 0.1303F-1? in>IF 01 0.BR41E 00 1.7494E 00 0. 6177E OP 0 4 R 1 3 F On T A A 0* rn 
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0 . 0 6 U 4 F 01 0.7AR47E 02 CDS/CDF 0.17977* 01 CDF/COS 0.5*7R2E 00 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 OFGREES INTERVAL 
0.T707F 01 O.T*69F Ot O.TlftOF 01 0.6473F 01 0 549BF 01 D.4244T n\ 0.J756E 01 "t 11 23r n l - 0 51 73* pn '"20* 01 
-0.3770F 01 -0.4215E 01 -0.48A5F pi -0.5275E Dl -0 5511* 01 -0.5627F 01 -0.5ftt.3E 01 
FIVF PPINT5 LAGRANGE D1*FFRFNTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 

COS CDF CDT CPS/COF COF/CDS 
0.I7231E 02 0.97A22F 01 P.26993E 02 0.17A50E 11 0.5ftft56E 00 

OIHrNSIONLFSS SURFACE PRESSU"F DISTRIBUTION AT 11.25 DFGRFES INTERVAL 
0.T71M 01 0.7574E -D.3438F 01 -0.4394F 01 0.7162E 01 0.64ARF 01 0 01 -0.5048E 01 -0.545AF 01 -0 54R7F 01 0.421IE 5ftfl8* Of -0.5813* 01 0! 0.269TE 01 -0.5R39E 01 D. 1015F 01 -0 A3 TOE 00 -0. ?!A"F 01 
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OBLATE SPHEROIO MARK= ?ftfl 
************************* 

A.R. RE CONCENTRATION DM XI X2 A R IM JM Q.OQ 5.00 0.4A35O23E-05 59.972ft 1 .4750 S.5BS0 0.Q934 O.QQB'* 33 45_ 
-

DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5.63 OFGREFS INTERVAL 
0.0 0.310RF 0.249AE 01 0.2597E 00 0.A151F 00 0.9I27F 00 0. 01 0.2A53E 01 0.26ft?E 01 0. 

120ir oi 0.1475E 7ft7ftr 01 0.7545= Ot 01 0.1733E 01 0.7424E 01 0.19A8F 0.2769F 01 01 0.2177* n.71RBF 
ni 01 0. '355F 0.1A90F 01 01 0.1683E 01 0.1475F 0.1644E 00 0.B026E 01 0.1273E 01 0.10B1E 01 0. -01 0.1393F-12 9034E 00 0.7472F 00 P.597BE 00 0.4696F 00 n.35ft2F OO 0.7*53F Oi 
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CDS 0.4464RF 01 CDF CDT 0.2579AE 01 0.70445F 01 CDS/COF 0.1730BE 01 COF/CDS 0.57777F 00 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 OEGREFS INTERVAL 
0.2568E 01 0.2494E 01 0.277BE 01 0.1933F 01 0. 1477* 01 0.9429* 00 0.376TE 00 -0.1AA4E 00 -0.A308F 00 -0.9759F 00 
-0.11886 01 -0.1281E 01 -0.12B7F 01 -0.1245F 0! -0. 1IB9E 01 -0.1146E 01 -0.U30E 01 
FIVE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 

COS COF CDT COS/CDF COF/CDS 
0.44648E 01 0.26243E 01 0.70S91E 01 0.17013E 01 0.5B7T7E 00 

JILHENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 OFGpFES INTERVAL.. 
0.25TOC 01 0.2495E -0.1250F 01 -0.1342E 01 0.2277E 01 0.192BE 01 0. 01 -0.134&E 01 -0.13D1F 01 -0. 1467* 01 0.9248E 1743F 01 -0.1197F 00 PI 0.34T9E 00 -0.11B0E 01 -0.206BE 00 -0.68IAE 00 -0.103.4E ot 

SURFACE SHEAR STRESS IS POSITIVE EVFRYWHFRE 
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0.lR»4r 01 0.177<>t 01 0.14P7r 01 0.1?R4r 0 1 0,*»949r 0 0 o./,«i7ic on ",1ô7F-01 "0.3M7F on .o.f,4Pf)t 00 _rttnn7̂F H 
-ô9?4or on -n.oiisF no -o.R4H\C

 1 0 ,-o.Tol4r 1 0 _>o.4ii7F no -,W:1lr
 R^ -n«Mooif on  

SI1PFACF SHFAB STPF̂S IS "0S1T1VF <=vFPVMMFRr 

np.( ATF SPHFR0I0 MARK. 10? «.P. PT CONC FN TP AT IHN nx XI X 7 A P, I M .1" ^ — o.on 7n.oo O.ZOOOr.4flF-03 1 7 . 1 1 7 B 1 .47*0 ' . . 1 1 1 0 0.0497 0,190? 

1 1 * 1 

DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5.43 OFCPFFS I N T F - J V A L 0.0 0.60r.RF 0.447BF 01 0.4**0r 

00 0.110RF ft) 0.1772F 01 o 

01 0.45'»lc 01 0.4397F 1 ) 0 
7310F 0] 0.7R31F 01 414t»F 01 O.lfl*.** ni 0.179RF 01 

1 . 1 4 9 7 F 01 
0 . 1 7 1 T 0.̂np,̂ F 1 1 1̂ 1 

4 1 4 T F 
3 4 * 1 F 
01 0] n. 410BF ??? IF 01 1 ) 0.1R06E 01 0.142SF -0.1432F-01 -0.17h4F ni 0.m»*E ni 0.7041E oo o 01 0.1514F-12 

5*?7F on n.v-o?r no 0.713̂F 00 0.11R?F 00 1938F 01 0. 4 I-34F - 1 1 

THRFF POINTS LAGRANCF OIFFFRFNTIATION FORMULA SIMPSON'S PUIF FOR INTEGRATION 
COS 0.16324F 01 COF COT 0.I0911F 01 0.77757F 01 C O S / C O F 

0.14917F n| 
C O F / C O S 0.ftft977F 00 

DIMENSION! FSS SURFACE 

PRESSURE OISTRIBUTION AT 11.?5 DEGREES t N T F R v At 

0.14*4F 01 0.13R1F 

01 0.1703F 01 0.9139F 00 0. 

* 5 4 4 E 00 0.1487F po -0.1941E 00 -0.4R44F no - 1 4714̂  on -0. 7497F 00 
-0.73R8E 00 -0.67ISE 

00 -0.*RO?E 00 -0.4897F 00 -o. 4140F 00 -0.lf.44F 00 

-0.1472E 00 

FIVF POINTS LAGRANCF 

OIFFFPFNTIATTON FORMULA SIMPSON'S RULE FOR 1NTFGPATION 
COS COF C O T cns/cnp COF/TDS 

0. 16324F 01 0.11068F 01 0.27397F 01 

0.I4749E 11 

n.47R0iR on 
. OIMENSIONLFSS SURFACE PRFSSURE OISTRIHUTION AT 11.25 OEGRFFS 1NTEPVAL 
0.1454E 01 0.1389E -0.7S45E 00 -0.6872E 01 0.1213E 01 0.9149F 00 0. 00 -0.5954E 00 -0.5017F 00 -0, «i54qr on 0.1444* Oi 4780F On -0.37R7F 00 -0.l9qiE 00 -0.lr.07E 00 -0.4932E on -0 f,R?7E no -0. 7643E no 
ANGLE AT MHICH SURFACE SHEAR STRESS BECOMES 7FRF1 I.E. 

S F PAR ft TI O N tIS 143.4 

OFGOfiFj 

http://-0.lf.44F
http://-0.lr.07E


I I -

DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT.. 5.63 DEGRF*S 1NTFRVAL 0.0 1.9983E 00 0,7070*, 01 0.7078* 01 .3R13F 01 0.4432F ni • fe"17F 01 0.5346* 01 .1680E 01 -0.7379E 00 .1170E 01 -0.1304E 00 0.6623* 00 0.1514E-I? 0.3043E 00 0.7647F-01 -0.1573* 00 THREE POINTS LAORANGE DIFFERENTIATION FORMULA SIMPSON'S B|)LF FOR INTEGRATION COF 0.THOSE 00 COT 0.16010* 01 
DIMFN5IONLFSS SURFACF PRFSSUPF DISTRIBUTION AT. 11.'5 nFG<>F*S INTERVAL 0.1196F 01 0.1128*. 01 0.0340* 00 0.6330E 00 -0.8563*-H -0.3QqlE 00 -0.A120E 00 -0.5170F 00 -0.4702* 00 -0.3446F 00 FIVF POINTS LAGRANGE 01FFFPfNTI ATTON FORMULA 
cos. cnF C O T I 

Q̂C ryp, -0.7486* On -0.7346E 00 5IM»S0N»S »ULE FOR IMTFGRATinN C"S/COF COF/COS 0.BR996E 00 0.72756E 00 0.16175* 01 0.12?3?F 
D1MFNS1DNIFSS SURFACE PRESSURE DISTRIBUTION AT 11.25 OEGR**S INTERVAL 0.I196F 01 0.1130F 01 0.03*)4E 00 0.64R4F no 0.2a$iF 00 -1.7053 -0.6187F 00 -0.5195F 00 -0.4265* 00 -0.3505* 00 -0.7976* 00 -0.254" 

0.81T53E 00 -0.6045F 00 -0.70'"" 00 -0.60'AF ANGLE AT WHICH SURFACE SHFAR STRESS BECOMES ZERO I.F. SF PAR A T ION, 1 S 134.1 0FGOF*S OBLATE SPHFR nT 0 CONCENTRATION 
o.700oq4ir--03 DI MENS IONLFSS SURFACE VORTICITY n I S TR I BUT 1 ON AT ?.00 nEr.Prrc INTriVAL 0.0 0.5I44E 00 0.4761E 01 0.5144* 01 .1075* 01 •5503F 0.1131E ni .582BE 01 . 2071r .4119* 01 .7572* oi 0.1002F 01 0) O.65BOF oi .6947E 01 n.4519F 01 0.9043E 00 -0.3481E 00 0.0 6010* 01 0.4101* 01 0.6704E 00 -0.3673* 00 0.6871* ni 0.1695* 11 0.4647F 00 -0.37I6E 00 0.66RnE O! 0.3783F Ot 0.2359E on -0.761RF no 0, 6 4 8 IF 01 0.7̂80* 0. 1125F -0. 13 87F n.̂.'SlF °1 0. 7<ia?r 1. 7 6 6 o e _ *n&ae 01 n. ?l ZiF_ 01 -n,1052t 00 -0. 7573F- 00 -0.31371" 00 THREE POINTS -LAGRANGE 01FFFRFNTI ATlON FnRMULA S T " fSON* S WP.IL.E- F O R INT* rlB AT I ON DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 6.00 O F O P F F S TNT*0v4L 0.1192E Oi -0.I540F 00 -0.5077F 00 -Of1991* 00 0.I173E 01 -0.3154F 00 -0.4558* 00 0.1119E 01 0.1030F 01 -0.4503* 00 -0.5534F in -0.4069* 00 -0.3625F nn 0,9103* "0 -n.6?'3E nn -n.3?3CF nn i.̂>3&E 00 -0.4>2 7E 00 -0.7*84*. 00 0.4091* 10 -0.6415* 00 -0.2*1?* no 0.2'̂sr-n.?ni?r 

FIVE POINTS LAGRANGF OIFFFR*NTIATTON FORMULA COS .86758F 00 C O F .71790E COT .158Q5E 01 SIlP'.nN'S » U L * R N P 1K' n.12170* 01 C O F / C O S .R2170F 00 
DIMFNS1 ONLFSS SURFACF PRESSIJRF DISTRIBUTION AT 6.no OFGRFFS TNT *» V Al 0.1192F 01 0.1174E 01 0.1119E 01 0.1031F 01 O.qilOF no 0.7«,3n* "0 O.Sa46F 00 0.4100* in 0.'1?7* 01 -0.154RE 00 -0.3173* 00 -n.65?4F 00 -0.5S82E 00 -0.6?8*R 00 -O.'.Âir 00 -n.̂'l.lE 00 -0.657<i* 00 -".f.W-sr nn -1.51 76 F 10 -1.465 7T 00 -0.4168* 00 -0.3 77 3F nn - Q . n?7* nn -n. ? O O O F Qn 7611E 00 -0.2*31* "1 -n.>>̂s* nn 1.764 l*-nt -0.2O86E 00 
ANGIF AT WHICH SURFAC* SHEAR STRESS RECOMES ?FPO 

I.F, SFOARATIHN,IS 1 35, 1 OFĜf (;s OBLATE SPHEROID *•***•»***•*•*»***«*•*** MARK = 1 76 • A.R. RF CONCENTRATION 0.90 100.00 0.700064BF-03 OM XI 17.0078 1.4750 A 
0.04"2 
R I M •»3 .)** OIHENSIONLFSS SURFACF VORTICITY DISTRIBUTION AT 5.63 DFCPFES I NT*?! VAL 0.0 0.1485* 0.I023F 0? 0.1013* 01 0.2930E 01 0.4376E 

02 0.9725E 01 0.9O32F 
01 0.564RF ni 0.4R64E °1 01 O.RORR* ni n.,(,qsSF n| 

0. 7<ISIF 01 

1. ̂llF 01 
0.8"6SF 0.4445F 01 
11 
1.95 74F 1.3243* m 01 0 1004* 07 7175= ni 0.1784F 01 0.5892* -0,5505* 00 -0.3077F 00 0.807 IE-01 -0.7696F 00 0.I 5 (4F- I 2 00 -0.4OR4F no -O.r-,457* 10 -n. OBE no -n.7n?ir no -0.7O0AP no -0 .7]-»7r nn THRF* POINTS LAGRANG* D1FFERFNTIATIPN FORMULA SIMPSON'S r/i)L* FOo INTUBATION COS 0.57573E 00 COF COT cns/r.n* 0.55930E 00 0.11340F 01 1.10312E H COF/COS n.'3f')77F 00 

DIMFNS|ONLFSS SURFACE PRESSURE 01 STR I BUT ION AT 11.75 OFGPFFS T NT FP V AL 0.HO3F ni 0.1078* 11 9.R163* 00 0.4959F Ort 0.1159* no -O.'SRtF no -n.5*65F 00 -0.7764* nn -n.7594c on -0 ,/.»95F 11 -0.5798F no -n.477lF OO -n.4017* 00 -0.3405F 00 -0.3OR9P 00 -n.̂753* nn -o.7f.o6E no FIVF POINTS LAGRANGF DIFFERENTIATION FORMULA SIMPSON'S "OLE F0« TNTPĜATION CD* cn* cm rns/rtv F D F / C D S 

0.57573F 00 0.55745E 00 0.11337F 01 0,10378* ni n.Q6R74F. 00 01 MFNSInNLESS SURFAC* PRFSSURF DlSTRIPUTIflN AT 11.75 OPGRFFS INT*<»VAl 0. 1104F 01 0.1035F -0.5270E 00 -0.4247F 01 0.8365* 00 0.5354* nn -0.34R5F 00 -0.2966* nn 0.1740F 10 -0.1R4RF nn nn -0. ?5*'>* nn _o.?7ior no -1.47T6E 00 -O.7O70F 00 -0.651»* 00 -0. <,<"••<•-nn -n '.17T" 03 ANGLF AT WHICH SURFACE SH* AR STRFSS BECOME s 7.FR0. I.T. Sf PAR AT ION,IS 175.1 Orr.Dprs 

http://wp.il.E-
http://-o.7f.o6E
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P.PLATF S"neQPJfrt. 5 I y 

> A .0 . P.F rn NC FNTRAT TON 
o.io I O O . O O n.?noo«v»ir-oi 

1 7 1171 t ,47r,n '.. i110 0 I* 
0? '* 
0.1*?* 1 " 
nt 
li* / OTMFNSIONLFSS S U° F A C F Vr,OTtriTv nt <5TRin((TTnM AT 1 nn ——: 

1. MIAX n 1 1 . 74*ir nn n.l4"ir n, n.j??̂ 0] i. T"V.nr: 11 0. "4 •> t F 0 1 
11 
'"ST 01 n,-w,<,/.r qmor n | Ĥr-".̂'•OF 11 ".n'.is/jr Tl n t,n->7r. 1 1 1 n ftitfcr nt n.imnc n l n , <J7?RC O.5H0AF ni 1.lVH4?r o."»* 1 4F "0 0.1oo** -0.747*,r fin -I.7*1'.F ni O . T , - > K ni 0."?c.2r 

ii n.i » 7r ii o.ir-*Tr 00 -o. 1 Oftl*- fti -0. ?71 4f no -n,7-»HF H -o.7T»at 

01 01 no 1 -0 0P0?r ni 1.fl<,S"t ?1<", 1 ̂ "1 1. ?1fl̂c "1 n.TOtWif. -ii 
1 . 1 "74F 1] -1.c"7or. oi -"<. moor- 10 'J 'J 
-0 7/. nnr. 
1 M11 
n] 
n 1 O 
. ATO 7'-1 "nsr . * o*. . ??1*r n -0 
1 ': « n | '.Stir -1 7?o«r nn 

TH» FF P H t NTS 1 A**,o A*'OF nir Fencer I AT l r"0"lH.A M ' T - S " ' " c t),M OF 1M IPN r.n<; 
n.**?**F 10 

ri«* ror i.*4o'-f.r in i. 11 o?i f.n<;/r.ir 0. I ""nU It r."r/Cr,S n.-jnfin?f ni 
nTMfNMrtNt FSS S'lPFAF.F porsSlfF 0 1 STP I PI IT T MN AT ' - .'* nr.̂cr; i M T T P V H 1.I? OOF 01 0.10«IF -0,?n7?F 00 -n.41TT -0.43 tor no -O.?M2OF. -n.iswf oo 01 i.1 024T 11 1.131ftF no -n.BUflC 00 -n. 6 1 4PF 00 -n. -u in -l.?01*F 11 -* ("1 7 I c 01 0 . A F 4<vr 4*4?r ni -1. 3?̂ 

?an̂r- nn - O . ? * * Q C 

E 
1.4000F 00 -i.Ail?r 10 -n. "»?TJF O'J 0 -0 -0 ?°l'F 51*,] c ? ] 4 ? r 10 n 

no -1 
nr) _n 

O707r-*4??r ii 
on 
-0 i?M

c-nt, /.nr7r pn 1 P7t,r no 
c[Vr POINTS L A F>P A N T. r n(r-r* pr̂Tl AT t P*l FHOMULA M̂ŜN** »f H T r no IM TF G* A T I F IN 

ros 1.4*1*** on f.n« r,n' n. «!*>•"• IF no 1.11140 r 01 rr.̂/rof 
O.1P4 ?4 T m 

1.1"lftOF 01 niMcr;<;|nNL̂<S SURFACE 
! 

nor r.* I IP r 1 1 <; T 0 I «U T t O N i nr/-,p pet; i N Tr-0 VAL o.]1"nr ni 0.ton]F 
-n,->f-->&r on -o.4i41 r -0.44 17C no -0 . l̂ftF 01 n.10?*r 01 O.ailHF no -n.̂73<»c on -1,A1A*F 00 -n.l*?B<" 11 -0.3190F 00 

11 
-1 q-iqor. nn O.'.SHF r,i,nir nn -1.', A *> n <-3iOTr no -O.̂AiŜr 01 i.4°*1F. 00' -n./.4 7RP in -n.?*4?F 00 0 -0 

- 1 Z"nr On 0 t "l?r 11 -i 107*r -̂.imfc oi AT WHICH SUPFAF.F c MF AO Sl'PSS PFr.OWS rrpn 1. F * CrpAOATtnw,( <; 1?/ 
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O R L A T F sPHFPnm 
******•*<••****•#! 

7 ^ Q 

>— 
A.p. P F rnwrcNTiATIOM 

0.50 1.10 O.iqq'HT^F-Tl 

17.1 773 n. S'.'»n * 7 
' . 4 460 0 A 

04"0 
n 

n. noo? 
IM <;9 

DIMENSION! ESS S I / ° C A C F V"PTfCfTV nfST»» r«ffMON AT 5.6 "> ()F<"."C C <; J » )TE-> ! /^ | _ 

< 

o.o o.iniOF n.l57~5F 01 ".1fl<»r-r no 0.?n?RF 00 0 . 3 1 0 " F 
H n.7 2 5 4 C 0 1 n . ?6"> 7* 

On o nt 

fc?«,o* np, n. t;ci, 

?OA7'" Ot 1 . 3 I «»•>*-

nn n? 1.7107* 30 1. 3 ? 1 <? H 0 1 
0 0 n 6'»? * 
3 046f 

nn n,|n*,7r-°1 1.7713* n) "1 j mor m ?'in«c nj 0.1R95F 01 0. 1529E D.12T6F 00 O.6303F 01 n.!2?2F 01 0.9713'" 01 n.1S5SF-12 nn o 74<V>* oo n. <.0.7'>F-nn ".4"»̂ 7F on n 367?'-on n.">76lF 0 1̂76* nn 
THRFr POINTS LAGRANGE OIFFFRrWTIATI ON FORMULA M"nSnN"; »ULC *nt> IVTFr.PATIUN 

COS 0. 1?706F 02 
CO* COT 0.l?6l7r 02 0 .7*>R?3* n? 0.49*36* 11 COF/COS Mil 5 A E 01 

DTHF.NS10NI ESS SURFAC* PPESSIIP* D I STR I RUT IHN AT 11.75 nP^EFS INTFOVAl 
0.7O73E 01 0.7D96F 01 0.71B7E 01 0.73'»3«: 01 n 741/,r 01 0.'77S* " 1 n.6i89F 01 0.34ni* ni -n.i7nor ni -n *414* r.\ 

-0.7361E 01 -1.7613* 

01 -0.7723E 01 -0.6734F Oi -o 63Ai* Ot -1,4105* "1 -".4032* 01 
FIVE POINTS LAGRANGF f>irFFn*NTlATinN FORMULA SIMT.nN'S "UL* m. INTFC.RAT10N 

COS C"F COT C*>«;/cnc CDF/COS 

0.17706F 02 

0.13633F 0? 0.?5S3<JF 0 7 O.B'ĴiAF 00 . 0.1 I (40C 0 1 DIMENSIONLESS SURFACE PPESSURE DISTRIBUTION AT It . 7 5 prr,PPc<; TMTFPVAI. 
0.7104E 01 0.7I27F -0.7355F nj -D.7583F 01 0.7221F 01 0.T360F 01 -0.7!7Tr OJ -0.66R1F 01 0 oi -0 7440* 0 1 0.77«7F 

6 7 « 7 F 11 -0.6043* 01 ni 
0.4777F 01 

-0.5«76F 01 0. 34R7C 01 -0.1173T 0 1 -n. 5 6 7 0 * ni 
SURFAC* SHFAR STPFSS IS POSITIVE EVFRYWHERE 

CONCENTRATION 0.3723297F-Q4 

OIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT .5.63 OEC.RFFS INTFRVAI 

0.1534F 01 
0.9856E-01 0.1H45E 01 . 19T9E 00 .7193F 01 D.3024E no .2SS5F 01 .4156E 00 .7B79F Ot .54 I OF 00 0.3Q02F 01 0.6B32E 00 0.1I24F 01 n.!040F 01 0.7630F ni 0.1266E 01 0.7233F ni .1835E 01 .1228E 00 0.1479F 01 D.ft063F~01 0.11P1E Ot 0. 146DE-17 0.*»381E 00 0.7427E 00 0,5B57f 00 0.4584E 00 0.3537F 00 0.2650E 00 0.l«niF "O 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE F0» INTEGRATION 
COS 0.11B50F 0? CDF 0.13IB0E 02 COT 0.25n30F 02 COS/CDF 0.R99I2F 00 COF/COS 0.11172E 01 

DIMFNS10NLFSS SURFACE PRESSURE DISTRIBUTION AT 11.25 DEGREES INTFRVAL 0.69976 01 0.69596 01 0.7049E 01 0.71B1E 01 0.7770r 01 0.70B6F 01 0.6079F 01 0.336BF 01 -D.U11F Q| -0.MR6E 01 -0.70586 01 -0.72B6E 01 -0.6R95F 01 -0.6413F 01 -0.6029F 01 -0.5796F 01 -0.5724E 01 
FIVF POINTS LAGRANGE OIFFFRFNTIATI ON FORMULA SIMPSON'S RULF FOP INTEGRATION 

CDS COF CDT C"S/COF COF/CDS  
0.11850E 0? O.I 3182F 02 O.25032E 07 0.89897F 00 0.111746 01 

OIMFNSrONLFSS SURFACE PRESSURE DISTRIBUTION AT 11.25 OFGpfFS INTERVAL . . _ .... ... ... 0.696.86 01 0.69906' 01 0.7DB1E 01 0.7217F 01 0.7315F 01 0.7I46F 01 0.6160E 01 0.5452F 01 -O.IOTOF 01 -0.51R0E 01 -0.70396 01 -0.7243E 01 -0.6B376 Ql -0.6348F 01 -0.5961E 01 -0.5724* Ot -0.5655* 01 , 
SURFACE SHEAR STRESS IS POSITIVE 6VERYWHERE 
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P f U A T E S P H E R O I D » 241 

A.R. RF Cni»r FN T<* A T 1 ON 0M 

n.«o i .nn o . 4 6 ' i 2 5 3 F - n s A O . O O I 

, n M 
s c o n 

X ? 
ft.7onn 

A 

D.Q14 3 
n 

n.nq<<7 fM 
31 

J M 

01 M c N* I ONL F S S S U L F A T E V O R T I C I T Y n | TR I "M)T I PN A T r - . 6 3 ITfo V Al. < 

n . n n.nvitr-m n . l 0 6 5 f fln n.̂rn̂P n n n . 
" . I I i ? ? F n i n . i f l i i F n i n . ? i 7 i F n t n.?R?<ip n] n . 

',1 ? p r o n 
01 
0;̂3 73F 0. 5 o«i6*-nn " . 6 7 P S C 0 0 

O . ^ n m s F 01 
1.8'.I 4* 
0 . ? n i O F 

On 
0 1 

n . 113** 
n.P«,QRP 

01 01 
I ? 5 7 F ni 

n . I P l ? * 01 n . U M * Ot n . t U - A * 01 n.o7S"c n n n, 
O . 1 7 O P F nn n.5<>55F-oi n . i w ^ - i ? 

0.̂7 7 4 * 

nn " . 4 6 1 7 * 0 0 

0.3<-84* n . ? 4 1 7 * 

o n 1 8 7 IF n« 

T H R F F P O I N T S I A G P ANGE 0 I F F F o r NT I A T1 PN FORMULA 

S I ^ n s n N 

S Ofj| * 

F P P I ' l T P O O A T I O N 

r.n<; r n c r.pT 

0 . 1 1 7 1 8 * n-> 0 . 1 3 0 7 4 F 0' ".?4 7 4 ' F 0? 

n.0907s* on ror/cos 
0 . 1 1 114C 01 

P I M F N S I H N I F<;<; S U L F A T E PRFSS1IRP n J $ T B | BUT I OM A T lt.?fi O F G P C P t ; I KIT FP v AL 

o . n « n i F n t n.is<»MF « i o . ^ m i S F n i n . T i i ? f C l n . 

7 1 7 ? F 01 

n . s m o p "1 n . 5 8 7 8 * 0 ) 

n.3t"7* 
" 1 

-n.u 2 ? r 

n ) - n fin^*,r " j 
- « . 4 0 7 ? F n j -1.7217* n i -o.AQ/.rjF 01 -1.6413E n i - n . 4 0 4 " * * T| 

O ^ n i f c r n i - 1 . 5 7 4 5 F 01 

F I V F P O I N T S L A G R A N G E n I F F F R C N T I A T I n N F P P MUL A S T M O ^ H N r-pp 

r̂ TTGRATION r.OS c n r r n T 

r n s / c n r cnr/cns 0.U71RF 02 0 . 1 " > 7 1 P 0 2 0 . 2 4 7 8 1 * n7 0.8965?* no 
" . 11 1 5 4 * 01 

01 MFNS 1 nNI.E S S S U R F A C T p o p S S U R E 0 I STp I RUT I O N AT 1 1 . 

O F G R C r S I N T E R V A L 

0.4971F 0 1 1.4044* 01 1.T033C 01 O . T I A 4 F 01 0. 
- n . i S Q f t T F n i -0.71O0F o i -0.679TE 01 - 0 . M 1 7 F H _ n . 

7 2 5 3 F 01 
<;r>14F 01 

n . T i e , I F 
0, n r r n r 

n i 
n i 

n . / , O f t 2 E 01 -1.5630F. oi 0 . 3 * 4 2 * 01 - 0 . 1 0 7 R * n i - 0 . 

M11* o t 

S U R F A C F SHE Aft S T R F S S I S P O S I T I V F E V F R V W H F R F 

091 ATF SPH«"RniO 

C O N C E N T R A T I O N 
n . 4 4 ? 0 2 5 3 E - 0 S 

D I M E N S I O N ! E S S S U R F A C E V O R T I C I T Y 0 1 S T R I f l U T I O N AT 5 . 6 ? O E G R P F S I N T F B v A l 0.0 0.1875* 00 0.3653* 00 0.554RE 00 0.751TF n o 0,0774c 00 0.1210F 01 0.l47«;r n i 0 . 1 7 7 2 * 01 1 . 7 ) 0 7 * 
1 . 2 4 R 2 E 01 D . g B 9 ? * m n . 3 3 ] Q F 01 0 . 3 7 1 8 F - n i 1 . 4 1 1 A F 01 0t417nr- n i Mn6?Epl 0 . 3 5 5 6 * Q l 
0 . 1 B 3 4 E 01 
0 . 5 5 7 1 F - 0 1 

0 . 1 3 7 7 E 01 
0 . 2 6 0 5 E - 0 1 

0 . 1 0 1 8 E 01 1.1403F-12 0 . 7 4 5 1 T n o 0 . 7 7 9 5 F . 0 0 0 . 1 9 7 5 F 0 0 

n.1144F no 
O . n o T ^ F - n i 

T H R E F P O I N T S L A G R A N G E D I F * E R F NT 1 A TI ON F0RM1JIA S I M P S O N ' S O U L F FOR I N T r - G P A T ION 

COS 
0 . 3 0 2 7 3 F 01 

COF 
0 . 3 4 7 3 4 E 01 

CPT 
0 . 6 S 0 0 6 F n i 

C O S / C O P 
0 . 8 7 1 5 7 e 0 0 

C O F / C O S 
P . 1 1 4 7 4 E 01 

0 1 M F N S T O N L F S S S U R F A C F P R E S S U R F D I S T P 1 RUT I ON AT 1 1 . 7 5 O F G P F F S I N T F P V A I . 

0 . 7 7 9 6 F 01 0 . 2 2 . 7 Q F 0 1 0 . 7 2 3 1 * . 0 1 0 . 7 1 4 2 E "1 Q . t 9 8 * * Q I 0 . I 6 9 4 F 01 . I 0 3 4 F n i - O . l Q l K F n i 
- 0 . 2 I 5 2 E 01 - 1 . 2 0 D Z E 01 - 0 . 1 7 5 1 F 01 - P . 1 5 2 f c F 01 - 0 . 1 3 6 3 * 01 - 0 . 1 7 4 7 * 01 - 0 . 1 2 3 5 E 01 

F I V F P O I N T S L A G R A N G F D I F F E R E N T I A T I O N FORMtJLA 

CQS COF COT 

S I M P S O N ' S »(/(.* FOR T N T F G P A T I O N 

C O S / C D F C D F / C D S 
0 . 3 0 7 7 3 F 01 P . 3 4 R 9 4 E 0 1 0 . 6 5 1 6 6 E 01 0 . 8 6 7 5 7 E 0 0 

D I M E N S I O N L E S S S U R F A C E P R E S S U R F D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I NT FRV AL 

0 . 1 1 5 7 6 E 01 

O . 2 3 0 5 F 01 
- 0 . 2 1 f . 6 E 01, 

0 . . 2 2 8 7 E 01 0 . 7 7 4 7 F 01 
- 0 . 1 Q 9 T F 01 - 0 . 1 7 3 4 F 01 

0 . 2 I 5 R F 01 
- 0 . 1 5 0 3 F 0 1 

0.701«P 01 0 . I 7 3 1 C 01 
- 0 . 1 3 1 8 F 01 - 0 . 1 2 4 1 F 01 

0 . 1 1 8 9 E 01 
- 0 . 1 2 0 9 E 0 1 

0 . 2 2 0 7 F 0 0 - O . I 0 3 8 P 0 1 - 0 . i n 4 7 F 0 1 

S U R F A C F S H F A R S T R F S S I S P O S I T I V E E V E R V W H F R E 

0 8 L A T F S P H E R O I O 

C O N C E N T R A T I O N 
0 . 3 7 2 3 7 O 7 F - O 4 

? s O I H F N S I O N L E S S S U R F A C E V n R T l C I T Y D I S T R I B U T I O N AT . 5 . 6 3 n E G R F E S I N T F R V A L 

0 . 0 0 . 7 6 2 1 F 
0 . 3 3 B R F 01 0 . 3 B R 7 E 

0 0 0 . 5 7 3 8 E 0 0 0 . 7 9 4 5 F 0 0 0 . 
01 0 . 4 3 7 8 F 01 0 . 4 7 9 8 F 0 1 P . 

l O f i O F 01 P . 1 3 R 5 P 01 
5 0 5 7 F 0 1 O . S O M E 01 

0 . 1 7 1 6 E 0 1 
0 . 4 6 7 7 E 01 

0 . 2 0 T B E 
0 . 4 0 3 2 F 

0 1 
Ot 

0 . 2 4 7 A F 
0 . 3 7 3 7 F 

01 
01 

0 . 
0 . 

2<U4F 
7 4 4 7 T 

0 1 
n i 

0 . 1 7 6 5 E 01 0 . 1 2 7 5 E 
- 0 . 9 5 9 8 E - 0 2 - 0 . A 9 2 R P 

0 1 0 . 8 2 3 1 E DO 0 . 5 3 1 8 E " 0 0 
0 2 0 . 1 4 6 0 E - 1 2 

3 3 1 4 E 0 0 0 . 1 9 3 7 F 0 0 0 . 1 0 2 0 E 0 0 0 . 4 4 4 9 E 01 0 1 1 2 1 E - 0 1 - 0 . 5 0 0 0E - 0 2 

T H R E F P O I N T S L A G R A N G F D I F F E R F N T I A T T O N FORMULA S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S 
0 . 1 8 0 1 5 F 0 1 

COF COT 
0 . 2 I 6 8 B E 0 1 0 . 3 9 7 0 3 E 01 

C O S / C O F 
0 . R 3 0 6 5 E OO 

C O F / C D S 
O . 1 2 0 3 9 E 0 1 

D I M E N S I O N L E S S S U R F A C E P R F S S U R F D I S T R I B U T I O N AT 1 1 . 7 5 O F G R E E S I N T E R V A L 

0 . 1 A R 2 F 01 0 . 1 f t ? 7 F Ot 0 . 1 5 R 6 E 0 1 0 . 1 4 6 2 E 0 1 0 . 1 2 6 7 F 0 1 0 . 9 A 3 5 E 0 0 0 . 4 B 6 7 E 0 0 - 0 . 2 2 1 1 E 0 0 - 0 1 0 1 0 F 01 - 0 . 1 4 7 0 F 01 
- 0 . 1 4 8 1 E 0 1 - 0 . 1 2 7 9 E 01 - 0 . 1 0 5 5 E 01 - 0 . B 7 4 6 F 0 0 - 0 . 7 4 9 7 E 0 0 - 0 . 6 7 6 4 F 0 0 - 0 . 6 5 2 7 E 0 0 

' F I V F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N * S R U L E FOR I N T E G R A T I O N 

C D S C D F COT C D S / C D F C D F / C D S 4 0 . 1 8 0 1 5 E 0 1 0 . 2 I 7 2 9 E 0 1 0 . 3 9 T 4 4 F 01 0 . 8 2 9 0 9 E DO 0 . I 7 0 6 1 E O t 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 D E G R E E S I N T E R V A L -

0 . 1 6 8 7 E 0 1 0 . 1 6 6 2 E 
- 0 . 1 4 8 Q E 01 - 0 . 1 2 7 5 E 

0 1 0 . 1 5 9 2 E 01 0 . 1 4 6 9 E 0 1 0 . 1 7 7 5 E 0 1 0 . 9 7 4 7 F 0 0 
01 - 0 . 1 0 4 9 E 01 - 0 . 8 6 T 8 E 0 0 - 0 . 7 4 7 3 E DO - 0 . 4 6 9 5 E 0 0 

0 , 5 0 0 1 E 0 0 
- 0 . 6 4 5 B E 0 0 

- 0 . Z 1 0 5 F 0 0 - 0 1 0 0 9 E 01 - 0 . 1 4 7 3 E 01 

A N G L E AT W H I C H S U R F A C E S H F A R S T R F S S B E C O M E S ' F R O I . E . S E P A R A T I O N . I S 1 6 1 . * 
... V • 

D E G R E F S 
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A.R. 
0.50 

CONCENTRATION 
o. t99n334r-oi DIMENSIONLESS SUREACP VnRTIf.ITY D1 S TR IBUT ION AT 5.43 DFGRÊS I NT FR V Al. 0.0 0.4R77F 01 0.1557F 01 -0.1106E 00 0.3R75E 00 0.S514E 01 0.9186E no -0.58ME-01 0.7751F 00 0.4090E 01 0.4734E no 
n.isssE-i? 
0.1176E 01 O.AMIF 01 0.149RE 01 0.444qr m 0.7534F 01 0.SA70F 01 0.30S0F 01 0.44MF 
0.177-VE on -n.ioo?F-oi -n.i70.?r on -1.I762F oo -n.l̂nr oo -0.153*" 00 THREE PniNTS LAGRANGE 01F FFRFNT I AT I ON FORMULA S I M P S O N ' S °ULC F O P I N T E G R A T I O N OIMENSIONLFSS SURFACE PPESSUPE 11 ST"I8UTI ON AT 11.7* DEGRĈS INTERVAL 0.13S9E 01 0.1328F 01 0.I23RE 01 0.10B1E 01 0.R441F 00 0.507AF 00| 0.49ftqE-01 -Q.5151F 00 -0.H7QF 01 -0.9761F 00 -0. 7409E 00 -0.4074F 00 -0.51R1F ni -1.464SF 00 -n.4T6.5E 00 -0.1077F 01 -O.1710F 01 FIVE POTNTS LAGRANGE 0 IFFFRFNTI ATTON FORMULA COS COF Cnr SIMPSON'S "UL F FTP INTEGRATION 
ms/CQF cnr/cos 

n.lll50E 01 0.148R1F 01 O.?403ir 01 0.74"30E 00 
DIMFNSIONLESS SURFACE PPESSU7E DISTRIBUTION AT 11. 75 0 F IP F F S INTFRVAI. 0.1367E 01 0.1131E 01 0.1?4?F 01 0.10R7F 01 n.85?nr- 00 0.5171F -0.1130r 01 -0.1741F no -0.73R0E 00 -0.5914F QQ -Q.sôflr- QQ -n.4-Jl5F 
ANGLE AT WHICH SURFACE SHTAR STRESS BECOMES ZERO l.F. SF PARA T I"N . I S 116 

\P3*6F 01 -1.1713E Ot OBLATE 5PHFRnin A.P. or 

¥ht>Kr. H I 

C P N C P N T D A T T O N 

? 01 MP NS1ONLrSS SURFACE VnRTir.ITv OISTPiRiiTinN AT *.43 nFG<>CRS !NT"VAI 
0.0 0.44';OP 0.RO«BF 01 0.101 OF 00 0.1 ?Hr- 01 0.l"ft*E ot o 

01 n.mio* H 1.1114P ">? r 
?/.7',r- 01 0. •»'.•».»* nl iTTtc ni n.<i7n7r- m 

O.4?MF_ ot 
",7IWF 01 
O.M 4flF 
0.5? 44r 
n? 01 0 41 nor »1 «4f 0' ni 0, Tno7p 1 9S1P nt O.765OE no n.5iMr 

-0.3570E 00 -n.lR5ic 
01 -0.17X"1 OO -0.4l04r on -n i-> 1.15 = ̂-12 77«,nr: no -0. T',*-e,r- m -1.7ST.?£ 00 -0.701HF OO -0 41 Mr-00 49 74P TMRPF POINTS t.AGRANGF rjicrrprNrtATION FOR̂UIA SIMPSON'S "UL1-" Fnp I NTr GP A TICN ens n.6on<;<)E no r,OF COT 
n.oonistF on o.iftoo?f 01 

COS/CO1" O.AOOPir 00 coF/cns 
1, 1 A*,44F 01 

01 Mr N<; JnNI F55 SURFACE POFSS'JT. OISTOIRUTION AT 11.25 OFOT̂S ' MT F° V At ' 0. 11 ME 01 0. HI *r 01 n.lOOAPO] 0.R14 Tf on 0 •illli 00 0.1 <i?*c no -n.l°S8r 00 -0.7110'-on -n 1075T-ni -0. 1 01 5r rtl -n,R43ir 00 -1.ftf.97F 00 -n.4474r 00 -n.4*5tr- on -n W>ae oo -i.t̂fc no -o, 337or- no rtVE POINTS LAGRANOP 0 IPFPPPNT I ATION FOPMLtlA SIMPSON'S T(ile rn° IMTFr.PATtnn COS r. O P r.nr r.ns/cnc F, Or/COS 0.6ons9F oo n.loOAtP Ol 1.1404'Jr- oi 1. SOf.Tor 0" 1.1A754r 01 nI MENS IOMLFSS SURFAC" P R F S S U O P OlSTRIRUTrON AT 11.'5 OEG?FPS » N T P O » A ! 

0.1153E 01 0.I117E -0.8386E 00 -0.6f.3SE 0' 0.1011F01 0.874PC 00 0 00 -0.5347F OO -0.44Q1F 00 -0 44 71 r- oo O.l 70RP no 
! B 7 I F oo -O.i'-ft'.r no -1.7<*54F 00 •n.HtflE 00 -0.71R7P 00 tOlir nt -0. 101 ]r 01 ANGLF AT WHICH S1I"FAC* SHFAP STRESS BECOMES 7FP0 l.F. SF"A"AT fON t IS IIP.0 r>FG"FFS Ont. ATF SPHFRO10 

O I M E N S I O N I E S S S U R F A C E V O R T I C I T Y 0 T S T R 1 R " T I ON A T I . " OrGRFrj 1NTF"V.*L 

0.P543F 01 0.7036E ni -o.iftnsp no 
-0.T477F nn 
n.o 

0.R092F ni 0.4031F ni -0.3T0 7«= 00 -n.70RO? 00 0.9374F Ot O.̂QQ̂r 0) -O.S7S1F 00 
-n.<,40?r on 

0.9QC17E on 0.4O7np oi 0.9447F 01 O.IOOflF O] -0.4155F nn -0.4077T: 00 o.n4i r 01 n.s&snr m 0.9P?7̂  nl 0.3n<̂̂r oi 
-n.71 nr. no 
-0.535-»F 00 

0,nR3rjF O.'73'r -O.-'AOl F - 0. 4». n 1 r 0.1442E 01 0.1479r- 01 
-n.-"\7r,z oo 

-n.17.HF 00 
0.978*"" 01 " 
0 . 9 4 0 7 P 0 0 0 -n.7974F on -n .7q&pp .1tntp .'7' "r THREE POINTS tARRANGE OfFFFOrNTTAT!ON FORMULA ST«°SnN'S "HIE 

cos COF coT rns/coF 0.5B577F 00 0.9R049F 00 0. 15r.f,7F 01 0,5<)71RC 00 OIMENSIONl FSS'SURFACE PflESSU"F n I S T" 1 RUT J ON AT 4.00 nrGPFr<; IMTE»V*L 
r-OP t NTC GR.AT ION 0.1149E 01 0.1140F 01 O.llUF n] O.IOA.'F 01 0.9<>30F 00 O.S272E-01 -0.1887E 00 -0.4351F 00 -0.6A4AF rjn -O.RIIir 00 -0.6730F 00 -0.5923F 00 -0.5244r 00 -n,470',F 0" -n.47 4')'1 on -0.7914F 00 . o.onior OO o.7P47E 00 -0.a4<nF no -n.QOABF. 00 -0.TR45E no -".3542E 00 .0.6473F OO 0.47?4r- 00 0.77*1r -0.95 74F 00 -n.OA'.IP ifl -0,7».soe -0.32AOP on -n,lOR2? 01 -n.2')4QC 

FIVE POINTS LAGRANGE 0 IFF̂pr K(T I AT I ON FORMULA 
ens cOF cnT C O S / C O F 

0.*8,;T7E 00 O.ORAU-r QQ 0.15fr9ir 01 0.*=1M1E Pi DT MCNSIONLF S S SURFACF PR F S S I IP F OISTRIBUTION AT A.OO OFGrrr̂ f M T P O V Al 
SIMfSOfJiS oi.lLr FpO INTEGRATION COF/COS n.I4AQiF Ql n.U50E 01 0.1140«* 01 0.1111E 0! 0.104'F ni 0.57P1F-P1 -0.1829F 00 -O.̂inip 00 -0.462OF 00 -0.4731E 00 -Q.5q?4C 01 -0.42*'7E GO -0.471Pr nn 

-o.?ii7F no ANGLE AT WHICH SlIRTACF SHFA" STRESS BECOMES 7.CP0 
p.oQivn.p op - 0 . Rr' 71 c On 0,"03Fr nn n.7pft7F 00 -1.041'F 00 -P.9Q77E 00 
-1.->R47P no -0.-'.'-,,,̂ 0n l.F. Sr̂A'ATIi't, 1* 11R.1 irr;ppps 

0.645PC 00 0.474or on o -0.9517F 00 -1.<l',70e 00 -0 -0.3?Rir on on -n ?715F pi 7*71= 0"> 
p̂'.nr po 
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ntM.ATE 5°HFR0I" M49K* 17* 

A.°. P= 
n.̂n inn.no 

CPNr.PNTQAnON 
n. iq9n?i4F-03 

nw 
17.1371 

VI 
n. *,<,nn 

* •> 

•*.<V<t<SO 
ft 

n.0499 
0 

0.099 ? 
IM 
?3 

.IM 
no 

O I M > - N S I O N I . F S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N A T 5.63 ncrorrs I M T F P V A I 

n.n 
O.IIBTF 

0.O430F no o.noqF o? 
o.iR93E ni o.nBftF o? 0.2BB7F 01 O.I3gQF 0? 0.3O30F 0' 0.1?9ir 0? 

O.5056T il o. i n q F.r. o? 0 . 6 7 7 4 E 01 O.Q036l:~ 01 0.7597F 0! 0.5074F ni 0.RO9RF o| 0 . ? 5 5 7 ̂ 0! 0.|0/,$r 07 
-0.3100F 00 -0.R778F on -0.B765F oo -o.4485r no 

-0.U16E ot -0.17.05F 
0.1555F-12 -C.1'"1F 01 - O . I ? T > C oi -0.1344E oi -o.i is?r oi -o.i'»?r n -0.1107c 01 

THRFF POINTS lAr.DANOF DIF F F R F NT IA T1nN FOP Mill A 
C O S 

0 . 3 7 4 6 6 F 00 
r.OF O.nilOftF 00 C O T 

0.11 R66F 01 
SIMPSON'S P'll.F FOP INTEGRATION 

COS/CO*̂  
4 M 4 7 E oo 

co<vcos 
0.71672F 01 

DIMENSION! TSS SURFACE PRESSURE DISTRIBUTION AT 11.75 OrORFcS 1NTFPVAL 
0. 1077F 0| 0.1P3BF 01 Q.9172F 00 0.70S7E 00 O.TURF 00 -O.77?or-01 -0.8500F 00 -0.9B47F op -0.Rf.Q7r oo 
-0.60->OE "0 _o.Sfi07F 00 - O . ^ O I T oo -0.'.n40r oo -0.3576F on -n.-»*7ir- 00 

FIVF POINTS IAGRANGE OIFFFRFNT I ATTON FORMULA 
COS COF COT 

SIMPSON'S oil! r FOR INTEGRATION 
COS/CQF COF/COS 0.37466F 00 0.°nq?nF oo n.HR30F 01 0.467OOF no 0.71̂00? 01 

O1MCNSI0N1 FSS SURFACF PPFSSU°F O 1 S TP I BUT I ON AT 11.75 OFOPFFS TNTFFVAL 
0. I078F 01 0. 1041F 01 -n.6M5E 00 -0.5373F 00 0.9761F 00 -0.4600F 00 0.7247F 00 -0.4215F op 0.4774c 00 -Q.3713E 00 0.706OF-01 -0.3746F 00 -0.4344E 00 -0.3Q41F 00 -0.8I75F on _o.9',84F 00 -0.83R0F 00 

ANC.l E AT WHICH SURFACE SHFAR STRFSS BFCOMFS 7FP0 I.F. Sr PARA T T ON, IS 110.0 orr.RFES 

OBLATE SPHEROID 
CONC FNTR AT ION 0.1990631E-03 XI 0.5490 n 

0.0524 
IM 
61 

JM 
IPS 

DT MENS I ONL FS S SURFAC T V0PT1CITV DISTRIBUTION AT J.OO DEGREES IMTf'VAI. 
0. 0 
0.5757F 01 

00 .47B4F .SBB7F 01 0.1736E 0? 0.17O7F 07 0.7R40F 01 0.6259F 01 -0.I059E 01 -0.1177F 01 -0. 1 )HF 01 -0. 1 275E 01 0.0 

. 9 5 7 6 E 
• 6 5 5 7 J 

0.1447F 01 0.7244E 01 .1976F 01 .7963F 01 1336E 07 0.1360F 07 0.1762F 0? 0.4734F 01 0.334RF 01 0.2153E 01 -0.1247F 01 -0.1288E 01 -0.1313F 01 -0.171SF 01 -0.1133F 01 -0.1078F 01 

0.7447F 01 O.B704F 01 0.2O63E 01 Q.9461E 01 0.I336F 02 0. 1780F 02 O.1173F 01 0.4049E 00 -0.137»F or -0.1339E 01 -0.B9O2F 00 -0.7493E 00 

0.3501F 01 f.MMF 01 0.1022F 07 O.1098F 07 .4643F 0| 
.1170F 0-> 0.1193F 07 0.1077F 07 0.9378E 01 -0.1716E OO -0.5R67F 00 -0.8716F 00 -0.1346F 01 .. -0. 1 346F 01 -0.I337F 01 -0.5806F 00 -0.3069C 00 -0.7025E 00 

THRFF POINTS LAGR ANC-F DIFFERENTIATION F0PMU1 A SIMPSON'S PIJIF FOR IMTFGP AT ION 
COS 0.36271F 00 CDF 0.76899E 00 CDT 0.11317F 01 CDS/CDF 0.'7I67F 00 CDF/CDS 0.71201E 01 

01 MFNS IONLE SS SURFACE PRESSURE DISTRIBUTION AT IS.00 OEGREFS INTERVAL 
0.1076F 01 0.1066E 01 0.1035E 01 -0.963BF-01 -0.3353E 00 -!,!6llf 00 -0.5176E 00 -0.46A4E 00 -0.4246E 00 -Q.2433F 00  

0.9879F 00 P.9O80E 00 O.BOfl̂F 00 ...0.6825E 00 -0.7467F 00 -0.(<̂33F 00 -0.B9B0E 00 -0.85B7F 00 -0.397BE 00 -0.3M4F 00 -0.33f.BE 00 -0.3095E 00 
..0.5781F 00 0.3449F On 0.1346F 00 -0.7742F 00 -0,f.7ft9F 00 -O.SBR4r 01 -0.2B39F oo -0.?ft?6F no -0.24B4F 00 

FIVE POINTS IAGRANGE DIFFFRFNTI AT I ON FORMULA 
CDS 0.3627IF 00 CDF 0.7739BF 00 CDT 0.1I367E 01 

. SIMPSON' S . RULE „FOB .INTEGRATION 
CPS/CDF 0.4f»B6?E no CDF/CDS 0.71339E 01 

0IMFNSI0N1ESS SURFACE PRESSURE DISTRIBUTION AT 6.00 DFGRFES INTERVAL 
0.1076F 01 0.I066E 01 0.1036F 01 0.9B39E 00 -O.R604F-0I -0.3743F 00 -0.">5O9E 00 -0.7381F 00 -0.516̂E 00 -D.4633E 00 -0.4736E 00 -0.3919E 00 

0.9097E 00 0.B112F 00 0.6864E 00 -O.B̂RIF 00 -0.B9S4F 00 -0.R576E 00 -0.3636F 00 -0.336QF 00 -0.30B6E 00 
0.533SF 00 0.3B21F 00 0.1436F 00 -0.7735F 00 -0.6760F 00 -0.SB74F 00 -0.2B29E 00 -0.2616F 00 -0.7473F 00 -0.7422F 00 

ANCLE AT WHICH SURFACF SHEAR STRESS BECOMES ZERO . I.E. ..SF.PARATION, IS ... 110.1. DEGREES 
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f 

MAPf-r 77 

A . P. OF CnNCFNT» AT fnm I M 
0. ?n 1 . On n.3 74114 7*-n4 m.ai )7 n in-jo ->.*TCO 0 

A p lu 

OIMTNSIONI *SS M P * A C * V"nnHTV Ol̂T̂IRMrinM AT .̂41 nrr.Dt-ic, piTcivyi| 
< 

0.0 0.44 our.ii P.8P3 3*-11 1.1357* on n 
n.O)30E no 0.1741* o| 0.t7°nr n| ^ . 7 4 4 ' * ni r. 4,c,7f- n.f>i4f- 11 P.i'lSt n<) 

''.TV.9t Ot 4 1 24* 
4P1?* 

no n.5->0!»r 0 1 r.,f-,nr,f T 0 
,'•»*>»«• C " '14tc 1̂ 

n.13?RF 01 ".l»6'S?F On O.rOOnf nn ",/,|C',r nn r\ 

O,IRT7F_OI O . I O O I F - O I o.i5i4*-i? 
o.H.?.&r- 00 t 7nnt On n.oTjTt -nj 4 0»7*-ni 

THPTF ppjNTC LACRAK'pr o ! **r P * H T I AT I ON rnP"t1LA <»,"";',»i,« Duir «- 'l'T"-̂ M ION 

COS nr. rf|T 

n.S0fl5?F nj 0 , ) ?n n7 f,?3«»iir 

Cor/Cf)S n.-jnejirtp m 
OfCNSinNLFSS SMR*AC* PRFSSHPr- "» I S T » I 01 |T \ MM n.is n.r. r,r. L-.-<z i..Tr"VAl 

n./,4«iiF m n.ftsiar n, n./,ni7f- oi n. uinr ni n PI 7'.* -n. O.no,,,r n.t?37F 0? f, 1 *64F n7 -0. |-17« ni -o. 1«54 0* "? 
-n.17 79* n? - 1.97*7* 01 -0.7R44T n| -n.̂ ne.e "M -n "I -n.En-)lc "1 -".•̂ J 7F 01 
FIVF POINTS L AC.o AM* 0 I**FR*N T I A T r ON *nt>W'iL1 *• rvt>v>M• s "IM * COP JMT*(-,UAT ION 

Cns rnr rm Cns/CN* fnr/C0S 
0. S ^ R ^ * ni n.iTonqc T> n.̂Tfmot-- n? 0.?noi5r- 01 

OIMF̂'StHNLFSS SURFACF npFSS!Jr'* rM « T3 t mil t F 1N AT 11.?c 

n. 64 8flr m n, 6*.7i* ni n.'-i7nr n| n. 74 3R* nj o -0.1271* 0? -n.Of\7<,F oi -0.7774* 01 -1.4569* 01 -0 a<,OT "1 n>O50tP 5"Q1* 01 -n.̂ M'.F ni 01 n. 1745F. 0? -P.54 06E 01 0. 1 1 7 " * 07 -n.l(>3or "1 ,r,<-pr m 
l̂l'F AC r SHFAR ST» F S S IS pns I T J VC *. VERYV'W*R* 

OBLATE SPHEOOIO M S RK = ">63 
A.R. pr CONCENTRATION OH XI 
0.70 1.00 L M M O ^ S F - I S n0.n4Rn ".2079 y? 

4.?7?5 0. 4 
0974 

n.̂on? IM 
3 3 

.IM 4«i < >— 

01MFNSI0NI *SS SURFACE VPRTICITY 1ISTRIBUTION AT * . 6 3 n F̂R F * S INTERVAL 
0.0 0.&347E-01 n.R77O*-0t 0.134 IF on o 
0.9079F 00 P.173** nT 0.17*7* 01 1.7636* 01 " 1P41F nn n.7467F 

4nn?P nj n.41 1 1 * 
no ni n. "> i i F 00 0.7179F 01 0. 0, 

4077r SftRnr 00 n.«;7 3 7* n I n . n; 1 ? r-nn ni 0. 
f.ar>F* nn 7i'in= ni 

0.130BF 01 0.8513* 00 0.5786* 00 0.4047F 00 n 
0.3759E-01 0.1846F-01 n.1473E-1? ?0-»nr 00 n.?j4ftF nn 0.1cfci4E 00 0. 1147* "0 n.*»'.73F- ni P. 

r>(»i n*-ni 

THRFF POINTS LAGRANGF DIFFERENTIATION FORMIJIA SIMPSON'S PULE FOR INT*npATI ON 
cos cor COT 

P.5R740E 01 P.17619E 17 n.23403F n? 

COS/CO* 
0.33'»40F 00 enr/cos 

n.?nin4F. oi DIHFNSIONLFSS SURFACE P R F S S M R F niSTPIBUTION AT 11.75 OFGPrr*. îTFpVAL 
1.6377F 01 0.6443* 11 ( 1 . 6 7 4 8 ? 01 0.7373F 01 0 R'llF 01 O.iR 1 <VF "1 

P.1702E 07 Ot 1240r 0 7 -n.(Q4iF ni -n. 14S1F n? 
- 0 . 1 7 6 0 E 07 -O.0747E 01 - 0.7R74F 01 -0.677T n ( _o f-n47F Ot - 0 . ^ 6 7 9 * 01 - 0 . S 5 A B F 01 

FIVF POINTS LAGRANGE D|F*FR*NTI AT 1 ON FORMULA SI»PSnN'S RULF FPP 1 NT* r,R A T I ON 
COS COF CnT Cnc/rpF cnF/cos 

0.58740E 01 0.17598* 0? 0.?347?F 0 7 O.33180F no 0.79<)«;8E 01 
01MFNSI0NIFSS SURFACE PRESSURF OISTPIBUTION A T 1 1 . 7 5 nrr,P**5 F N T F P V M 0.6411E 01 0.6494E 0 1 0.67BTE 01 0.7347F 01 0 -0.12S3F 0 7 -0.949RF P| -n.7614F 01 - 0 . 6 4 7 6 E -0 

H?opr 01 0.9867* 
4 7 9 R * ni -0.54'"9F 

ni ni n.l726F 0 2 -".6330E 01 0 . 1373* 0? -0.1B94E 01 - 0 . 
1*04* Oi 

SURFACF SHEAR STRFSS IS POSITIVE EVEPYWHERF 

ORIATE SPHEROIP MARK = 770 

A.R. P* CONCENTRATION P * XI 0.70 1.00 0.9490n76E-04 101.7594 P.7079 4.8000 A 
0. 1045 

P, 
n.n9«7 

IM 
3 3 

J M 

45 
DIMENSIONLFSS S U R F A C F -VORTICITY DISTRIBUTION AT 5.63 DEGREES INTERVAL 

< 

0.0 0.4340E-0.0076F 00 0.1235E 01 P.877IF-0I 0.134PE 00 0 01 0.1761* 01 0.2634E 01 0 1B60* 00 0.7449F 4083F 01 0.6099F 00 
n ! 

0.317BF 00 0.7I48E 01 0.4073E 0.5657F 00 01 n.5733F n.35 7 3 * 
00 01 0. 6RP1F 

7 1 OR* 
on 

0.1307F 01 O.B503F 0.3743E-P1 0.1837E-00 0.5775* 00 0.4057F 00 0 
01 0.1392E-17 

2027E OP 0.7139* 00 0.I57BE 00 0.1163* 00 0.843n* -ni 0. 5886F-01 

THR6F POINTS IAGRANC.E 01**ER*NTIATION FORMULA SIMPSON'S RULF FOR INTFGRATION 
COS 0.5B576F 01 CDF CDT n.l7S65E 02 0.73423F 07 CnS/CP* 0.33348F 00 CDF/COS O.20987E 01 

OIHENSIONIFSS SURFACE PPFSSURF OISTRIBUTION AT 11.75 DFGRFFS INTERVAL 
0.6365F 01 0.4457E 01 0.6747* 01 0.731 IE 01 0 fl'ftlF 01 0.9785E 01 0.1197E 02 0.121 IE 02 -0.1947F 01 -o. 1477F 02 

-0.1757F 02 -0.9767F 01 -0.7909E 01 -0.6763F 01 -0. 6n77F 01 -0.5714* 01 -0.5602E 01 
FIVF POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULF FOR INT* GRAT ION 

COS COF COT CDS/CDF CDF/CDS 
0.5A574E O.I 0.175476 07 0.73405E 07 0 . 3 1 3 8 7 F 00 0.79957E 01 

OIHFNSIONLFSS SURFACE PRESSURE OISTRIHUTJON AT 11.75 DFGPFES INTERVAL 
0.6399F 01 P.4484E -0.I251E 02 -0.94O2E 01 0.6775E 01 0.7335F 01 0. 01 -0.7606E 01 -0.6467F 01 -0. 8787F 01 0.9857F 5790F 01 -0.5431F 01 01 0.1724E 02 -0.5322F 01 0.1306E 07 -0.18B3E 01 -0. 145* OE 02 

SURFACE SHEAR STRFSS IS POSITIVF EVFRYMHFRF 
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OBLATF. SPHERnm *APK* 744 s A.R. RE CONCENTRATION DM XI 0.70 5.flO 0.4MR325E-05 60.0486 0.?0?9 X2 4.?7?5 A 
0.0975 
B 
0.0982 
IH 33 JM 
45 

/ DtMENSIONLESS SURFACE VOPTTCTTY 01STRI8UTI0N AT 5.63 OEGREpS INTFPVAl < 0.0 0.9B37F-0.1696E m 0.77l?E 01 0.1967E 00 O.inonF 0" 0.41|OF 00 0.S367F OO 01 0.29R7F n] 0,47n5E nt 0.4ti|r ot 0.«447E nj O.6R03E 00 n.9I60f 01 0.851 IF 0.6404F 00 0.1147r 
01 O.IAflO*--
01 11 0. m?r 
1 9?(\F 
11 11 0;1O13E 01 0.5363E -0.7088E-01 -0.1107F-00 0.7774F 00 0.1375F 00 0.5nOflF_ni O.3R57E-0? 

01 0.1473E-12 
-n.?041f-0l -0.3197F -01 -0.174OF -01 7PS4F-01 ' THRFE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S "UL *= FDR INTF<~-RAT ION COS 0.15I39E 01 COF COT COS/CDF •0.46740F 01 0.61879F 01 0.37390F 10 COF/CDS O."»0874E 01 

DIMENSIONLESS SURFACE PRFSSURE DISTRIBUTION AT U.?5 DEGREES INTERVAL 0.2094E ni 0.7101E 01 0.7LT3F 01 0.2707E 11 0.7*12F 01 0.?*5*P 01 0.7840E Ot 0.2411F Ot -0.1793F 01 -0. 443 RP 01 -n.14RfiF ni -0.255RE 01 -0.19RSF 01 -0.1637E 0) -0.14?RF 01 -0.1114F 01 -O.lZfllF 01 FIVE POINTS LAGRANGE DIEFFRrNTIATIflN FORMULA SIMPSON'S PIltE FOP TNTfORATION r os COF CDT COS/CDF COF/COS 0.1S139F 01 0.46697F 01 n.6I 837F_ 01 0.l?4?iF 00 0.30«45E Ot DIMFNSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 DEGpFFS INTERVAL 0.2103E Ot 0.2U0F -0.1450E 01 -n.?.488E 01 n.7|4?F Ot 0.2211F 01 0.7142F 01 0.?57Rr ni 01 -0.1914-F 01 -0.1571F 01 0! -n.I?S5r 01 0.7921E 01 -0. 1720F 01 0.242RF 11 -0.1«MF 11 -0. 4 56 7F ni ANGLE AT WHICH SURFACE SHEAR STRESS BECOMES ZERO l.F. SFPAPATION,IS 141.5 OFfjR FES ORLATE SPHEROID MARK= 97 
*****•*********«*******>. A.R. RE CONCENTRATION OM XI X? A 8 IMJM Q.?n JQ.OO 0.199R067F-03 17.104? 0.2079 *.r» 1 f.Q 0.04R4 O.OOR? >J 49_ 
DIMENSIONLESS SURFACE.V0RT1CITY DISTRIBUTION AT .5.63 OECP EFS INTERVAL 0.0 0.I566F 00 0.3I37F 00 0.4775E 00 n.A548F 00 0.RM3F OO 0.1075E 01 0.M37E 01 o.i«>«;>r 01 0.'»047F 01 0.2562E Q\ 0.3266E 01 0.42R3F 01 0.S823E 01 0.817«F 01 , Q.1Q77F 07 0.1Q99E 02 0.7378F H 1.1644F 01 0.1411F 11 0.6371E 00 0.1706F 00 -0.55B4F-01 -0.1630E 00 -0.7175E 00 -0.7-173F 00 -0.?07nF nO -0.1R45F: nn -0.1544F 01 -0.U95F GO -0.8157E-01 -0.4174E-01 0.1642E-I2 THREE POINTS LACRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION COS COF COT COS/CDF COF/CDS 0.91859E 00 0.29R53E 01 0.39039E 01 0.3077OF 00 0.3?499E 01 
0IMENST0NLE5S SURFACE PRESSURE DISTRIBUTION AT 11.25 OEGPEES INTERVAL 0.1559E 01 0.I553E 01 0.1541F 01 n.l5?BF 01 0.1573E 01 0.154nF ni 0.1561E 01 0.1109* 01 -0.1P44E nl -0.31T3F r>{ -0.2280E 01 -0.16Z5E 01 -0.1743F 01 -0.1012E 01 -0.R716F 00 -n.79R1F On -0.7741F DO FIVF POINTS LAGRANGE 01FFFRFNTI AT I ON FORMULA SIMPSON'S RULE-FOR INTEGRATION 
• £0j £££ CDT COS/CDF COF/COS , : 
0.91B59E 00 0.29R16F 01 0.39007E 01 0.10809F 00 0.3745BF 01 
DIMENSIONLESS SURFACE PRESSURE 01STRI BUT ION AT 11.?5 DFGREFS t NTEPVAL 0.1564F 01 0.1558F Ot 0.1546F 01 0,!5*4f 01 0.I579F Ot n.I548f 01 0.15«OE 01 0.1147F 0) -0. MA2F 01 -0.M9JF nj -0.7759E 01 -0.U02F 01 -0.1272E 01 -0.9931F QQ -0.8550F 00 -0.780QF Ql -0.7459E 00 : ; ANCLE AT WHICH SURFACF SHFAP'STRESS BFCOMF.S ZERO I.E. SF PAP.AT ION, IS 177.4 DEGREES 

OBLATE SPMFROIO MARK • 9ft A.R. RE CONC FNTRATION OH Xt 0.20 10. On 0.37A10IS7E-0* 79.R997 0.2079 X2 3.5 710 A 
0.0*9* 
n 
0.09A? 
IM JM 
3J - ftl 

DIMENSIONLESS SURFACE VORTICIT* DISTRIBUTION AT 3.1.3 DFGRFFS INTFRVAL 0.0 0.15A7E 00 0.309.F. 00 0.A717E 00 O.MftRE 00 0.RA07F 0.232RP. 01 0.3222F 01 0.*7'ftF 01 0.!7HF 01 O.ROTRF 01 0.106'F 00 0? O.10MF 01 0.10S4E 0? 0.1120F 0.7»2|F 01 "1 
0.1H1F 0.31RBF 01 

"1 

0.2O2IF O.Mfl*F 01 01 0.62A3E 00 0.16A9F 00 -0.17S0F-O1 -0.1631F 00 -0.7066F 00 -0.7160S -0.809AF-01 -0.AU2E-01 O.HOAF-12 00 -0.701SE 00 -0.U3IF 00 -0.H37E 00 -aliidftF 00 THREF P01NT5 LAGRANGE DIFFF.RFNTIATlflN FORMULA STMPSON'S RULE FOR INTEGRATION CÔ  COF rnr cos/r.nF 
fl.90«9*F 00 0.74A04E 01 0.18AA0F 01 0.107QAE 00 

COF/CDS O.V»7?t 01 
"oTllENSlONKS! SURFACE PRFSSURF OISTRIBUTION AT 11.Kfi DFGPFFS INTFRVAL O.HJAf 01 O.H.RF 01 O.H>7F 01 O.H??F 01 0.H20F 01 0.155BF °l 0.1160F 01 0.1113F PI -0.1T97E "1 -O.MOAP 01 .-0.2221E 01 -O.MBOP 01 -0. 120AE 01 -0.R769F 00 -O.R*03F. 00 -0.76A1F 00 -0.7A23E 00 FIVE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION CDS TOP COT COS/COF COF/COS 0.90S9AE 00 0.21364F 01 0.39A19E 01 O.JOORE 00 0.12427E 01 _DJ"JUULDNLFSS SURFACE PRE5SURF 01 STR 1 BUT ION AT U.?5 OFGRFFS INTERVAL . .- -... 0.1B6DE 01 0.H54P 01 O.H*?E 01 0.1530E 01 0.1S2AF 01 0.1546E -0.U04E 01 -0.HB7E 01 -0.11B2E 01 -0.9569E 00 -0.B210E DO -0.7*72E 01 00 O.ltBOE 01 -0.72J5E 00 0.1172E 01 -O.IBI.F 01 -0.1123F 01 AMU.! AT WHICH SURFACE SHEAR STRESS BECOMES ZERO I.E. SEPARATION.IS 122.3 DEGREES 



I I -

OBLATF SPHEROID MARK 01 ft.P.. RE CONCENTRATION OM ' XI 
o.?n ?o.oo n. iqt)«,n6 7F-oi IT. ins? o.?o?o 

X2 1.0160 A 
0.04B5 
B 
n.oofl? 

IM 

33 
J M 

49 > OIMENSIONIFSS SURFACF VORTtriTf OISTRIBUTION AT 5.63 OEGREFS INTF" VAL - < o.n n.?43*E 0.1981F 01 0.4997F oo I.4RRIF on 0.7444F on 'n. nt n.63«"E ni o.P3h?f oi o. 1024* 01 0.13"̂* pit? 1? n.13B3F 01 1? 1.1493E 01 0.1301E 02 0.210RF 0.7713E 01 01 1.24P4F 0.3117r 01 
n\ 

0. 
0. 
3212F 01 R475"" 00 

-0.9744E-PI -0.4B7RF 
-0.1825E on -0.9301E 

00 -n,p,7B3E 00 -0.654RF On' -0. 
01 0.1442E-1? 

*,->9RE no -0.5771* on -1.5101E 00 -0.4349F on -1.1541F. nn -0. 240RF 00 THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION COS 0.S61B0E 00 Cor cnT 0.70220* 01 0.25847E 01 cns/cn* 
n.?777?F 00 
CDF/CDS 0.34008E 01 

01 HENS I ONI ESS SURFACF PPESSURF niSTPlRUTION AT 11.75 nr-GPFES INTERVAL 0.12RSE Ot 0.177IF 01 0. 1233E 01 0. t tier- 01 0. 1074F 01 0.1445E OO n.7*n3E oo 0.1975E nn -1,1787* it -0. 72R4* 01 -0.l57nE Ot -0.1II6E 01 -0.R597F 00 -0.7n«;n£ 0" -n. 6095* OO -0. 4* ft fir 10 -0.4183E 00 FIVF POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSnN'S ailLF FOR INTEGRATION COS COF CDT COS/Cnr COF/CDS 0.56180F 00 0.70I93E 01 0.7581IF 0| 0.27B71F nn 0.35944F 01 OIHENSIOMIFSS SURFACE PPFSSURF DI sTR I BUT IFIN AT 11.25 nEG°EFS INTERVAL 0.12RBE nt 0.1774* -0.1552E nt -o. too9E 01 0.1736E 01 0.1171P 01 0. ot -n.H't<.o* oo - O . A O O ? E oi -n. pune 01 0.94"i?F 5951E 00 -0.*4?nr 00 10 n.7740f 01 -0.5243E 00 0.Z377E 00 -0.1794E ot -n,72ftnr nt ANGl F AT WHICH SURFACE SHEAR STRESS BECOMES 7EPH I.E. SEPARATION,IS 117.0 OFGPr-FS Pfll.ATF SPHEROID MARK 111 A.P. RE CnNC *NTRATTON nM Xt 
. n.20 5n.nn o. I<>9R047F-/)I )7.JO5? 0.7979 

X? 1.0140 A 
0.04 95 
B 
0.098? 
IM 
33 
JM 49 

OIMFNSI0N1 FSS SURFACF VOPTICtrY DISTRIBUTION AT 5.43 OFGRF*S INT*RVA!. 0.0 0.4099E 
0.7O*-;F nt 0.8774E 
00 O.R?*1F 00 0.1767F 0| 0.1757E 01 0.7300F nt 
01 0.1094F 0? 0.1374* 1? 0.149TF 0? 0.1R9RF 0? 

0.7933E 01 0.1578F 02 0.3681* 0.6RR5E 0 1 01 0.45B7F 0. I I 9Rr. 01 01 0. 
-0. 
56B5F 01 1076E 01 -0.1674F 01 -0.1T47E -0.4574F 00 -0.2 357* 01 -1.1477E n] -n.t538F 01 -0.14ntE 01 -0.1?4RF O) 00 0.1442F-I? -1.U35F 01 -0.9921F 00 -0.R376C 00 -n.6*27E on THREF POINTS LAGRANGE OICFERFNTIATION FORMULA SIMPSON'S RULF FnR INTCGPATION COS 

o.?97fl*F no 

COF COT dS/COF 0.1377HE 01 0.14707F oi . 0.71754* 10 COF/COS 0.47050E 01 
DIMENSION! ESS SURFACF PR ESSUfi F D1 STR I RUT TON AT 1 1 . ?5 DEGREES INTERVAL 1.1116F 01 O.I0°TE 01 0.1041F. 01 0.93R9E 00 0.77**F 00 0.4276F 00 0.15R5E 00 -0.4719E 00 -0. IftOIF 01 - 0 . 1573E 01 -O.lomE 01 -".7794F 01 -0.6474F 00 -0.5606F 00 -0.49SB* 00 -0.45?1F 00 -0.4356E 00 MV* POINTS I ARRANGE OIFFFBFNT]ATI ON FORMULA SIMPSON'S RUir *0P INTEGRATION CO* C OF rpT cns/COr COF/COS 0.797R5E 00 O.H7I4* 11 0.16641F oi 0.71353* 00 P . 44 BMP 01 DIMENSION!FSS SURFACF PRFSSUP* n I S TR I BUT I ON AT 11.75 OFGPEFS INTERVAL 0. 11 1 7E 01 0.1090* -0.1019F 01 -0.75R9F 01 0.1044* 01 0.9433F 00 0.7B14E 10 0.441'ir 00 00 -n.is.ttiOF 00 -0.5477E 00 -0.478P? 00 -0.4141* nn 0.1*226 00 -0.4177E 00 -0.41R0F 00 -0,1604F 01 - 0 . 1413F 01 ' ANGLF AT WHICH SURFACE SHEAR STRESS BECOMES ZERO l.F. SEPARATIPN,IS 104.3 DEGREES C" 081 ATE SPHFROIO MARK = 145 A . P . 

0.70 
R* CONCENTRATION OM XI 50.00 0.I91R79ar-03 17.1045 ' 0.7070 X ? I.OliSO A 

0.0771 
R 
0.0524 
IN JM 
61 105 

>— OIMENSIONLFSS SURFACF VORTICITY OISTRIRL1TT0N AT 3.00 DEGPE*S INTFRVAL 1 

0.0 
0.7444* 01 
0.2110* 0.77ROE 00 1.4776E 00 0.637«F 00 
01 0.1I46F 01 0.354TF ii 

0. 0. 8*90* nn n.iôoc 10R9r oi 0.4479T Ot "I 0.t'?8E 01 0.5n?4E Ot 0. I88n* 0.5633F 01 
ftt 
0.1R49F 0.4114F 01 
ni 
0.2116E 0.70R4E ni 01 

0.7956F 01 
o.isnE 1? -0.17ARE 01 -0.1047E 01 0.0 

0.B943F 0.1059E -0.1730E -0.9701E 01 0.J017E 02 0.113SF 0? 0? 0.40R4*. 01 1.2704F 01 01 -0.14*8* 01 -0. 1 511C 11 01 -O.flRJRF 00 -0.7912F 00 0. 0. -0. 
-1. 
17R7* 0? 0.144ftF H4»1F 01 -0.4694F )5"4F Ot -0.1471F 4917F 00 -0.4R74* 1? 
PO ii-on 

0.1421E 02 -".flOE 01 -0.H54E 01 -0.4778F 00 
0. 1TB4E -0.1654F -0.17S0F -0.3634E 0? ni ot on 
0.1R77F -n.17R9F -1.1?06F -0.7451F o? 01 nt nn 0.1RORr -0.1 RITE -0.1131E -0.1740E 02 Ot nt on 

THRFE POINTS LAGP ANG* niFFERFNTIATION FORMULA StMOSIN'S °ULF FOR IN T CGRAT ION cos 
0.2R544E 
00 fiF COT 0.13490E 01 0.16534F IJ CiS/COF 1.?0R47F 00 CO*/COS 1.47Q23F 01 

01MCNS1ONL F 5S SURFACF PRftSUP* OISTntRUTinN AT 4 .01 OFGPE*S INTERVAL 0.1I15E 01 0.4557F 00 -0.8137E 10 -0.4194F no o. 11 mr 0.?65?E -n.7i9*r 01 1.109*F nt 0.in rnE ot no 0.71135-01 -n.32'RE H 00 -n.ftSi?'" Ii -0.5O*ftF it) 0. -0. -0. tH4E Ot 0.9844̂ fliR?F 00 -n.tSTTF **1?r f>n -n.*1 lor 01 01 0.1205E 00 -0.I731E Ot -0.4772F 00 0.8390F -0.1444* -0.449?r nn 
01 
00 

0. r*Tir--n.i154F 
-0.4770f oo H on 
O.AI07r -0.9499F -0.4145E on 00 

FIVE POINTS LAGR ANG* niFrcr,rKjT|ATrnn FPRMUI A SfPSON'S °ULE rnp INTEGPAT[ON COS 0.7B544F 00 COF ' COT 1.114*7F 11 0.14*11 * 0] CPS/Cpr 
o.?oio?r oo 

C1*/COS n.4""H?F Ot 
OIMTNSIONLFSS SURFACF pprssnor O I S T R I R I I T I P N AT 4 .00 ncfiocts 1MTEPVA1 O.tlt4E 0] o.4607r no -0.8PT3F OO 0.1U1F 0.2771E -0.7134* 

nt o,]oiftc oi o,in71F ni oo 1. ii *.nr-oi _n.'»t4<iF on no -n. 444 IE on -o,«unqr. no 0 . 
-0. 
1015* Ot 0.fl84*r 8P.77F 00 -n.tsnnc 
«44»,r. "0 -0.*1"4F 
no ri n.u'lBF 00 -0. 1714F. Ot -1.4717E 00 0,fl4i8E -0.t44r 

-0.4414T no 
01 in 
n, 719RF -n. ii47F -n.4?2lF nn 01 On n.4t*3F -0,94inr -0.41RRF 

01 no 01 
-0.4041F on ANGLF AT WHKH SURFACE SHFAR STR*S< BECOMES »FRO l.F. S* " "R A T 1 PN , I S 111.4 IFOnrfS 
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OBLATE SPHEROID 
A.R. 
0 . 2 0 

DIMENSIONLESS SURFACE VORTICTTY OISTRIMJTTON AT 5.63 OEORFES INTERVAL 0.0 0.5801F DO 0.I2T4E 0? 
0 . 1 1 TOE 0 1 

0 . 1 5 7 3 E 0 ? 

n.inoiF oi 

D.IQ1 if 

n.?A9f>E 01 0.7717F 0? 0.3784F 0) O . 4 2 0 3 E 0 1 
O . ^ ^ P 0? 0. i M T E , 0 2 

0.5294F 01 0.6671F ni 0.R749F 01 0.4404* ni ~0.QT71* 00 -0.7447F- 01 -0.2460E 01 -0.2173E 01 -0.1938E 01 -1.1831E 01 -0.1R73F. 01 -0.1RS1E 01 -1.IR52E 01 -0.9530E 00 -0.5070F 00 0.I642E-12 -0.1779E 01 -0.1606* 01 -0. 1377* H THREE POINTS LAGRANGE DIFFERENTIATION FORMUlA SIMPSON'S RULE FDR TNTF GR AT I ON CDS 0.17547F 00 C O S / C O * 
0 . 1 5 1 M * oo 

C D F / C D S 0.65957E 01 DIMENSIONLFSS SURFACE POPSSUPE 01STRIflllTIDN AT 11.71 OFRRCCS INTERVAL 0.10STF 01 O. 1037E 01 0.9750E 00 0.8S99F 00 0.4719* 00 0.3794P 00 -0.5444F-01 -Q.6623E 00 -0. 1313* 01 -0.1073* 01 -0.7779F 00 -0.6639E 00 -0.6135E 00 -0.561RE Oo -0.5104E 00 -0.444R* On -1.4746E 00 FIVE POINTS IAGR AN RE 0 IfFERFNTI A T I ON F O R M U L A 

cos C O F C O T 

SIMPSON'S RULE FDR IMTFORATION COS/CO* COF/COS 0.175476 00 0.U459F 01 0.13?14* 01 0.15317E oo DIMFNSIONLESS SURFACF PRESSURE 01STR1RUT10N AT 11.74 n*GREES INTERVAL 1.44306E 01 0.RA69F OO O.6R50F 00 -0.S33RF 0" -0.4T70F 00 0 . 4 1 1 9 F 0 0 -0.7012E-ni -O.AlPSr oo - 0 . 3 " 6 3 E 0 0 -0.6*34* 00 -0.130?* O) -0.104«ir 01 ANGLF A T WHICH SURFACE SHFAR S T R E S S RFCOMFS Z F R O S E P A R A T I O N , I S 1 0 1 . 3 npr.occs OBLATE SPHEROIO MARKs 734 CONCENTRATION 0.199R79qr-Q3 

0.0 0.293RF 00 0 *RR7E no 0.5B10F 00 n 1 ] 9P* 11 0. 1*19* m 0. t R55E 01 0.7210F 01 1.2* RflF 01 01 0.3432E 01 O.390O* n1 0 4431* n| O.5014E It 0 *439* "1 n. ni 0.71? RE 01 O.R104* il 0.R9«3C 0.1 inn* r>-> 0.1I30E 07 0.17A4E o? 0. 141*E 0? n.i*7 7* 0? 0 1 7 5PF n7 o. 1975* 07 o.?"RSF 0? 1.2191* 0? 1.71T?C 92 n. inor r>7 0.1463E 0? Q.R745F 11 0. 3415E 01 0.3O41* on -0 1173* 11 -0. 7164* 11 -n,?47 3E 01 -0.2424E 11 -0.731P* 11 -0.71R7C 01 -0.2070F 01 -0,l98*r 01 -0. 1134* ni -n.inif 01 -n li?P* 11 -o. 1 ISO* Ol--1. l«776 01 -0.t"dor 01 -0.?l"4* 11 -0.1990* 01 -0.1950F 01 -0.1879F 01 -o. 1 774* 01 -i.1A41F m -0 1474* 11 -0. 1 ?7i* il -1. IC58F 01 -0.9147* 10 -i. S*4(SF on -0. 7A">4* "1 DIHENSIONL*SS SUR*ACE VORTICITY DISTRIBUTION AT 3.00 OEGRE*S INTFPVAl. 
THREE PniNTS LAGRANG* 11FF*R̂NTI ATTON FORMULA COS m* r 

0 . 1 6 6 4 8 F 0 0 0 . 1 1 7 7 6 F 0 1 1 . 1 7 8 

S I M P S O N ' S Rill E *0R T N T * P ° AT I O N 

D I M E N S I O N L E S S S U R F A C F 

P R E S S I I ° F niSTRtBUTION A T 6. in ir-Rcrr s 1 NT F* VAL 0.1056* 01 0.10S1F 01 1.1036E 01 0.1109F 01 0.9493* 01 1.11SR* 10 1.8454E 00 0 . 7 4 4 9 * 00 ' 1.64P7F 01 0,4044* nn 
0 . 3 1 R 5 F 00 0.1017* 10 -0.1591F 00 -0.4743* 10 -0. RA <*T 00 -n.1210* 01 -n.1161E 

0 1 -0.9134F 00 -0.7413C 00 -0.AA.47r 01 -0.4177F 10 -0.5819F 00 -n.SlflS* 10 -1.8T»9F Oi -0.*04"* Oi -O.'iTljr ni -1.4352F 00 - 0 . 4 H 7 F no -n.3*70* 00 -n,-1*??* on -0. I4/,IF no FIVF POINTS I.AORANGF 0 I F FFR TNT I A T 1 ON FORMULA 
COS CDF ' cnT 

SIVPSIN'5 RUL*. *0» 
cns/roF 

T * G P A T ION 

*nF/cns OlMENSIONtESS SURFACE PRESSURE DISTRIBUTION AT A on Orr.PEES t NT*" V Al n.lO*7E 01 0.104IE It 0.I036E 01 0.1009F 11 0.0711* 00 o.o|49F 00 0.R472F 00 0.7477* no 0.6447* 01 n.*i'2F on • 0.3'4*F 01 0.1171* 00 -1.I46IE 00 -0.461R* 01 -n.Re7ir "i -0.1 117<-0| -i.l156F 01 -0.9'4IF 01 -0. Fit" 10 -0.4*45* -0.6129* 00 -0.4728* On -1.5416* 00 -0.4?*1F 10 -0. 405P.F 10 -n.4A?nr 01 -0.47S9F 00 - O . J O H F 01 -1 . 3A7d,r 98, -0. 34">4F Oi -0.3366E 00 
ANG1 F AT WHICH SURFACE SHFAR STRFSS BECOMES 7.FPP OBLATF SPHEROID I.*. SEPARATION,IS H.7 1*GPFFS MARK* 764 PE 100.00 CONCENTRATION 1.7914474F-02 
OIMfiNSIO/ILESS SURFACE VORTICITY DISTRIBUTION AT *,«1 D*GRrrS [NTFQVAl. 0.0 0.7206r 01 0.9851E 00 .IQ34E 1? .t504E 01 .1741* 0? .2049E 11 . ]4R** . 1743* 0? 0.70*7* 0) 0.14B4* 01 -0.247R* 01 -0.3407* 01 -O.T"l* -0.2734F 01 -0.7197F O) -0.'169* 01 -0.2U4E 01 -0.7013* 01 -0.1R41* 0.9139F-1? 0.4101E 01 0,49T0F 01 0.410n* Tl n.24l2E 17 1.7A74* 1 ? 1.7490F O? -1.JT1S* 01 - 1 . 7471* II -0.7M5E -0.1775F 01 -0.R139* 00 -0.4461* po 
THREE POINTS LAGRANGE 01 **EP ENT I AT 1 O N EOPMULA Sl̂PSnN'S R'llF * O P INTEGRATION 
rns C O F cnT cns/co* rOF/COS 

0.19467F 00 0.11551F nt 0,t3498E Ot 0.|4P*3E 9rj 0.49335* 01 01 MENSIONI ESS SURFACE PRESSIIP* 0 IST» IftllT ION AT 9.00 DECiRT E S INTERVAL O.t04nF 01 P.I047F 01 0.1014E Of 0.931 IF 10 0.B15SF 00 0.A447* no 0.3976F 00 0.494i*-01 -0.4718F 00 -n.lft4?E 11 -0.l640r H -0.1407E 01 -0.1013E 11 -0.R127F 10 -0.7H6* 01 -1.A444* 11 -fl.s«i33r- 00 -1.5i4«r 10 -1.*5?t* H -O.4034* 03 -0.3R4BF 00 
FIVE POINTS LAGRANGE DIFFERENTIATION rpHWULA T̂"PSPN'S °UL* FQR T*GP A T ION  

rns c I F roT ms/Ci* C O F / C O S 0.19447E 10 1.I1457F 01 1.I3399F 01 .1.149O0r 10 O.S"R?7t 01 niMENSIONLESS SURFACE Ppr5SUDE 0 I ST R t RUT I O N AT 9.00 n*10FES TNTE*VAL O.I 06 IF nt 0.1047F 0] 0.100AF 0! 0.9331* OO o.«19tF 01 0.450** H 1.41756 10 0.6*60F-11 -0.3nflfic po -0,1017* 01 -0.143PE 01 -l.tUlt 01 -0.o<jT>3E 00 -0.7937F 00 -0.4034* 00 -I.f73* 10 -0.5450F 00 -0.49R0F 00 -n.4379F 00 _n,ifl4iF 01 -1.3454E 01 ANGL * AT WHICH SURFACE SHFAR STRESS RECOMFS 7ERP t.F. S F PAR AT1 ON,IS 19.3 pFGRrfS 

http://-0.AA.47r
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S i n g l e P r o l a t e S p h e r o i d s 

C O N C E N T R A T I O N 
o . i TT54 i« r - - o i 

D I M F N S I O N L E S S S U R F A C E V O R T I C I T Y D 1 S T P I B U T 1 ( I N A T 4 . 6 3 " F C O P F S I H 1 « V » L 

0 . 1 4 4 1 F 01 
0 . 3 1 9 I E 00 

0 . 7 3 3 1 F 1 0 
o . l 6 ? s r 01 
0 . 1 3 7 2 6 n i 
0 . 1 6 0 9 E 0 0 

0 . 4 5 R 4 F " 0 
0 . 1 6 5 4 F 11 
0 . 1 2 9 4 E 01 
0 . 3 7 0 6 F - 0 9 

0 . 4 7 1 R F I i 
0 . 1 6 4 R * H 
0 . 1 2 0 6 * 11 

. a c t * I F o i 
, 1 6 4 7 * 1 1 

0 . 1 0 4 4 F 11 1 . 1 1 9 7 F 01 3 . 1 3 7 P * 01 0 . 1 4 3 4 F 11 0 . 1 M ° p H 
" . 1 4 1 Q F Q l 0 . 1 5 9 7 F 11 1 . 1 * * 4 * 11 0 . 1 5 1 7 * I j 
1 . 8 < M 3 F 0 0 0 . 7 5 4 5 * i i 1 . 4 1 0 1 * n i 1 . 4 7 7 1 * H 

T H R F F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U t A S l M p s i W ' S d | | L* F P P I N T* G R A T I O N 

e n s 
0 . 7 0 0 9 6 F 0 2 

C OF 
0 . 8 9 2 0 3 E 01 

C n T 
0 . 2 9 0 1 6 F 0 ? 

C n s / C O * 
1 .?2*2«E n l 

c n F / C O S 
0 . 4 4 1 P 9 F 0 0 

0 1 M F N S 1 OA'LE S S S U R F A C F P P E S S U P F n 1 S T B I OUT I ON AT 1 1 . 7 4 r>*RR**S I N T F P V A l . 

0 . B 2 7 5 F 01 0 . 6 0 0 5 6 01 0 . 7 7 i o r Q l n . 4 7 7 1 F 01 
- 0 . 3 6 7 9 6 01 - 0 . 4 4 6 9 F 01 - 0 . M 9 4 F 01 1 1 - 0 . 4 1 1 0 * 

Q . 4 4 1 7 C 1 0 

F I V E P O I N T S L A G R A N G E O T F F F R F N T I AT I ON FORMULA 

COS c m ? COT 
0 . 7 0 0 9 6 E 0 7 0 . B 9 9 6 1 F . 01 0 . 7 9 0 9 7 F 07 1 . 2 ? 3 . 3 f l * 11 

D I M F N S I O N L E S S S U R F A C F P R E S S U R E P I S Tt» IRIJ TI UN AT 1 1 . 7 5 " F G R r r S 1 N T * P V A I 

S I M P S O N ' S R I I L * F P P I N T E G R A T I O N 

C O S / C P * C O F / C O S 
0 . 4 4 7 4 6 C 0 0 

0 . 8 7 5 B F 01 
- 0 . 2 B 1 5 E 01 

0 . 7 9 H 3 F 01 
- 0 . 1 7 5 7 F n i 

0 . 7 7 O 7 E 01 
- P . 4 4 0 5 E 01 

1 . 6 0 A 4 F P I 
- 0 . 5 1 1 6 6 01 

P . 4 7 1 1 * 1 1 
- 0 . 5 H * * 0 1 

0 . 1 7 P T F 0 1 P .1»R7E 0 1 0 . 5 4 4 1 * 0 0 
- 1 . 4 7 1 1 F 0 \ - 0 . 4 4 1 6 F 0 1  

S U R F A C E S H F A R S T R E S S I S P O S I T I V E F V E R Y W H * P E 

P R O L A T E S P H f R n t O 

C O N C E N T R A T I O N 
1 . 3 7 3 1 9 Q 6 F - 0 4 

-1,4491* no 
- n . i 7 « 5 r i i 

n i M E N S I O N L E S S S U R F A C E V O R T I C I T Y 0 I S TP I RUT ION AT 5 . 4 1 n*C,B**S I N T F R V A L 

0 . 0 
0 . 1 5 6 1 6 0 1 
0 . 1 4 1 5 F 01 
0 . 3 1 2 2 E 0 0 

0 . 2 7 9 4 * OP 
0 . 1 6 0 4 F 01 
0 . 1 3 4 4 F 01 
0 . 1 5 7 5 E 0 0 

0 . 4 5 7 4 F 0 0 
0 . 1 6 3 1 F 01 
1 . 1 7 6 9 C O1 
0 . 3 5 5 1 E - 0 9 

0 . 6 6 7 8 F O i 
0 . 1 6 4 1 * 

0 . 1 3 1 0 * 0 1 
0 . 1 4 7 i r i i 

0 . I 1 8 2 E n i 0 . 1 0 9 4 * 11 0 . 9 R 0 7 F OP 1 . 8 6 4 1 E 0 0 0 . 7 1 ^ 7 * 0 0 

1 . 1 4 1 4 F 11 
1 . 1 S 7 7 * 01 
1 . 4 0 * 1 * 11 

1 . 1 4 7 4 * H 
1 . 4 4 7 P * P i 

T H R E F P O I N T S ^ A G R A N G F 0 I E E F R * N T I A T I ON FORMULA 

e n s 
0 . 1 9 7 6 6 E 0 7 

COF 
0 . R 6 4 1 M F 0 1 

S I M P S O N ' S ? U f r n P I N T E G R A T I O N 

COT 

1.7R40RF 0? 

c o s / C O F 
0 . 7 7 R 7 3 F 1 1 

C O * / C O S 
0 . 4 1 7 7 0 E 0 0 

0 1 M 6 N S 1 0 N L F S S S U R F A C F P R E S S U R E 0 1 S T R I RUT ION AT 1 1 . 2 5 O F G R F E S U ' T F R V A L 

0 . R 1 9 3 F 0 1 0 . T 9 3 5 F 01 P . 7 1 9 7 F 1 ] 0 . 4 Q Q 7 F H 1 . 4 7 R n , r Q l o . 1 4 1 f t * P t 1 . 2 0 5 7 E 01 0 . T R 3 9 F I P 
- 0 . 7 4 5 7 E 0 1 - 0 . 3 3 5 6 * 01 - 0 . 4 1 6 * E "1 - 0 . 4 8 6 5 F 01 - 0 . 5 4 1 4 * 1 1 - 0 . 5 7 7 3 * 01 - 0 . 580.36 01 

. 3 9 1 R F 1 0 - 1 . 1 4 7 0 * 

F I V F P O I N T S L A G R A N G F 0 1 F C f c R F N T I AT I ON FORMULA 

COS ' COF COT 
0 . 1 9 7 6 6 6 0 7 0 . 8 7 1 2 1 E 01 0 . 2 R 4 7 " E 0 ? 0 . 7 2 4 R R * 01 

D I M E N S I O N L E S S S U R F A C E P R T S S U P F D I S T R I B U T I O N AT 1 1 . 7 6 OFOR * F S 1N T E R V At 

S I M P S O N ' S »UIE FP» I N T E G R A T I O N 

C . n S / C O F C O F / C D S 
0 . 4 4 0 7 6 F 00 

0 . B 1 7 5 T 01 
- 0 . 2 5 6 9 E 01 

0 . 7 9 1 5 F 01 0 . 7 1 6 5 F 01 0 . 6 0 5 1 F 0 1 0 . 4 7 3 ? * 01 0 . 3 3 3 9 F P I 0 . 1 9 7 6 E 01 0 . 6 9 4 1 * 1 0 
- 0 . 3 4 7 5 E 01 - 1 . 4 7 Q Q E Q l - 0 . 4 9 9 6 E 01 - 0 . 4 5 5 1 6 01 - 1 . 4 9 1 3 * 01 - 0 . 4 H 5 F 01  

S U R F A C F SHEAR S T R F S S I S P O S I T I V E E V E R Y W H E R E 

. 4 B 9 6 C 11 

PROL A T F S P H E R D i n MARK = * ? 1 

A . R . RE C O N C F N T R A T ION OM X I X ? A B IM J M 

0 . 9 0 1 . 0 0 0 . 5 3 B 7 7 7 7 F - 0 5 5 7 . 0 4 2 0 1 . 4 7 4 0 5 . 5 0 0 0 0 . 0 4 2 9 1 . 1 9 R ? 33 6 5 

O I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 3 D F G R E E S I N T E R V A L 

0 . 0 

0.H71E n\ 
0 . 7 Z 8 6 E 0 0 
0 . 1 5 9 4 P 01 

0 . 4 4 9 9 6 0 0 0 . 6 5 9 1 6 0 0 
0 . 1 6 3 2 E 01 

0 . 8 5 1 7 * 0 1 
0 . 1 6 3 0 E Q l 

n.ti?4'- ni 
n f 1 6 i 4 r n\ 

0 . I I 7 5 E Ot 
0 . I 4 9 2 E 01 

0 . l 3 0 2 r H 
O t 1 4 5 B * 

0 . 1 4 1 6 K 01 
. 1 5 1 4 * 01 

0.1*<»9E H 
0 . 1 4 4 i r 01 

0 . 1 4 0 3 F 0 1 
0 . 3 0 9 0 E 0 0 

. 1 3 3 5 F 01 
0 . 1 5 5 9 6 DO 

0 . 1 2 5 8 F 01 
D . 3 4 5 0 F - 0 9 

T H R F E P O I N T S L A G R A N G F D 1 F F F R F N T I A T I ON F O R M U L A 

0 . 9 7 1 2 * 0 0 0 . R 5 6 6 E 0 0 0 . 7 1 7 3 * 1 0 0 . 5 9 0 9 * 10 0 . 4 5 7 3 F 0 1 

S I M P S O N ' S RUI E FOR I N T F G R A T I O N 

COS 
O . m i f l F 0 ? 

COF 
0 . 8 5 1 3 6 F 01 

CDT 
0 . 2 8 1 3 2 E 0 2 

C O S / C D F -
0 . 7 3 0 4 4 E 01 

C O F / C D S 
0 . 4 1 3 9 6 E 00 

O I M E N S I O N L E S S S U R F A C E P R F S S U R F D I STR I B U T I f t N AT 1 1 . 7 5 O E O R F E S I N T E R V A t 

D . W 1 6 2 F 0 ] O . 7 9 0 5 E 0 1 O . T l T t g . O l , Q . 6 0 R 5 F n i 0 t 4 7 ? 4 E 01 0 . 3 4 3 9 * 01 0 . 7 1 0 6 r 01 Q . 8 4 R 9 F 0 0 - 0 . 3 H 7 F OQ - 0 . p T 3 F P I 
- 0 . 2 3 A 4 F 01 - D . 3 7 2 8 E 01 - 0 . 4 0 7 2 F 01 - 0 . 4 7 0 7 F 01 - 0 . 5 2 4 7 F 01 - 0 . 5 5 9 5 T 01 - D . 5 7 1 4 F 01 

F I V E P O I N T S L A G R A N G E D I F F 6 R F N T 1 AT I ON F O R M U L A 

C D S CJ2F COT 

S I M P S O N ' S R U I 6 FOR I N T E G R A T I O N 

C O S / C Q F C " F / C D S 
0 . 1 9 6 1 8 6 0 2 0 . 8 6 1 T 1 E 01 0 . 2 R 2 3 6 E 0 ? 0 . 2 2 7 6 7 F 0 1 n . 4 3 9 ? 3 E 0 0 

. . D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 O f C - R 6 * S . T N T F R I / A L _ . _ . . . . . . . . . . 

0 . B I 4 5 F 0 1 0 . 7 8 8 4 6 0 1 0 , 7 1 3 9 6 01 0 . 6 0 3 6 E 01 0 . 4 7 2 R E 01 0 . 3 3 5 2 6 01 0 . 2 0 0 2 6 0 1 0 . 7 3 0 8 6 0 0 - 0 . 4 4 2 7 F 0 0 - 0 . 1 5 1 6 6 01 
, , - 0 . 2 » 9 7 F P I . - D . 3 3 9 1 E ,01 - 0 , 4 1 9 S F 01 - 0 . 4 B R 9 E Q l - 0 . 5 4 3 6 * Q l - Q t 5 7 9 i r Q l - O . S O I p E 0 1 ; . 

S U R F A C E S H E A R S T R E S S I S P O S I T I V E F -VFRYWHERF 
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P R O L A T E S P H E R O I D tr....*•••••••••••*»»**« MARK - 577 

».«. RE C O N C E N T R A T I O N O K X I 
0 . 9 0 5.00 0.3730906E-04 79.9268 1.4750 x> 

4.8550 

• 
0 .0528 

B 

0.0982 
I N J R 

3 3 65 
DIXENSIONLCSS SURFACE V O R T I C I T Y DISTRIBUTION.AT. .. 5.63 OEGRFES. INTERVAL 

' 

0.0 0 . 3 8 1 9 E 0.2156E 01 0.2373F 00 0 . 7 4 8 T F 00 0 . 1 0 9 1 E 0 1 0 . I 4 0 1 E 0 1 0.I67IE 
01 0.7357E 01 0 . 2 3 1 5 E 0 1 0 . 2 2 4 9 E 0 1 0 . 7 1 6 4 E 

0 1 
0 1 

0 . 1 B 9 6 E 01 
0 . 7 0 6 2 F Dl 

0 . 2 0 7 7 F 
0 . 1 9 4 8 F 

0 1 
0 1 

0 . 7 2 1 2 E 
0 . 1 8 2 4 E 

0 1 
0 1 

0 . 7 3 0 4 E 
0 . 1 6 9 2 F 

0 1 
0 1 0.1555F 01 1.IIHS 0.2256E 00 0 . 1 1 1 6 E 

0 1 0 . 1 2 7 7 E 01 0 . 1 1 3 0 E 0 1 0 . 9 9 0 0 E 00 0 . 8 5 2 4 F 
0 0 0.3551E-09 00 0 . 7 1 8 4 E 00 0 . 5 B 8 7 F 00 0 . 4 6 3 4 E 

0 0 
0 . 3 4 2 6 E 

0 0 

THRE6 POINTS LAGRANGE DIFFERENTIATION F O R M U L A SIMPSON'S RULF F O R INTEGRATION 
COS 0.50742E 01 CDF COT COS/CDF 0.2297SE 01 0 . 7 3 7 1 7 E 0 1 0 . 2 7 0 8 6 E 01 COF/CDS 

0 . 4 5 2 7 B F 00 

"TtNENSfONLESS SURFACE P R E S S U R E DISTRIBUTION AT Tl.2~5 OFGREES INTERVAL 
0.2708E 01 0 . 2 5 9 3 E 0 1 0 . 2 2 T 1 E 01 0 . 1 S 0 3 F 0 1 0 . 1 2 6 5 F 0 1 0 . 7 7 6 R F 00 0 . 2 3 5 0 E 00 - 0 . 1 8 2 7 E 00 - 0 . 3 1 4 3 F 0 0 

- 0 . 7 6 2 4 E : 00 
-0.9345E 00 - 0 . 1 0 4 3 E 0 1 - 0 . 1 1 0 1 E 0 1 - 0 . 1 1 2 3 E 0 1 - 0 . 1 I 2 4 E 0 1 - 0 . 1 1 1 7 F 

0 1 

- 0 . 1 1 1 3 C 0 1 

FIVE P O I N T S LAGRANGE DIFFERENTIATION F O R M U L A SIMPSON'S R U L E F D R I N T E G R A T I O N " -

COS COF C O T C O S / C O R cor/cos 
0.50742E 01 0 . 2 3 7 1 6 E 0 1 0 . 7 3 9 5 R E 0 1 0 . 2 1 R 5 7 F 0 1 0 . 4 5 7 5 2 E 00 

DUEN51DNLFSS SURFACE P R E S S U R E DISTRIBUTION A T 11.75 D F G R F E S I N T E R V A L . - • • — 
0 . 2 7 0 S E 0 1 0 . 2 5 8 7 E 

- 0 . 9 7 9 S E 00 - 0 . 1 0 8 9 E 
0 1 0 . 2 2 4 0 6 0 1 0 . 1 7 B 7 F 0 1 0 . 1 7 4 4 E 0 1 0 . 6 9 9 1 F 
0 1 - 0 . 1 1 4 7 F 0 1 - 0 . I 1 6 9 F 0 1 - 0 . U 7 O F 0 1 - 0 . I 1 6 3 F no 

" 1 

0 . 2 0 2 1 E 00 
- 0 . 1 I 5 8 F 0 1 - 0 . 2 1 9 4 F 

0 0 - 0 . 3 1 4 9 F 0 0 - 0 . R 0 5 6 F 0 0 

SURFACE SHFAR STRESS IS POSITIVE FVERYHHERE 

f— PROLATE SPHEROID MARK3 534 
A.R. RF CONCENTRATION D N XI 0.90 1 0 . 0 0 0.7913149E-03 15.OR50 1.4750 X2 4.1700 A 

0.0471 
B 

0.09fl7 
IM 
33 

JM 
65 

DIHENSTDNtfSS SURFACE VORTICITY DISTRIBUTION AT 5.63 DEGREFS INTERVAL 
0 . 0 0.5171F O.3059F 01 0 . 3 0 5 3 F 0 0 0 . 1 0 1 7 6 01 0.1472F 01 0.1BB3E 01 0.723T 

01 0 . 3 0 0 3 F 01 0.2916F 01 0.7T07F 01 0.7654= 

01 01 0.7529E 01 0.74926 0 | 0.2754E 0.2316E 01 01 0.7Q1ST 0.7130* 01 Dl 0.3015F 01 0.193RF 01 0.1745F 01 0.1553F . 0.1999F 00 0.9755*-01 0.1364F 01 0.11B3F 01 0.1010F 01 0.H467E 01 0.3779F-09 0 0 0.6950E 00 0.5551F 0 0 0.42466 00 0. *ORRF 00 
THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULF FOR INTEGRATION 

CDS 0.30B47F 01 C O F C D T cns/rop 
0.16740E 01 0.4758TF 01 0.1B477E 01 

CDF/CDS 0.54269E 00 
OIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.75 OFGREES INTFRVAl 
0.1973F 01 0.1825E 01 0.1551F 01 0.1156F 01 0.7074F 00 0.7648* 0 0 -0,12916 00 -0.4507E 0 0 -0.6927F 00 -o. B567F 00 
-0.9544F 00 -0.9989F 00 -0.1005F 01 -0.9847E 00 -0.9595F 00 -0.*>363E 

0 0 -0.92696 OO 
FIVF POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULF FOR INTEGRATION 

CDS C O F C D T C O S / C O F COF/CDS 
0.30R47E 01 0.16851* (>l 0.4769ftr 01 0.1R3f>6F 0] 0.54678E 00 

01NENS1DNLESS SURFACE PRESSURF DISTRIBUTION AT 11.75 DFGRFFS INTERVAL 
0.1920E 01 1.1R71E -0.97926 00 -0.10736 01 0.1545* 01 0.1147F 0) n.fti54F. 00 0.7/.936 01 -0.1D7BF Ot -0.1009E "1 -0.9800* 00 -0.956"JF 

0 0 

00 
-0.1479E 00 -0.9473E 00 - 0 . 4 7 ? ? F 00 -0.7156E 00 - 0 . BBltF 00 

SURFACF SHFAR STRESS IS POSITIVE FVFRVWHFRE 

PROLATF 5PHER0I0 MARK = 531 
****#»•#*»••*•********** 

A.R. RE CONCENTRATION OM XI X2 A n IM JM 
>- O.QO 10.00 0.3730106E-04 79.9768 t .4750 4.8550 0.0578 0.*»<»B7 33 65 

DIMENSIONIESS SURFACE VORTICITY DISTRIBUTION AT 5.63 DF.GRFFS INTERVAL 
0.0 D.51946 0.3041E 01 0.3O5OE 00 0.10176 01 0.1479F 01 

01 0.7994E 01 0.2000E 01 

0.1897* 01 0.7247E 0.2774F 01 0.7673= 01 01 0.7539E 01 0.7451E 01 0.7764F 0.2 765* 01 01 0.2923* 0.704nF 01 01 0.3071E 0. 1857F ni ni D. 1663E Dl 0.I462F 0.1552F 00 D.7433F-01 0.1267* 01 0.lOROr 01 01 0.3551E-09 0.9050E "n 0.T42RF 00 • 0.5954E .00 0.4636E 00 n.3471F 00 0.?45 lr no 
THREE POINTS LAGRANGF DIFrCRFNTlATION FORMULA SIMPSON'S RUl!: FOR INTEGRATION 

COS 0.30730E 01 COP COT 0.144706 01 0.44700F Cns/CDF 01 0.20*926 0] 
CDF/CDS 0.47865E 00 

DIMENSIONIESS SURFACF PRESSURE DISTRIBUTION AT M .75 DFORFES INTERVAL 
0.1979F 01 0.1833* 01 0.1566F 01 0.11R7r 01 0.7400* 00 0.3785* on -0.3977E-01 -0.3319F "0 -n.i4 t or oo -0.6715E on 

-D.7349E 00 -0.7463F 00 -O.T717c 00 -0.6T74E 0? -0.47<»3F 00 -0.6924* oo -0.5787E 00 
FIVF POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULr FOR INTEGRATION 

ens COF COT C.nS/CnP CDF/CDS i. 
0.30230F 01 0.14655F 01 ".44RB6E 01 0.20627F 01 0.4R479F 00 

DIMENSIONIFSS SURFACE PRESSURF DISTRIBUTION AT 11 .25 OEGRFES INTERVAL 
0.1926F 01 0.1B79E -D.76B56 00 -D.7804E 01 0.15R9E 01 0.1172F 0| 00 -0.7556F 00 -0.7106F 00 0.7357E 00 0.3094* -0.6618F OO -0.6747F 00 00 -0.6300F-01 -0.6097E 00 -0.3590F 00 -0.5712F 00 -0.703 9* 00 

SURFACF SHEAR STPFSS IS POSITIVE *VFRYWHFRr 
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PROLATE SPHEROID 
•«*•••**••••••••*•••***•... 

MARK- 5*2 

>— 
A.R. RE CONCENTRATION OH XI 
0.90 20.00 0.2913l*9E-03 15.0850 1.V750 •17 4.1700 A 

0.0*21 B 
0.0982 

IN JH 
35 »? 

OTNFNSIONIESS SURFACE VORTIC I.TY D.I STR IfiUT lOW .AT_ _5_, 83 DECBFES.-INTERyAJ. 
0.0 0.730*E 
0.*12*F 01 0.*065F 00 0.1*276 01 0.2072E 01 0.26**6 01 0.3129F 

01 0.39*16 01 0.3T62E 01 0.3537E 01 0.37776 

01 
<H 

O.3520F 01 
0.2991E 01 

0.3B11F 0.26BBE 01 oi 
0.40056 
0.2378F 

01 01 0.41076 Ot 0.206TF 01 
0.1763F 01 0.1*73E 
0.M58E-01 0.1*5*6-

01 0.12026 01 0.9338E 00 0.73296 00 0.5*166 
01 0.1T79E-09 

00 0.381*6 00 0.2531E 00 0.1556E 00 0.8M3F-01 
THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 

CDS 0.1B551E 01 CDF CDT COS/CDF 0.96419E 00 6.2R193E 01 0.192*0F 01 
CDF/CDS 

0.5I975E 00 . 
DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 OEGRFES INTERVAL 

0.13026 01 0.14146 01 0.11726 01 0.82856 00 0.**8?F 00 0.8R86F -n -0.209*6 00 -0.*26*F 00 -0.55 866 00 -0.6157E 00 
-0.6125E 00 -0.5702E 00 -0.50636 00 -0.436*6 00 -0.37326 00 -0.37B6F 

00 -0.3122E 00 

~ " VIVE POI~NTS~LAGRANGE DIFFERENTIATION FORMULA SI'MPSVN'S~RULF ~ FOR" 1N>TGRTTION 

CDS CDF CDT COS/CDF COF/COS 0.1B551E 01 0.97B13E 00 0.28332E 01 0.18966E 01 
0.52727E 00 

. ..DIMENSIONLESSSURFACE PRESSURE DISTRIBUTION AT. 11.25 DECREES .INTERVAL... — .. 
0.1500E 01 0.1M7F -0.63**E 00 -0.592*6 01 0.11696 01 0.87*06 00 0.4*136 00 0.78966 

00 -0.578*6 00 -0.*581E 00 -0.3«**E 00 -0.3494E 
-01 
00 

-0.22266 00 
-0.33276 00 -0.**27F 00 -0.5776F 00 -0.A3A0E 00 

SURFACE SHEAR STRESS IS POSITIVE EV6RVMHER6 
— .... : -

PROIATF SPHFROID 

MARK a 550 

A.R. RE CONCFNTR AT ION DM XI 0.90 50.00 9.?9l31*9E-03 15.0650 l.*750 X7 4.1700 A 
0.0421 

8 
0.0987 

I** 
33 
JM 61 

? 

DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5.63 DEGREES INTERVAL 
0.0 0.11866 0.6336E 01 0.61556 01 0.2312F 01 0.334BE ni 0 01 0.5842F 01 0.5*746 01 0 475B6 01 0.5O17F 01 50126 01 0.4494F 01 n.56126 01 0.3941E 01 0.60356 0.33736 01 01 0.6290E 0.2R09F 01 Ot 0 0 4366* 

7766f 

01 01 0.17606 01 0.1303F -0.1̂266 00 -0.1098F 01 , 0.9046E 00 0.5676E 00 0 00 0.3779E-09 2977E 00 0.7734E-01 -0.8146E-01 -0.18616 00 -0.2379r on -0,7384* 00 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 
COS 0.99919E DO COF COT 0.60697E 00 0.16067F 01 CDS/CDF 0.16467E 01 COF/CDS 0.60746F. 00 

OIMFNSIOMFSS SURFACE PRFSSURF DISTRIBUTION AT 11.75 DEGREES INTERVAL 
n.l2IBE OL 0.1137E 01 0.594RE 00 0.564*E 00 0 7090* 00 -0.11156 00 -0.3570E 00 -0.5O94F no -0.57106 00 -0 

1*976 

on 
-0.5018F 00 -0.A2406 00 -0.3467F 00 -0.77976 00 -0 2260F 00 -0.1"87R 00 -0.17476 00 
FIVF POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON' S R'Jl 6 FOR INTEGRATION 

CDS cor COT COS/COF CDF/CDS 
0.99919F 00 0.626346 00 0.16255E 01 0.15943E 01 0.674P4E 00 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.75 DEGREES INTFRVAL 
0.12176 01 0.11326 -0.51.90F 00 -0.4A19E 01 0.8973F 00 D.56916 00 0 00 -0.3445* 00 -0.7973F 00 -0 21476 On -0.10B5E "0 2431E 00 -0.7057C 00 -0.3582F 00 -0.1916E OD -0.51596 nn -0.5R24F on -n. 171 nr 

On 
ANGLE AT WHICH SURFACF SHFAR STRESS BECOMES ZERO I.E. SFPARAT inrg.I S 141.4 OFGRFES 

>~ 

PROLATF SPHEROID MARK* 558 

A.R. RF 0.90 100.0-1 
rnNCENTRATION DM XI 0.7911149E-01 15.0R5O 1.4750 X? 4.1700 A 

0.0421 
n 

0.DOR7 

I M 
33 

JM 
4* 

-< 

7— DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5,63 DEGREES INTERVAL . 
0.0 0.17606 0.9086F 01 n.R744E 01 0.142RE 01 0.49566 01 0. 01 0.*??7F 01 0.7566E 01 0. 47896 01 0.7390F 01 6790* 01 0.5932E 01 0.R737E 01 0.5078E Ot 0.8821E 0.41!3r 01 

ni 
0.9147C 
n.32?4E 

«t nt 0. 0. 9729F •»397* ni 

Ot 0.I660F 01 . 0.1033F -0.44346 00 -0.2*9*F 01 0.57*36 on n.ii3or on -o. 
00 0,37 7.9̂-09 

1565T 00 -0.3673* no -n.50776 00 -0.5871E nn 

-n.M 7 t* 00 -n. 5447* no 

THRFF PniNTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RiJlE FOR IWTEGR ATI FIN 
COS 0.655166 DO COF COT 0.47799E 00 0.11783* 01 COS/Cr>r 0.I1R546 Oi COF/ens 0.77177E 00 

D1MFNSI0N16SS SURFACF PRFSSURF niSTRIBUTION AT 11.75 DFGR6FS INTE"VM 
n.11156 01 0.1023* ni 0.770RE 00 o.tV7?7F oo 0.5784E-01 -0.7409* on -n.4f!07t 00 -0.61I7F on -n.434?F OO -n. *84 "6 01 

-0.4976E On -0.4084F 

00- -0. 33456 00 -0.7B71E OO -0. 

74136 on -i.?09«* oo -o.infa6E 00 
FIVF POINTS LAGRANGE OIFFFRF:NT TATI FIN FORMULA SIMPSON'S RUI* FOR 

1 NT* GR A TI ON 

COS COF f.DT ** rns/cn* cn*/cns 
0.655166 00 0.4R679E 00 0.M477F 01 

ft. 1 3 4 4 3 T 01 

0. 74279F 00 
OIMFNSI0NL6SS SURFACE PRFSS1I96 niSTRIBUTION AT 11.7* 0*GREES INTERVAL 
0.11156 01 0.1077F -0.4759F 00 -0.3B74F 01 0.7870F 00 0.45456 00 0 00 -0. 3146E 00 -n.26HF 00 -0. 10OOF 00 -0.7171F on 

??ni* on -0.1BR3* no 

-0.4423E 00 -0.1749E 00 -0.5711* nn 

-O.6077F 

00 -o. 5*R8F oo 
ANGLF AT WHICH SURFACE 

SHEAR STRFSS B*COM*S Z*Rn l.F. 

SEPARATION,IS 137.n nEGRFTS 
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WOl»Tt SPHER010 CONCFNTRAT TON 

. DINENSIONIESS SURFACE VORTICITY DISTRIBUTION.AT„. ?, 81 . DEGRFFS..INTERVAL. _ 

1 

0.0 0.84516 00 0.1679F 01 0.Z496F 01 0.3787E 01 0.4045F 01 0.4763E 01 0.5435E Dl 0.A056E 01 0.6&21E 01 
0.712BE 01 0.7574E 01 0.T957F 01 O.B27BE 01 0.B534E 01 0.8729E 01 0.BB62E 0) 0.B935E 01 0.8950F 01 0.B91IE 01 
0.881BE 01 0.6676E 01 0.B4876 01 0.82546 01 0.79R7E 01 0.7677E 01 0.7329E 01 0.6958E 01 0.6561F 01 0.6143F 01 
0.5709E 01 0.5263F 01 0.4810E 01 0.4355E 01 0.3903E 01 0.1457F 01 0.3024E 01 0.2607E 01 0.27116 01 0.1837F 01 
0,14896 01 . 0.1170E 01 0.87B6F 00 0.6169E 00 0,38416 00 ... 0, 179.16 00 Of 5199E-Q3 -0.1537F 00 -0.28576 00 -0.3979E 00 

-0.49756 00 -0.57UE 00 -0.6348E 00 -0.6B40E 00 -0.7180F 00 -0.73546 00 -0.7344E 00 -0.71331F 00 -0.669BE on -0.6040F 00 
-0.5160E 00 -0.4079F 00 -JO.?824£ 00 -0.1456F 00 0.0 

THREE POINTS LAGRANGF DIFFERENTIATI ON FORMULA SIMPSON'S RULE FOR INTEGRATION 

CDS COF COT CDS/COF CDF/COS .. _ - . 

0.62634E 0" 0.44T40F 00 0.10737F 01 0.14000F 01 0.71431E 00 

0IMFN5IONLFSS SURFACE PRESSURE DISTRIBUTION AT 5.63 DECREES INTERVAL 

O.lltZE 01 0.1090E 01 0.10266 0| 0.923BE 00 0.79046 00 0.633°F 00 0.4633E 00 0.28766 no 0.1 157F 00 -0.4650F 01 
-0.1914E 00 -0.3149F 00 -0.4140F 00 -0.4869E 00 -0.5337F 00 -0.555BE 00 -0.55586 00 -0.53766 00 -O.505R* 00 -0.4647E 03 
-0.4204E 00 -0.3754F 00 -0.3330E 00 -0.2949F 00 -0.2617F 00 -0.2331F 00 -0.7080E 00 -0.1B57E no -n.16396 no -0.1443F On 
-0.1279E DO -0.1168F 00 -0.1179E 00 

-0.1443F 

FIVE PCilNTS LAGRANGF DIFFERENTIATION FOR MULA SIMPSON'S RULE FOR INTEGRATION 

COS CDF CDT ens/cnr COF/CDS 
0.67634E 00 0.46678F 00 0.100266 Dl 0. 13433E 01 0.74445E 00 

DIMENSIONLESS SURFACF PRESSURE DISTRIBUTION AT 5.63 DEGREFS INTERVAL 

0.1112E 01 0.1090'= 01 0.1027F 01 0.9260F 00 

0.7940* 00 0.43R1F on 0.4A94E 00 0.2943F 00 0.171OF 00 -0.4047F- 01 
-0.1868F 00 -0.3123F 00 -0.4137E 00 -0.4R93F 00 

-0.53BRC 00 -1.563** 

on -0.5659F 00 

-0.5497* 
00 

-0.5]93* 
no -0.4797* nn 

-0.4355E 00 -0.390BF 00 -0.34R6E 00 -0.31 OCT no 

-0.7775F OO -0.7489* 
on -0.2739F 00 -g,20UF on -0. 1797P "0 -0.1401* 00 

A N G 1 E A T W H I C H S U R F A C E S H E A R S T R E S S B E C O M E S 7 * R 0 I . E . S F P A R 4 T I O N , I S 12".4 D F G P F F S 

P R O L A T F S P H F B O I O 

C0NCFNTR1T10N 
0.0B4R344F-Q4 

Dl MfNSI ONL ES5 SURFACF V0RTT1TY DISTRIBUTION AT 5.63 D*Go* * S INTF"VAI 

O.O 
•1757E 01 

,4617F 00 
. 1 7 1 4 * 0 1 

.0440* 00 

.1174* 01 
n.l 137F ni 
0.1141E 01 

0.I796F 01 
.1111* n t 

n.139?F 0 1 
•1046b 0 1 

0. 1376* 
0, in5? B 

,1H<r nj 

,\nt,7r ni 
o.i' 
n. 1 - M 4 * 

0.1038E 01 
0.6147E nn 

0.in39F 01 
0 . 3 2 9 8 E 0 0 

0.104«;F ni 
0.3581F-09 

o. i o M r- n i n. 1054F 01 

n.«7i IF n̂ 

THR66 POINTS LAGRANG6 D IFFCPF.NT f ATI ON FORMULA 

5|MPS0N'S *»IIIF FOP INfGPA T ION 

CDS 
0.781576 0? 

COF 
0.59030E 11 

CnT 
0 . 3 4 1 5 6 F i? 

Cn<;/rn* 
n . 4 7 6 8 4 * ni 

r«F/cns 

'19716 on OIMENS I ONLFSS SURFACE PPFSSUPF D 1 STR [ BUT T DN AT 11.75 n*GP*rs INT*»VAI. 

n.lOIPE 07 0.Q129F 01 n.6T9BF 11 0.464Tr H n.313or- fl\ 1. 7064* 01 
-D.564TF 00 -T.1066E 01 -0.1735* 11 -O.T.hW H -0.40?9i- 1J - 0,4 ] 1 r n [ 

0 . 7 4 1 K OQ Q.'TRO* " 1 - 0 . 1 4 0 7 F 0 " 

F I V E POINTS L A G R A N G F Dl F rt= p F NT I A T I ON F O R M U L A 

ens r O F rnT 

<lM.r»V.l4" S "JIM c 

ros/cnr 
["TFiRATION 

ro*/rns n.2Bl57E 07 0.61?50E OI 0.34177= 07 1.447?',*- "1 

OfMCNSlONl *SS SUR FACE pnr-SSIIP* 11 S TR I «M|T , ON AT 11.75 nrr ,DF*<; [NFn?VM 

1.9O70F 01 0.8908* OI 0.6577* OI 0.43MF H 
-0.9138F QO -0.1504* 01 -0.7183F pi -0.3151* 01 

_ 1 7 aDP 
.45"'>r 

". (7"3<-
".601T 

p(ir>F 0" -n.54"6 

S U R F A C E S H F A R S T R E S S I S P O S I T I V E * V P B Y W H F R * 
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PROLATE SPHFROIO MARK' 572 

A.R. RF 
0.50 I . 0 0 

CONCENTRATION DM XI 
0.5360320F-05 57.1392 0.5490 

X? 
4.4700 

A 
0.0605 

B 
0.0992 33 

JM 
65 

DIMENSIONLESS SURFACE 

0 . 0 0.4612F 
0.1252E 01 0.12D9E 

VORTICITY DISTRIBUTION AT 5.63 DEGREES INTERVAL _ DIMENSIONLESS SURFACE 

0 . 0 0.4612F 
0.1252E 01 0.12D9E 

0 0 0.8535E 00 0.1130E 01 0 . 
01 0.1I69F 01 0.1134E 01 0 . 

1794E 01 0.1371E 
1103E 01 D.1077E 

01 
01 

0.1390E 01 
0.1056F 01 

0 . 
0 , 

13 74E 
1040E 

01 
01 

0.I339F 
0 . 1029F 

0 1 
f U 

0.1297E 
0.1O22F 

01 
0 1 

0.1070E 01 0.1072E 
0.5963F 0 0 0.3198E 

0 1 0.1076F 01 0.1033E 01 0 . 
0 0 0.3431F-09 

1038F 01 O.I039F 01 0.1029E 01 0 . 9958E 0 0 D.9757E 0 0 0 . 7976E 00 

THREE POINTS LAGRANGE OIFFFRENTTATTON FORMULA SIMPSON'S RULE =0R 1NTFGRATION 

COS 
0.2TB66E 0 ? 

CDF COT 
0.54973E 01 0.33363E 0? 

COS/COF 
0.50690E 01 

COF/COS 
0.19778E 0 0 

01MENSIONI FSS SURFACE PRESSURE DISTRIBUTION AT 11.25 DEGREES INTERVAL 

0.1019F 0 ? 0.9197E 01 0.70n4E 01 0.49B5E 01 0 . 3578F 0 1 0.7537* 01 0.1B36E 01 0 . 1371F 01 0.1066E 0 0 0 . 5308E 0 0 
0.1390E 0 0 -0.3328F 0 0 - 1.9706* 0 0 -0.1B87E 01 -0. 315BE Ot -0.4544F 01 -0.5168E 01 

FIVE POINTS LAGRANGE DtFFFRFNTI AT TON FORMULA SIMPSON"S RULF FOR INTFGRATION 

COS COF CDT cos/cnF CDF/CDS 
0.27S66E 0? 0.58240E 01 0.33M2E 07 0.4T830E 11 0.70907E 00 

JJlM6N5IONtCSS SURFACE PRESSURE DISTRIBUTION AT 11.75 PFGPFF.S INTFRVAl 

0.9991F 01 0.893^6 
-0.63P5F 0 0 - 0 . U 3 3 E 

01 0.6617F 01 0.4497E 01 0 . 
01 -1.180RF 01 -0.277IE 01 - 0 . 

7973* 01 0.197BE 
411 IF 01 -0.55B2F 

01 
11 

0.1I97E 01 
-0.6743E 01 

0. 6425E 00 0.I963E 0 0 -0. 709IF 00. 

SURFACF SHFAR STRF5S IS POSITIVE rvfPYWHFRF 

PROLATF SPHEROID MARK - 474 

>-
A.R. RE CPNCFNTRATIPN DM XI 
0.50 5.10 1 . 3R?4 3?3E-04 29 . 6 7 5 9 1 . 5 4 H 

X? 
3 . 76*0 0 

A 
0502 

B 
0.0987 

IM 
33 

JM 
65 

DIMENSIONLESS SURFACE VORTICITv 01SIRIBUTION AT 6 , 6 ? PEGPF rS INTERVAL 

< 

1.1 0.7^47F 
0.1844F 01 0.1756F 

00 1.1344F 01 0.17R5F 1 | 0 
01 1.1670F 01 O . l S O n r o i 1 

2137* 01 0.2137r 
1516* 01 0.144R* 

01 
n l 

P.7147E 01 
0.1386F 01 

0.2102* 
O.I33n* 

"I 
ni 

0.7077* 
0.1778F 

11 
0| 

0 
0 

1 93 fl* 
173 1* 

ni 
11 0. 11 ABE 01 0.114RE 

0.489BE 00 0.7580F 
11 1.111 1F 11 0.1074T 01 1 
1 0 0.3814F-09 

1038C "I 0.n9R4F no O.o£;09t: 00 0.88 78F 0 0 0.7986F 00 0 66^8* Oi 

THREF POINTS LAGRANGE niFFFR*NTIATION FORMULA C1MDSPN' S "Ul * FOR tN T*GR A TION 

COS 
0.77481F 01 

CHF f."T 
0.I5189E 11 1.R7669F 01 

ens/ro* 
0 . 4 7 7 2 t F 11 

COF/CDS 
".?0*>55F 00 

01 MFNS 1 ONI ESS SURTACE POFSSUPT I f ST«MRUTION AT 11.25 0*GPF*S IMTTRVAI. 

0.3319F OI 0.7949* ni 0.7157* 0| 0.1470* U 0 8R19F 01 1,5141* on 0.7679F 00 0 8761* - n i -n.3R38* -01 -n 1'31* i n 
-0.7I05F 0 0 -0.2B33* 09 -n.367]F 00 -0.4814F " 0 - 0 6471* 10 - 0 , 0 7 1 2 * on - 0 . 8 " 9 R & 00 

FIVr POINTS LAGRANGF DIFFERENTIATION FORMULA Sl^PSPN'S RULF r-rtR TWT * *.P AT ION 

CDS c i r r n CPS/ror COF/COS 
0.724R1E Ot 0.15867* 01 0.88347* "1 0.4 S6B1E 1 t 1.71491E 00 

OIMFNSIONLESS SURFACE PRFSSURF lISTRIOUTinN AT 1 1 . ' 5 OFGPF * S I NT F° V *L 

0.37S1E 01 0.28 T4F 
-D.406BF 00 -P.48.46F 

01 n.2057* 01 0.1?10F 11 0 
0 " - i . c 7 3 7F 00 - 1 . 6 Q 7 9F 1 0 - 1 

00 0 . ^ 5 4 0 * 
R«,ni>* 0 0 - 1 . 1 04">* 

nn 
"1 

n.9374F-0l 
-1.1131b 01 

- 0 . 8995* n i - n . 1 7 3 ? * 00 - 0.3742* n. 

SURFACF SHFAR STRFSS IS POS1TIVF * v r WYWU*R F 

PROLATF SPHrROU •A li K - 437 

>-
A.R. R* CONCENTRATION 1 * X t 
1.S1 in.00 1.?n9l846F-"3 14.1414 n . 4'.ni 

V 7 
1 . n 8 n o 0 

A 
1 3 0 5 

J 
4 

D1MFNSIONLF S S SURFACE VORTICITY n I S TR I RUT 10*] AT 5.63 iFr.or;*<: INTFfVM. 

( 

0 . 1 0.968?F 
1.737"* 11 0.719RF 

0 0 0.1781* 01 0 . ? 3 m r n 1 1 
01 1 . 7 1 7 4 F 11 " . ! 9 6 f t t 11 n 

2^41* n| 0 . 7 7 7 4 ^ 
1P51* "1 0.1741* 

01 
" l 

1.7775E ni 
".i''5'»r- nf 

0 
0 

27-T C 
1 5 4 4 F 

01 
rtl 

O.-on, 01 7 / . (, 1 F Z 
1 . 13 31F 11 0 .\>*9? 
0.4157E i n 1.7144E 

01 1.119"* 01 0.1171F I t 0 
0 0 0.369R*-09 

H43T 01 0.131 0 * n . n n 4 4 F 00 0 81 84* 0 0 n.713*r 0 t]8i nr on 

THRFF POINTS LAGRANGE OtFFCPFNTIATTON FORMULA SIMPSON'S Rill * rnp fVTFGRATION 

CDS 
n.4316DF m 

cn* enr 
1 . 1 8 4 7 4 * 1 1 0 . 5 1 1 7 7 * 01 

COS/Cl* 
0.4T740F 01 

c i F / c n s 
1.770 6 3 E 0 0 

DIMTNSI0N1 FSS SURFACE PRESSURF DISTRIBUTION T 11.75 prr.PFrs INT*PVAL 

n.7?n«iF 11 1.7014F 01' 1 . 1 4 ? 7 r 01 1.877HF 0 1 1 47^T(. nn 0.1174* 0 " 1 . t UOF-n^ -0 1 138* nn -n, 1 n74 ' " nn -n nn 
-n.?B97E 1 " -1.3137* 0 1 -1.3344* 00 - o . ^ n O r , r 0 1 -0 4<"inF n i - n . t ? " i F nn -i.4705t 00 

* i v r POINTS LAGRANGT 0 I **E R* N T!ft T 1 ON *0RM|)1A COD 1N T EG 0 AT ION 

cos C*>* rOT f.ns/CP* c * " - / c o s 
0.43141E 11 1.1118 4* 01 1 . 4 31H4* 01 n.47""78E "1 o.735"7F (-0 

OlMrNSlONLFSS SURFACE Pi>r-<;SI|PF niSTPIBUTION AT 11.75 n*GPri:-« IKTr.fVAl 

0.7?*>0F 01 ".1974E 
-0.3917F 1 1 -1.4170F 

01 0.137)* 01 0.8"9OF 01 0.1'>56* ^0 0 . 1 1 3 n r 

00 - 1.4411* 0 0 -0.4475F 0^ - 0 , * 1 ° 4 * 0 " - 1."613* 
I " -n.7778r-01 

^ . " l . n no 
-0 ? n 75* np - n . 5 9 4 0 * nn _n 3 * 3 7* r -

<II»FACF SHFAR STRFSS IS POSITIVF EV*RVWH*PF 
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P P M I f t T r S P M * R O I n 

C P . N C E N T R A T I O N 

o I M F N S I O N I E S S S U R F A C E , V O R T I C I T Y O I S T P I P I I T I O N A T * . . ( ,3 ^ r n o r r s I N T * » V A L 

. 9 6 . 9 9 * o n 

. 7 1 9 4 * 01 
n . I o i 
i . 2 Q 4 Q r P i 

n . 7 3 4 1 * P I 
. l ' j * ? r n i . ^ P 4 ^ ^ ^ -

' ' , . ? 7 7 7F ' ill 
i f i ' - 4 s r , T l 

n . p i T r n i p . i 
P . 4 O 0 5 E 0 0 0 . 2 1 6 1 * o n 

n . i l 7 i F P i o . l l 0 3 6 
P . 3 5 1 4 E - 1 9 

" . " t n i r n o 

T H R F r P O I N T S I A R R A N G E 01 E P F » * NT 1 A T 1 ON F f i B W i U S I M P S O N ' S F O * 1 V T ^ O " A T I UN 

c o s r . n * " r n T ' c i s / C o * * . n r / 0 > S 
0 . 4 2 9 2 0 F 11 1.95377F o n P . 5 7 4 5 7 T 01 0.441P3* n 1.7???ir 0 0 

0 I MFNS I UNI E S S S U R F A C E " R E S S U P E 0 I STR 1 RU TI ON AT 1 1 . 7 5 n r - R p r * ? I N T F P V A l 

0 . 7 7 R 4 r n i 1 . ? 0 1 I F n i n . 1 4 3 4 * 01 O . R q i OF QQ n . 4 9 3 7 * 0 0 0 . •»•>??* n 4 1 0 7 F ; - 0 1 - 0 . 7 Q 4 4 F - 1 1 - o , 1 r p o r T I - " . 7 1 1 3 * f " 
- 1 . 7 4 7 7 E 0 0 - 0 . 7 6 3 9 * OP - n . 2 8 1 6 * no - n . i 0 * ? F p P - P . 3 4 7 R * i n - 1 . 1 R R 4 * M _ o . t r i 7 7 F OP 

F I V E P O I N T S I AfiR A N C . r O I P e F R F N T J A T I ON <"<iRMiil A S I " " S 1 N ' S " i l l . r r n o 1*1 T c r , 9 A T 1 O N 

C D S r n r r n r r p s / n r r n r / c u s 
0 . 4 2 9 7 0 E 01 0 . 1 0 0 1 9 F 0 1 0 . 5 7 0 7 9 F 01 1 . 4 ? f l R ? r 1 ] i . 7 " n ? o r p o 

O I M F N S I O N I E S S S U R F A C E P P E 5 S U R F 0 I S T O I r»IJT JON A T 1 1 . 2 5 P F G P * * S 1 N T F » v A L 

1 . 2 2 4 R F P I 0 . I 9 7 ? r 
- P . 3 7 4 0 E 0 0 - 1 . 3 9 R 7 * 

1? n , 1 ? 71 r P I n . f l i n i F ^ n . 3 H R F o n o . I 1 n-*r 
1 0 - i " - , 4 1 0 1 - 1 . 4 4 4 I P 1 1 - n . 4 q/,«;(: r\n - n . «-,i 3 i r 

O i - n . < .oH9r - -o i 
- 0 . 4 5 3 i r 00 

- 0 1 171 * <M - 1 . 7 R 7 n r - 0 11701 : 0 " 

S U R F A C E SHEAR S T R E S S I S P 0 S 1 T T V F E V F R Y W H F R * 

P R P L A T F S P H F R n i O 
• * • » * * • • * » * » • • * « * * * » * * < 

M A O K T S 4 3 

s 
A . P . RE C O N C E N T R A T I O N OM XI 
n . - i O ? 0 . n P P . 7991B4f»*-03 1 4 . 1 * 1 5 0 . 5 4 9 0 

X ? 
1 . n«no 0 

A 
0 3 9 * 0 . 1 O R 7 

IM 
33 4 * 

s 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT P E G R * * S I N T F R V A L 

p . n 1 . 1 3 7 7 * 
0 . 3 0 1 5 F 0 1 0 . 2 8 2 7 * 

01 0 . 7 4 7 R 6 11 0 . 3 1 7 5 F OI P . 3 * R 1 * P I i . 3 7 ? 6 r 
01 0 . 7 4 3 9 F 0 1 o . ? 4 4 4 F n l 0 . 7 3 1 4 F n i P . 7 1 * 1 * 

1 1 
11 

1 . 3 7 0 1 F 01 
1 . 7 1 0 7 F . 01 

n 
0 

3 * 7 4 * 
1 R 6 9 F 

01 0 . 1 4 0 * * 
0 1 1 . 1 7 3 7 * 

01 
11 0 , 

3 7 1 2 * 
1 4 0 9 * 

1 1 
PI 

n . 1 4 P - 5 E 01 0 . 1 3 4 3 F 
0 . 7 4 M F 0 0 P . 1 2 9 0 F 

01 1 . 1 7 4 ? * 01 1 . U 2 1 F P I O . i m * * 01 O . R R 7 i r 
On 0 . 3 4 1 R F - 0 9 

P . 7 6 8 6 6 0 0 0 6 4 B 7 r 1 0 1 . 5 7 6 1 * 1C 3 i n 9 * 0 1 

T H R E E P O I N T S I A G R A N G F O I F F F R F N T I A T I ON FORMULA S I M P S O N ' S R U L E FOP I N TE G<> A T I DN 

COS 
0 . 2 6 1 5 6 E 01 

C O F c n T c o s / c o r 
0 . 6 3 0 3 1 F 0 0 P . 3 2 4 5 9 E n i 0 .414«7E H 

r n F / c o s 
0 . 7 4 0 1 8 F 0 0 

D l M E N S 1 0 N L F S S S U R F A C E P P F S S U R E D I S T R I B U T I O N A T 1 1 . 7 5 n F R R F * S I N T F R V A L 

0 . 1 7 0 9 F 0 1 0 . 1 4 9 0 F n) n . I 0 1 7 E 01 P . 5 7 4 7 F OP 0 . 7 4 7 0 * 1 0 P . 1 5 1 7 E - 0 1 - P . 1 0 3 9 6 0 0 - 0 1O07F OO - 0 T 7 4 P * * 1 p - 0 . 7 4 3 1 F p i 
- 0 . 2 6 6 7 6 0 0 - 0 . 2 5 6 4 F OP - 0 . 7.382F 0 0 - 0 . 7 I R 7 F 0 0 - 0 . 7 1 1 7 F 0 0 - 1 . 1 9 I 4 F . 0 1 - 0 . 1 R 6 0 E 0 0 

F I V F P O I N T S L A G R A N G E O I F F F R F N T ! AT I O N E OP M i l l A S I M P S O N ' S R 111 * FOR I N T E G R A T I O N 

CDS C D E C D T c n s / r n * C O F / C O S 
0 . 7 6 1 5 6 F 01 1 . 6 5 R 6 6 F 0 0 0 . 3 2 7 4 3 E 0 1 0 . 3 9 7 1 1 F 1 | 0 . 2 5 1 8 2 6 0 0 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 OEG«>EFS I N T F P V A L 

1 . 1 6 R 7 E 01 0 . 1 4 6 5 E 
- 0 . 3 4 2 2 6 0 0 - 0 . 3 3 3 3 * 

01 ri.9B77F 0 0 0 . * H R F 1 0 1 . 7 H R F 1 0 - O . ? 0 9 * , r 
n o - i . T i 4 i F no - n . ? ( ) 4 6 E o n - n . ? f l f i s * 0 0 - 0 . 7 7 0 * * 

- 0 1 
1 1 

- 0 . 1 6 4 4 1 : 0 0 
- 0 . 7 6 5 0 E 0 0 

- 0 7 5 7 9 F 0 0 - 0 . 1 1 1 3 * PO - n . 3 3 4 9 E no 

S U R F A C F S H F A R S T R E S S I S P O S I T I V E E V E R Y W H E R E 

P R O L A T E S P H E R O I O MARK» 5 4 9 

A . R . R E C O N C E N T R A T I O N DM X I X7 A B IM J M 
0 . 5 0 5 0 . 0 0 Q . 7 9 9 1 R 4 A F - 0 3 1 4 . 9 * 1 5 P . 5 4 9 Q 3 . 0 BOO . 0 . 0 3 9 4 Q . 0 9 W 7 < 33 6 5 _ 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y 0 I S T R I B U T ION AT 5 . 6 3 P E G R E F S I N T F R V A L . . . . . 

0 . 0 0 . 2 I 2 5 E 01 0 . 3 B 5 7 F 01 0 . 5 0 0 3 E 01 0 . 5 * 9 0 6 01 0 . 4 7 5 B E 01 P . 5 6 6 0 6 0 1 0 . 5 4 1 4 F 01 l . 5 0 ° 8 r OI 0 . 4 7 5 7 E 01 
0 . 4 4 1 5 6 01 , 0 . 4 0 B & E 01 0 . 3 7 7 3 E 01 D . 3 4 7 B F 01 0 , 3 1 9 9 6 H 0 . 2 9 1 4 E P I Q . 7 6 8 Q E 01 0 . 2 4 3 * E 01 0 . 7 1 9 7 r 11 0 . I 9 6 4 F 01 
0 . I 7 3 6 E Ot O . I 5 I 2 F 01 P . I 7 9 3 F 01 O . I 0 9 I F 0 1 0 . 8 7 4 6 * 0 0 0 . 6 P 1 4 f P p 0 . 5 0 4 3 E 0 0 0 . 3 4 1 9 F 0 0 0 . 7 0 1 3 F 0 0 D . 9 1 4 i F - n i 
0 . 1 B 0 3 E - 0 1 - 0 . U 8 5 F - 0 1 0 . 3 6 9 8 F - 0 9 

T H R E E P O I N T S L A C R A N G F O I F F F . P F N T I AT I ON FORMULA S I M P S O N ' S R U L E FOP I N T E G R A T I O N 

C D S COF COT C O S / C D F C D F / C D S 
' 0 . 1 4 0 8 3 F 01 0 . 3 T 3 5 7 E n n 0 . 1 7 8 1 8 E 01 0 . 3 7 6 9 B E 01 0 . 2 6 5 2 7 F 0 0 

0 1 M F N S I O N L E S S S U R F A C E P R F S S U R F D I S T R I B U T I O N AT 1 1 . 7 5 O F G R E E S I N T E R V A L 

0 . 1 3 1 T E 0 1 0 . 1 1 2 2 E 0 1 0 . 7 Q 9 1 E 0 0 0 . 3 7 B 4 F 0 0 0 . 5 8 4 9 C - Q 1 - 0 . 1 1 4 0 E 0 0 - 0 . 7 1 7 0 E 0 0 - 0 . 2 7 1 6 E 0 0 - 0 . 2 9 1 7 * 0 0 - 0 . 7 P 6 7 E 0 1 
- 0 . 7 6 1 9 E 0 0 - 0 . 2 7 5 3 F 0 0 - 0 . 1 8 3 3 E - 0 P - 0 . 1 4 2 1 E 0 0 - O . I 0 5 R E 0 0 - 0 . 7 7 2 5 F - 0 1 - 0 . 6 4 5 6 E - 0 1 

F I V E " P O I N T S L A G R A N G F D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S R U L F FOR I N T E G R A T I O N 

C D J CDF C O J C O S / C Q F C O F / C O S  
0 . 1 4 0 8 3 E 01 0 . 4 0 4 3 9 E 0 0 0 . 1 B 1 7 7 E 01 0 . 3 4 8 2 4 F 01 0 . 7 R 7 1 5 F 0 0 

ttJJJENSIDKLESS . S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I N T E R V A L 

0 . 1 3 0 7 E 0 1 0 . U 1 2 F 01 0 . 7 0 0 9 E 0 0 0 . 3 2 0 8 E 0 0 1 . 4 6 7 5 E - 0 1 - 0 . I 3 2 6 E 0 0 - 0 . 7 4 3 7 6 00 - 0 . 3 0 4 7 6 0 0 - 0 . 3 3 0 3 * 0 0 - 0 . 3 2 R 7 6 00 
- 0 . 3 0 6 9 E 0 0 - 0 ; 2 T I 8 F 0 0 , - O . 7 3 0 3 E 0 0 - 0 . I B 9 3 E 0 0 - O . I 5 2 9 E 00 - 0 . 1 2 3 9 6 0 0 - Q . U 0 9 E 0 0  

A N C L E AT WHICH S U R F A C E S H F A R S T R E S S B 6 C O M 6 S Z 6 R 0 I . E . S E P A R A T I O N , I S 1 7 2 . 7 0 E G R 6 F S 
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PROLATF SPHEROID 

A.R. 
0.50 

RF 
100.00 

CONCENTRATION 
0.299I846E-03 

XI 
0.5*90 

MARK' 555 

IM 
33 

JM 
6 5 

DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT. . 5 . 63 .. DEGREES ..INTERVAt. 

0.0 
0.6151F 01 

0.31B3E 01 
0.5649F 01 

0.5T36E 01 
0.5175E 01 

0.7386E 01 
0.4729F 01 

0.8IB3F 01 
0.4309F 01 

0.8355E 01 
0.390BF 01 

0.B141E 01 
0.3573E 01 

0.7727E 01 
0.3149E 01 

0.7213F 01 
0.2784F 01 

0.6678E 01 
0.7475E *" 

0.207IE 01 
-0.1792F 00 

0.1726E 01 
-0.1753E 00 

0.t397F 01 
0.3698F-09 

0.10T6E 01 0.7823C 00 0.5183E 00 0.7R81E 00 0.9491E-01 -0.56IOE-01 -0.1537E OO 

THREF POINTS LAGRANGF DIFFERENTIATION FORMULA SIMPSON'S RULF FOR INTEGRATION 

COS 
0.9348&E 00 

CDF . 
0.77789E 00 

CDT 
0.12127E 01 

c n s / c o E 
.33662E 01 

CDF/CDS 
0.79775E 00 

DIMENSIONLESS SURFACF PRESSURE DISTRIBUTION AT 11.75 DFGRFES INTERVAL 

0.1172E 01 0.9670E 00 0.5431E 00 0.1621F 00 -0.O791E-01 -0.7554E 00 -0.3419E 00 -0..3B05E 00 -0.3B55E 00 -0.36S6F f t 
-0.327BE 00 -0.7797E 00 -0.229SE 00 -0.1857E 00 -0.1504E 00 -0.I235F 00 -0.U15E 00 

FIVE PDINTS LAGRANGE DIFFERENTIATION FORMULA 

CDS COF CDT 

SIMPSON'S RULF FDR INTFGPATION 

CDS /CDF CDF/COS 
0.93486E 00 0.29353E 00 0.127B4F 01 0.31R49E 01 

DIMENSIONLESS SURFACF PRESSURE DISTRIBUTION AT 11.75 OEGRFES INTERVAL 

0.313OBE 00 

0.1I67E 01 0.9742F 00 
-D.2739E 00 -0.7279E 00 

0.5802E 00 
-0.17B8E 00 

0.2799E 00 -0.17BIE-01 -0.1673F 00 
-0.1347E 00 -0.9912F-01 -0.71B3F-O1 

-0.759BE 00 
-0.5O63E-0I 

-0.3076r 00 -0.371 IF 00 -0.1076E 00 

ANGLE AT WHICH SURFACE SHEAR STRFSS BECnHES 7FR0 SEPARATION,IS 155.4 DEGREFS 

PROLATE SPHFROIO MARK' 590 •••••*••***•••••*••**•** 
A.R. RE CONCENTRATION DM XI X7 A B IM JM 
m i 2 IPO.nP 0.799194BE-03 16.9513 0.5490 3.PROP 0.0243 0.0491 65 105 

DJ.HENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 2.dt DEGREES INTERVAL 

0.0 0.1534F 01 0.2990E 01 0.4297E 01 0. 541 OF 01 0.6306F 01 0.6984E 01 0.7460F 01 0.7761F 01 0. 7914F 01 
0.7950F 01 0.7896F 01 0.7774F 01 0.7603E 01 0. 7399E 0| 0.7177F 01 0.6937E PI 0.66B6F 0| 0.4437F 01 0.6189F 01 
0. 5944E 01 0.5705F 01 0.5470E 01 0.5741F 01 0. 5018E 01 0.4801F 01 0.4589E 01 0.4387F 01 0.4180E 01 0.39B1F 01 
0.3786E 01 0.3593E 01 0.3403F 01 0.3715F 01 0. 3079E 01 0.7R44r 01 0.7661E 01 0.7479F 01 0.2799F 01 0.7120F 01 
0.1944E 01 0.1770E 01 0.1599E 01 0.1432E 01 p. 126«E 01 0.1111F or 0.9583E 00 0.81196. 00 . 0.672?r 00 0.5395T 00 
0.4166E 00 0.7977E 00 0.1BB3E 00 0.8B34F--01 -0. 7057E-•02 -0.8167F-•01 -0.14BSE 00 -0.2010F 00 -0.7355F do -0.7494F 00 

-0.7403E 00 -0.2078E 00 -0.1536F 00 -O.B277E -01 0. 0 

THREE POINTS LAGRANGE DIFFERENTIATION FORMUl A SIMPSON'S RULF FOR INTEGRATION 

CDS COF CDT COS/CDF CDF/CDS 
0.B9519F 00 0.77874E 00 0.I 1T39F 01 0.32115F 01 0.31138E 00 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 5.63 OFGREES INTERVAL 

.... 0.116ZE_01__ ..0.111ZE 01 0.9746E 00 0.7672E .00 0.5864E 00 0.3973E 00.. . ...0.2321E. 00 ._0.9406E-:.0l .. ..-0.1793?.-01.. . -0. 1069F 00 
-0.1764E 00 -0.7794F 00 -0.76B5E 00. -0.7958F 00 -0.31316 00 • -0.3215F 00 -P.3722E 00 -0.3161F OP -0.3041E 00 -0. 7877F 00 
-0.2662E 00 -0.7475E 00 -0.2177F 00 -0.I916E 00 -0.166RF 00 -0.1436E 00 -0.1225E 00 -0.1034F 00 -0.R606E- 01 -0. 7026E--01 
-P.566OF-01 -0.46B4E-•01 -P.4374F-01 

FIVE POINTS LAGRANGE OIFFFRFNTIATION FORMULA . . SIMPSON'S RULF FOR .. INTEGRATION .„ ' 

CDS CDF 1 CDT CDS/CDF CDF/CDS 
0.B95I9F 00 0.30337F 00 0.I19B5F 01 0.29513E 01 0.33BB3F 00 ; __ 

DIMENSIONLESS SURFACE PRESSURF DISTRIBUTION AT 5.63 DFGRFES INTERVAL 

0.1I60F 01 0.1I10E 01 0.9742F 00 0.7R79E 00 0.5B77F 00 0.3981E 00 "o.73I3E 00 0.9085F-01 -0.7426F-OI -0.I167E 00 
-0.1B97F 00 -0.246IE 00 -0.2R84F 00 -0.3186E 00 -0.3383E 00 -0.14B8E 00 -0.3512E 00 -0.3465F 00 -0.3356E 00 -0.3195E 00 
-0.2997F 00 -0.2758E 00 -O.7500E 00 -0.7257F 00 -0.7004F 00 -0.1771F 00 -0.1558F 00 -0.1366E 00 -0.1I90E 00 -0.1030F 00 
-0.B904E-01 -0.7907F-01 -0.754OF-01 
ANGLE AT WHICH SURFACE SHEAR STRESS BECOMES 7.ER0 I.F. ..SEPARATION, Ijs 151,H DEGREE S . 



1 1 - 2 6 

P«OLATF SPHFROIO CONCCNT̂ATION Q.3738688F-14 
OIMENSIPNLESS SURFACF V I R T I C T T Y P I S T"» I H U T 1 O N AT * 

n.O 0.1382E Oi 0.1876F Pt , 0.1716F 01 INTpovAI. n. i vi | r-0.6593F 00 0.6744E P.17976 0! 0.9463F 00 1.6972= Pfl 0.7703* ni 00 1.346TE-09 
0 . 7 7 7 7 F 00 0. R116* no 1.0069b 00 0.1014* 11 1.11?u* 01 n. 1 ? r- f- * ii THRFF POINTS 1 AGP ANOF OIFFFRFNTIATION FORMULA SI«"SON'S "ULF l\iT*r,iAT [ON ens 

0.492R7E 02 
COF r.DT 1.79403E 01 0.51331F " 7 CiS/Cn* 

1. ? 4 " 4 8 F 1 7 

mr/cus 
0.41584E-01 

OTMFNSIONLFSS' SURFACE PRFSSU»̂ niST"inUTION AT 11.2 < OFGPFPS TNTCPWAL 0.1 TOOT 02 0.1707F 02 1.T919F 01 0.6447F i| n.«!fl7?F 01 0.5619* 11 1.5496* 01 0 ,>;437* 01 1.5194* 11 n.*'"73c' ii P.S344F 01 0.57846 01 1.5151* 01 0.4R77F 01 n.3"1S* n o.ii 7f>c 11 -0.?p85r 01 FIVF POINTS LAGRANGF 11FFFRCNTI AT I ON FORMULA SIMPSON'S Pill r FPP IN TF GP AT I ON COS COF COT rnr/ens n.49?fl2E 02 1.27311F 01 1.12071* 07 0. 1 7fi«7r .it O.S440rir-Ol niMFNSIONI ESS SURFACE PRrSSIRr h1STRI RUT I ON AT lt.2 6 n*GP*rs 1NTCPVAL 0.1734E n? O , I ? O ? F 

n.*?05E 01 0.4074* 
07 0.7578* 01 0.5RP9* 01 01 0.3867* oi 0.3450F i) 0.5114* 11 0.4R4?r-0.7415* 01 -1.5 3 *.]* 11 0.4636T 01 -1.4156T 01 

0.4414* 

11 

0.4*10* 01 1,4111* 11 SURFACF SHTAR STRESS IS POSITIVE PVFRYWHFD* PROlATE SPHFROIO M A R < = 567 A.R. PF 
o.7o i.or 

CONC*N TR A TIIN 0.547?34?*-05 56.7464 1 . 7 1 7 1 i.6 800 0 03 70 1.10R7 TM 1 1 ,1M >— OIMFNSIONIFSS SURFACF VORTICITY 1ISTRIPIITI0N AT 4.43 OEGR * * ̂ IN T F0 V4| t 0.0 0.1375E 0.8419F 00 0.7892E 01 0.1847* 01 0.1787F 
0 1 0.7469F 0 0 fl.HIIF 01 0 . 

1 0 0 . 

1*81* 11 0.1384* 6« 70F 10 1.4fe71 F il 
0 1 

1.1222F 01 0.6431E 00 0 

0 

l"07* 64 4 5 F 

01 o.ortn';* 11 1.6413* 0 0 
0 0 1 

9 1 7 4 F 443r* n 
0 1 

0.6416E 00 0.6662F 0.1775F 01 0.9297F 0 0 0.4885F 0 0 0.7108F 00 0.340RF-09 0 0 0 . 7623F 01 1.8191* pi 0.P938F OO 0 9 1 1 7 * 11 1.1111* 11 1 7->6F THREE POINTS LAGRANGE 01F*FRFNTTATT ON FORMULA SIMPSON'S RULE *PR INTEGRATION ens 
0.48R75E 02 

C O F rnT 
0.17743* 1 1 1.50417E 02 

COS/CP* 0. 774R7* 12 cnr/r.os 
1.36381E-Ol 

01MENSIPNLESS SURFACE PRESSURE DISTRIBUTION AT 11 . 7 5 OEGREFS /INTFRVAL 0.1693F 07 O.I218F 07 0.8180*. 11 1.6797F 11 0 . 627ft* m 0.6165* 01 0.50786 01 0. 5946F 01 1.5939* 11 o 5 9 3 1 F 11 

1.5032F 01 1.5B97F 01 0.5784* 11 0.5483T 01 0 . 4612* "I O.2004F 11 -0. 1097E 01 FIVE POINTS LAGRANGF OIFFFRENTIATION FORMULA SIMPSIN'S RULF roR INTEGRATION COS COF COT Cp*:/ciF COF/CDS 0.48825F 07 n.7717?E 01 0.51528 
* 0 ? 

0. IR069* 17 1.5S343F-01 OIMFNSIONIFSS SURFACF PRESSURF DISTRIBUTION AT 11 .25 DEOpFrs INTCPVAL 0 . 1727E 02 0.1?10F 0.4291E 01 1.4I63F 07 0.7540E 11 0.5931F 01 0.3950F 01 0.3576F 1 1 0 . 

01 0 . 

5251F 11 1.4909* 2493* 11 -0.M64E 01 
1 1 
0.47106 01 -1.3854E 01 0. 4578E 01 0.447?r 11 0 4if 7 F 

11 

SURFACF SHEAR STRESS IS POSITIVE EVFRYWHFPF CONCENTRATION 0.1551757F-05 

DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5.63 DEGREES TNTFRVAI 0.1867F 01 0.178BE 01 0.1487F 01 0.6R6̂r 11 0.13B4E OI 0. 1222F OI 0.H97F OI o.«893F OP 0.9073F 00 0.6504E 00 0.6649F 0.1271F OI n.9260E OO 0.4869E 00 0.7I81E 00 n 00 0.33846-09 7604F 00 0.8170* 00 0.P914E 00 0 9879F 00 i. 1 107F 01 0.1737E 01 THRFF POINTS LAGRANGE niFFFPENTIATION FORMULA SIMPSON'S RULF FOR INTFGRATION CDS P.4BT64E 02 CD* COT 0.15447F 01 0.5n309E 07 COS/CDF 0.31479E n? COF/COS 0.31667E-0I 
DIMENSIONLESS SURFACF PRFSSIIRF DISTRIBUTION AT 11.25 nEGRFFS INTERVAL 0.1693F 07 0.1779E 07 0.B396F 01 0.70656 01 0. 6588E 01 0.6409E 01 0.6349E 01 0 6 344E "1 0.4361F 01 0.6384* 01 0.6399F 01 0.6386E 01 0.63016 01 0.6079E 01 0. 5700F 01 0.7677* 01 -0.3147E 00 FIVE POINTS LAGRANGF OIFFFRFNTIATION FORMULA SIMPSON'S PULE FOR INTFGRATION COS CDF CDT CPS/CO* CDF/CDS 0.48764E 02 0.26569E 01 0.51471E 07 0.1B354F 02 0.544846-01 DIMENSIONLESS SURFACE PRESSURF DISTRIBUTION AT 11.75 DFGREFS INTFRVAL .-0. 1777E 0? 0.1199f 0.4344E 01 0.421BF 02 0.7558E 01 0.594BE 01 0. 01 0.40UF 01 0.3596E 01 0. 5773E 01 0.4936E 7574F 01 -D.3136F 01 00 

0.4741E 01 -0.37136 01 0. 4616F 01 0.4521F 01 0.4436F 01 . SURFACF SHFAR STRESS IS POSITIVF 'EVERYWHERE 
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PHC. 'LATr S P H E R O l 0 

C 0 N C 6 N T R A T I O N 
0 . 3 7 3 B 6 8 B E - 0 4 

DM 
2 9 . 9 0 6 0 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N S . 5 . 6 3 D E G R E E S I N T E R V A L , 

0 . 0 
0 . H 9 5 E 01 

0 . 2 0 9 3 E 01 
0 . U 1 0 E 0 1 

0.2817E 01 0.1040E Ql 0 . 2 6 7 9 E 0 1 
0 . 9 B 2 9 E 0 0 

0 . 2 3 5 4 E 01 
0 . 9 3 5 9 E 0 0 

0 . 2 D 4 6 E 0 1 
O . B 9 7 * E 0 0 

0 . 1 7 9 2 E 0 1 
0 . 8 6 6 3 f c 0 0 

0 . 1 5 9 0 E 0 1 
0 . 8 4 1 B E QQ 

0 . 1 4 2 9 E 01 
0 . 8 2 3 1 E 0 0 

0.1299E 01 
O.fllOOE 00 

0 . R D 2 3 E 00 
0 . 1 1 2 3 E 0 1 

0 . R 0 0 1 F 0 0 
0 . 7 9 9 1 E 0 0 

0 . 8 0 3 8 6 . DO 
0 . 3 4 6 7 E - 0 9 

0 . 8 1 4 3 E 0 0 0 . 8 3 3 0 E 0 0 0 . B 6 Z D E 0 0 0 . 9 0 4 5 E 0 0 Q . 9 6 3 6 E 0 0 0 . 1 Q 4 0 E 01 

T H R F E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

COS 
0 . 1 2 7 4 2 E 0 2 

COF 
0 . 5 8 8 9 2 E OO 

COT 
0 . 1 3 3 3 1 E 0 2 

C D S / C D F 
0 . 2 1 6 3 7 E 0 2 

C D F / C O S 
0 . 4 6 2 1 8 E - 0 1 

0 I M F M 5 1 0 N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I N T E R V A L 

0 . 5 ? C f c E 01 0 . 3 6 3 1 E 01 0 . 2 2 9 4 E Q l 0 . 1 B 0 6 E 0 1 0 . 1 6 0 7 E 0 1 0 . 1 5 1 4 E O i 0 . 1 4 6 6 1 : 0 1 0 . 1 4 3 9 E 0 1 0 . 1 4 2 2 E 0 1 0 . 1 4 1 0 6 0 1 
0 . 1 3 9 9 E 01 0 . 1 3 8 4 E 01 0 . 1 3 6 0 E 01 0 . 1 3 0 8 E 0 1 0 . 1 1 6 3 E 0 1 0 . 7 2 6 2 E 0 0 0 . 2 0 9 0 E 0 0 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A 

CDS CDF CDT 

S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C O S / C D F C O F / C D S 
0 . 1 2 7 4 2 E 0 2 0 . 7 7 6 3 4 E 0 0 C . 1 3 5 1 9 E 0 2 0 . 1 6 4 1 3 6 0 2 

D I M E N S I O N L E S S S U R F A C E P R E S S U R F D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I N T E R V A L 

0 . 6 0 9 2 6 E - 0 1 

0 . 5 3 1 6 E 0 1 
0 . 1 0 6 4 F 01 

0 . 3 6 2 2 E 0 1 
0 . 1 0 3 3 E 0 1 

0 . 2 1 8 4 6 01 
0 . 9 9 1 3 6 DO 

0 . 1 6 4 2 E 0 1 
0 . 9 2 0 2 E 0 0 

0 . 1 4 0 5 E 01 
0 . 7 5 3 I E 0 0 

0 . 1 2 8 1 E 01 0 . 1 2 0 8 * 0 1 
0 . 2 T 6 4 E 0 0 - 0 . 2 S 3 8 6 0 0 

0.1122E 01 0.1092E 01 

S U R F A C E SHEAR S T R E S S I S P O S I T I V E E V E R Y W H E R E 

P R O L A T E S P H E R O I D 
* • « * • * • * • • * * • * * * * * * * * * * * 

M A R K - 5 6 8 

A . R . RF 
0 . 2 0 1 0 . 0 0 

C O N C E N T R A T I O N 
0 . 3 0 0 1 B 5 3 F - 0 3 

DM 
1 4 . 9 3 4 9 

X I 
G . 2 0 ' 9 

X 2 
2 . 3 4 B 0 

A 8 
0 . 0 2 2 B 0 . 1 9 R 2 

IM 
3 3 

J M 
9 5 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 3 . D E G R E E S I N T E R V A L . . ._ „ . ... 

0 . 0 0 . 2 6 6 0 E 0 1 0 . 3 5 4 R F 0 1 0 . 3 3 5 2 F 01 0 . 7 9 2 7 F 01 0 . 2 5 3 0 F 01 O . 2 2 0 5 E 0 1 0 . 1 9 4 7 E 01 0 . I 7 4 2 F 01 0 . 1 5 7 8 E 01 
0 . 1 4 4 4 F 01 0 . 1 3 3 6 F 0 1 0 . 1 2 4 6 E 01 P . 1 1 7 i r 01 0 . 1 1 0 9 F 01 0 . 1 0 5 7 F 01 0 . 1 0 1 4 E 0 1 0 . 9 7 B 1 F 0 0 0 . 9 4 Q 3 E 0 0 D . 9 2 6 6 F 0 1 
0 . 9 0 9 8 E 0 0 0 . 8 9 8 7 6 0 0 D . 8 9 3 3 6 0 0 0 . 8 9 4 0 E 0 0 0 . 9 0 1 4 E 0 0 0 . 9 1 6 4 F 0 0 0 . 9 4 0 8 E 0 0 0 . 9 7 6 7 F 0 0 0 . 1 0 2 * 6 01 0 . 1 0 7 1 F 01 
0 . 1 0 4 6 E 01 0 . 7 Z 6 5 E 0 0 0 . 3 6 0 0 F - 0 9 

T H R E E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E F O R I N T E G R A T I O N 

ens cn? C O T cos/cnF C D F / C D S ' 

0 . 7 * * 7 B F 0 1 0 . * R 3 7 7 6 0 0 0 . 7 9 3 1 5 E 0 1 0 . 1 5 3 9 5 E 0 2 0 . 6 4 9 5 5 E - 0 1 
0 I M F N S I 0 N L 6 S S S U R F A C E P R E S S U R E D I S T R I B U T I O N A T 1 1 . 2 5 D E G R E E S I N T F R V A L " 

0 . 3 3 8 * 6 0 1 0 . 7 2 8 3 E 0 1 0 . 1 3 5 0 F 0 1 0 . 9 Q 4 5 F 0 0 0 . 8 4 2 5 F 0 0 0 . 7 6 * 7 6 0 0 0 . 7 1 9 3 E 0 0 0 . 6 B 9 1 F 0 0 0 . 6 6 6 3 F 0 0 0 . 6 * 6 3 6 0 3 
0 . 6 2 6 2 E 0 0 0 . 6 0 3 7 E 0 0 0 . 5 7 5 7 6 0 0 0 . 5 3 5 3 F 0 0 0 . 4 5 B 0 F 0 0 0 . 7 5 5 6 6 0 0 0 . 2 5 3 3 E - 0 1 

F I V E P O I N T S L A G R A N G E D I F F 6 R F N T I A T I ON F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

CJJS. CDS. (mi C D S / C D F C O F / C O S • 

D . 7 * * 7 8 6 01 0 . 5 6 1 B 5 E 0 0 0 . R 0 0 9 6 E 01 0 . 1 3 2 5 6 E 0 2 0 . 7 5 4 3 8 E - 0 1 

D I M E N S I O N L E S S S U R F A C F P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 . . . D E G R E E S . I N T F R V A L . . . 

0 . 3 4 5 6 E 01 D . 2 3 0 5 E 0 ! 0 . 1 3 2 O F 01 0 . 9 * O B F 0 0 0 . 7 7 9 3 E 0 0 0 . 6 B 7 B F 0 0 0 . 6 3 1 3 E 0 0 0 . 5 9 1 3 6 0 0 . 0 . 3 4 0 5 E 0 0 0 . 3 3 3 1 F 0 0 
0 . 5 0 6 2 6 QQ 0 . * 7 7 7 6 0 0 0 . 4 4 2 9 F 0 0 0 . 3 9 5 8 E 0 0 0 . 3 1 1 0 6 0 0 0 . 9 6 T 5 r - 0 1 - 0 . 1 * 6 0 E 0 0 - • 

S U R F A C E S H F A R S T R F S S I S P O S I T I V E E V E R Y W H E R E 

C O N C E N T R A T I O N 
0 . 3 0 0 1 8 5 3 F - 0 3 

. D 1 M E N S I 0 N L 6 S S S U R F A C E V O R T I C I T Y DI STR I PUT ION AT . . 5 . 6 3 . . DEGRE E S . .1 NT?R V A L . 

O . D 
. 1 * * 9 6 

0 . 2 6 6 5 E 01 
D . I 3 4 I E 01 

0 . 3 5 5 5 E 0 1 
. 1 2 5 7 6 , 0 1 

0 . 3 3 5 6 6 01 
0 . 1 I T B 6 01 

0 . 2 9 3 2 E 01 
. I t 1 6 6 0 1 

0 . 2 5 3 5 F 01 
. 1 0 6 5 F 01 

• 2 2 1 0 E 0 1 
. 1 0 2 3 6 0 1 

0 . 1 9 5 1 E 0 1 
0 . 9 8 8 0 6 0 0 

. 1 7 * 6 6 0 1 
0 . 9 5 9 6 * 0 0 

0 . 1 5 8 2 F 0 1 
0 . 9 3 7 1 F 0 0 

0 . 9 2 0 1 E 0 0 
0 . 1 0 3 5 6 0 1 

0 . 9 0 8 7 6 0 0 
. 7 1 8 0 6 0 0 

0 . 9 0 1 5 E 0 0 
0 . 3 6 0 0 6 - 0 9 

0 . 9 0 O 3 E 0 0 0 . 9 0 5 1 6 0 0 0 . 9 1 7 * 6 0 " 0 . 9 3 8 9 6 0 0 0 . 9 7 2 0 E 0 0 0 . 1 0 1 7 F 0 1 0 . 1 0 6 1 F 0 1 

T H R E F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S 
0 . 7 * 9 0 0 6 01 

C O S / C D F 
. 1 7 * 0 0 6 0 2 

C O F / C O S 
0 . 5 7 4 7 1 E - 0 1 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 D E G R E E S I N T E R V A L 

• 0 . 3 3 B 9 E 0 1 0 . 2 7 8 6 6 01 0 . 1 3 5 7 F 01 0 . 1 0 0 6 6 01 0 . 6 5 5 9 6 0 0 0 . 7 8 1 5 F 0 0 0 . T 3 9 5 E QQ , 0 . 7 1 3 5 6 0 0 0 . 6 9 5 * 6 0 0 0 . 6 8 1 5 6 0 0 
0.6692E 0 0 0 . 6 5 6 5 E 0 0 0 . 6 * 0 5 6 0 0 0 . 6 1 4 0 E OO 0 . 5 5 H E 0 0 0 . 3 6 2 6 E 0 0 0 . 1 4 1 I E 0 0 

FIVE POINTS L A G R A N G E 0 1 F F E R 6 N T I A T I O N F O R M U L A 

cos ; C O F C O T 

S I M P S O N ' S R U I E FDR I N T F G R A T I O N 

C O S / C D F C O F / C O S 
0 . 7 4 9 0 0 E 01 0 . 5 0 7 2 7 E 0 0 D . 7 9 9 7 3 F 01 0 . 1 4 7 6 5 E 0 2 0 . 6 7 7 7 6 E - 0 1 

3 3 . 3 U 8 F A C E P R E S S U R E D I S T R I B U T I O N A T . 1 1 , 2 5 D E G R E E S . . I N T E R V A L 

0.2310F 01 
0.531*6 00 

C13366 0 1 
0.509*6 00 

0 . 9 6 1 0 E 0 0 
0 . 4 7 6 8 6 0 0 

0 . 7 9 3 3 E 0 0 
0 . 4 0 6 8 6 0 0 

0 . 7 0 5 3 6 0 0 
0 . 2 0 7 2 6 OO 

0 . 6 5 2 1 E 00 
- 0 . 2 6 1 7 E - 0 1 

0 . 6 1 6 6 6 0 0 0 . 5 9 0 5 E 0 0 0 . 5 6 9 3 E 00 

X, ;fc»MCB (HEAR STRESS IS POSITIVE EVERYWHERE 



I I 

PROLATE SPHEROfO HARK * 574 

A.R. RE CnNCFNTRATION DM »l A R IN JM 
0 . 7 0 ?o.nn 0 . 3 0 0 1 B 5 3 * - 0 3 1 4 . 0 3 4 9 0 . 7 0 * 9 7 . 3 4 B 0 0 . 0 2 ? B O . O O A ? . n4 

DIMENSIONLESS SURFACF VnRTICITV DISTRIBUTION AT 5 . 6 ? DECREES INTERVAL 
0.0 
0 . 1 7 9 9 E 01 

0 . 3 5 * 1 6 01 
0 . 1 6 5 8 F 01 

0 . 4 6 S 4 E 11 
1 . 1 S 4 1 E 01 

0 . 4 3 5 0 E 01 
0 . 1 4 4 3 F 01 

0 . 3 7 4 4 6 01 
P . 1 3 6 I E 01 

1.3279E 01 
0 . 1 Z Q 7 F 01 

0 . 7 7 9 6 F 0 1 
0 . I 7 3 4 F 01 

0 . 2 4 5 6 F 01 
0 . 1 1 1 4 * 01 

0,»187r 0 ( 0 . I 9 7 3 F H 
1 4 7 * 01 0 . 1 1 0 5 F 01 

0 . 1 0 7 5 E 01 
0 . 8 7 4 9 * 00 

0 . l H 6 r Ot 0.9B9°F 0 0 • 0 . 0 7 6 ' F p i 0 . 9 6 5 9 E 00 0 . 9 4 9 1 * 0 0 0 . 9 5 5 6 F 0 " 0 . 9 4 5 1 E 00 

THRFF P O I N T S LAGRANGE n ) F F * P * N T 1 A T I O N FORMULA 5 | M P S 0 N"S R U L E *0R INT* OR AT I ON 

CDS 
0.450I2E 01 

COF 
0 . 7 7 0 0 4 E 10 

O I M F N S I O N L F S S SURFACE P R E S S U R F 1 I S T R | < M J T 1 0 N AT 1 1 . 7 5 OEGRFES I N T E R V A L 

0 . 7 3 5 3 * 01 0 . 1 5 3 4 F 11 1 . 8 5 4 Q F 00 0 . 4 9 9 4 F Q l 0 .401 ° r OQ 0 . 4 3 Q 1 
0 . 3 7 0 4 * 00 0 . 3 6 * 6 * 00 0 . 1 4 O 4 F OO 0 . 3 4 4 4 F 00 

C D F / C D S 
0 . 6 0 I 9 ' , F . - O I 

0 . 4 1 1 4 E 00 0 . 3 9 4 6 * 1 1 0 . 3 P 3 - * * 10 
0 . 7 1 1 8 E 00 

F I V F P O I N T S I A G R A N G F p i * * E R C N T J A T I n N *PRMIJL4 

' COS C o r COT 
0 . 4 5 0 1 2 E 01 0 . 3 7 4 6 3 F 

O I M F N S I O N L E S S S U R * A C * P R C S S U R * 

1 0 1 . 4 R ? 6 " F 11 

i ! S T R f n , ; T l n N n J l.->4 

S I M P S O N ' S R U L F FOR TNTFORATION 

C O S / C D F C O F / C O S 

0 . 1 3 8 4 6 * 07 1 . T 2 1 2 1 E - O I 

or.Gi»C*S I N T E R V A L 

• 4 4 5 4 F 01 0 . l f l ? 4 * l 7 * 7 

S U R F A C E SHFAR S T R E S S IS P O S I T I V E * V F P Y W H r o F 

. 3 4 5 7 f 0 0 

. I 0 l 9 r .00 
0 . 3 2 H * 10 0 . h 6 3 ' - 0 1 

PROLATE S P H F R O I O 

A . R . 
1 . 7 0 

R* 
5 1 . 0 0 

1T MFNS I ONI E S S SURFAC * V O R T I C I T Y 0 I S To I BUT ION AT . S . f . l . o r - f , R r * 5 I N T F R V 4 I 

0 . 0 0 . 5 4 9 4 E 01 0 . 7 0 1 7 
0 . 2 4 8 9 F Q l 0 . 2 2 * 1 * 01 0 . 7 1 0 7 

.1-3 7 3 * 01 

. 4 7 1 8 E 0 0 
1 . 1 7 1 7 * 01 

0 . ' 7 * , 5 * 01 
0 . 1 4 3 0 F n i 

THRFF P O I N T S LAGRANGF 0 I rF*» * NT 1 AT T ON *0RM1JI.A 

COS 
0 . 2 4 0 1 6 F OI 

S i * r s n i ' S " M l = 

0 . 1 5 1 R 5 E 00 0 . 7 * * 0 5 * O, i . l 5 i l « i * 0 ? 

DIMFNS [ O N L E S S S</R*ACE P P F S S U R * n } STR j PUT ION AT M . . ' 5 P F G P F r e ]MTF»Vn 

0 . 1 4 3 0 E 01 0 . Q R 1 5 * 1 0 0 . 4 7 1 4 * 00 n . ? " 7 6 E 0 " ft. 7 1 - s i c i p n . f j ' 1 * 1 " 
0 . I 4 B 7 E 00 0.14«4E 00 0 . 1 5 2 7 * H 0 .158 ° * 0 " 0 . 1 ^ 6 1 * 1 .1 4 n . ' 4 1 3 E 0> 

Q . 1 6 R T nn 

F I V E P O I N T S LAGRANGE 0 IF F*R r NT I AT 1 ON FnRMIJ lA 

r p s * n * c 

M M p S n M * S ^ F n c : (" J <' t '? - 0 ATION 

f " t / r i c * T / C P S 
0 . 7 4 P 0 6 F 01 1 . 7 0 5 4 / e 0 0 1 . 7 6 1 6 1 * n I 1 6 A 4 * " 2 

OIMFNSIONI E S S S U R F A C F P R E S S O R * P I S r P l BIJ T T I N AT 1 1 . 7 4 r,rr.e*r-<; t * ' T * n v M 

O . R 9 7 IF 0 0 
0 . 7 7 7 4 E - H 

0 . 4 7 1 6 F 01 

1 . T 8 7 i r - n 
SURFACT SHFAR S T R E S S I S P P S t T t V F F V r 0 Y W H * R * 

P R n L A T * S f W R O I D 

0 , Q I T n F - P . r 1 7 6 f . - 1 1 

O I M r N S I O N I *"^S «:ijRFACr: vn»TIC*TY 

. 4 ^ 3 0 r 
0 . ? 4 « R F " 1 
1 . 1 T U * 1 1 
O . I 3 2 3 * " 1 
n . i n i " * H 
1 . 4 7 1 1 T 1 * 

' 1 S T " I P U T I O N AT 

: F 01 1 . 6 4 B - J * 

0 . 1 7 - V 
o . i 
n . 4 3 5 ' 

p . i m " * 
1 ? m * 

P.. '".!*r 

C . 1 •» 7 * F 01 
n . l ? ' 1 * 0 1 
i . n j / . p r n n 
n . 7 1f , i r - ">i 

* C S I N T * " V A t 

0 . ? n ? 3 * 
1 . 1 4 1 4 F 

O.t 1 7 2 * 

. • , 3 1 0 0 O I 1 . 5 9 ? 0 * 

.~<i65r: 11 0 . 2 8 ^ 7 * 

. 1951E 01 0 . 1 a «4* 

. 1 4 5 7 E 01 0 . 1 4 7 7 * 

. ! IWFf ' J l 0 . 1 ) 1 ? * 
, " i 7 2 r : 00 0 . T 6 3 5 F 

. 1 8 2 4 * 1 1 0 . 1 7 6 7 * 

. 1 7 PR " - 01 1 . 1 3 5 4 F 

. 1 I 8 ] r - 01 0 . 1 0 * 0 * 

. 7 ' T 4 F ' 0 0 1 . 4 ? 1 6 F 

pn jwr<; i A",NA^t'f 

1 . 7 3 6 1 7 * i t 

c**JT M T ' ON F 0 " MU I. A 

i i I M*NS I ONI FSS i i n r t r * p r E ^ n - * * " f f K U T t ^ 

«!"PSPH»S RUt c 

C i S / C D t 

1 . 1 4 6 5 6 F u 

p*V>r<'S r*'TFRVAI. 

I M T m P A T I ON 

. 1 *;orjf 

. 7 7 5 1 F -
, /, n u f r -

1 . 1 ? 4 ' F 01 
1 . 6 / 1 i f - - " l 
n . 4 ? - > n f - ^ i 

f . T f ' . l ^ 10 
0 . "•-.«* 1 3 * - 9 1 
, s . 5 ' ' 4 7 * - 1 l 

0 . ! i ^ ' - * - r o ^ 
n . r - ' 3 7 F - n i 
0 . f c t o 4 F - 1 1 

n . 7 7 5 o r 0 0 
0 . 4 4 o i r _ o i 
n . 7 5 1 7 ' : - n i 

1 . 1 9 ' ) 4 f 0 1 
l . 6 * 5 8 f c - 0 1 
P . '«?64r -0 l 

o . n o p r . n i 
0.4«.?7*-01 
0 - ° 0 i 5 * - 0 1 

0 . 1 I 4 S F 10 n . 0 3 5 6 * - 0 1 
0 . 4 4 H F - 0 1 0 . ' . 6 A 5 * - 0 1 
i . 0 6 4 8 E - m 0 . 1 H ' r " i 

F I V * P P I M T f L A O " A N G r N I F ** P r N T I AT I UN F P R W I M . ' 

r o s 
3 40 7V 

COT 

0[VFN<; r n ^ i p S U R F A C * P R E S S U " - n i S T P j n i r T i n u ftT 

SI»PS r N"S »ULE 

C o S / c p * 
. l ?4 - jmf : 0 

G P F T S INT*"»VAI 

0 . l r'7-»* 1 1 1 . 1 3 7 1 * 1 1 
- n . 2 ? 4 8 * - P l - 1 . 3 7 8 ' E - 0 1 
- 0 . 7 3 5 T E - H - n . 71 1 4 C 

- 0 . 4 0 3 5 F - 1 1 
n . 3 T 5 n * no 

- O . v - ^ F - n i 
- 0 . 5 7 ^ 1 * - P l 

IN 'T*r ,RAT10N 

C D F / C O S 
• 8 0 4 1 3 F - 0 t 

0 . 7 0 5 / - * on 
- n . ' . 9 ' 5 c - i l 
- 0 . 4 1 1 1 F - H 

- 0 . 3 9 7 9 E - 0 t - 1 . 4 1 6 6 * - n 1 - I . -t6 3 0 r - 0 I 

5URFAC.F 5MHAP STOPSS I T. P O M T t V F r :VFOY.WH*R* 

1 . 1 2 1 9 E 00 0 . 6 5 5 0 * - 0 1 
- I . ' 7 4 9 * - 0 1 - 0 . 7 H J 4 5 F - 0 ! 
- 1 . 6 4 7 H E - 0 1 - 0 . 3 7 n f : - 0 1 

. ? f . 7 e * - 0 1 - 0 . 1 8 7 0 F - O 2 
, 7 5 ? c * - m - n . 7 4 9 4 * - 1 1 
. 1 1 3 w r - 0 1 - 0 . 2 3 1 8 * - n i 
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POOLATF SPHFROIO 
***** 

A.R, C O N C E N T R A T I O N 

DIMENS IONLESS SURFACF VORTICITY DISTRIBUTION AT 5. 47 nFO.PEES INTFRVAL 

0.0 
0.3796F 01 

0.R029E 
0.3004E 

01 0.9944F 01 0.R942F 01 
01 0.7744E 01 0.?5fiOt 01 

0. 
0. 

7SOFF n] 0.429ftr 
7786E 01 0.7734E 

01 
ni 

0.5342E 01 
O.7106E 01 

0. 
0. 

4644F. 
1 OOOF 

"1 
n| n, 

,4 A Q n r 
, 1 "R7F 

">l 
01 

0. 
n. 

'45 1 r 
1 T O ' t 

m 

0.1707E 01 
0.4797E 00 

0.1424F 
0.3271F 

01 0.1443E 01 0.I442E 01 
00 0.3400E-09 

0. 1177E 01 0.120^ 01 0.11R9F 01 0. 1 "RTF 01 O.of.77r 00 n. q j c i c p 

THREFPOINTS 1 L AGRANGE 0IFFERFNT1ATION FORMULA SIMPSON'S FIJI E FOR INTEGRATION 

COS 
0.155116 01 

CDE COT 
0.17430F 00 O.K.753F 01 

COS/COF 
0.1747RE 0? 

COF/COS 
0.P013RE-01 

01 MFNS1ONL FSS SURFACE PRFSSIJRE DISTRIBUTION AT 11.74 OF OR EE S INTERVAL 

0.1350F 01 0.725RE 00 O.J605E 00 O.UROF 00 0. M4IF-01 0.474'F -01 ".3401E-01 0. 3117F- 01 0. •01 0. 77ft"'' -ni 
0.7IS71F-01 0.2524E-•01 0.254IE-01 O.7734E-01 0. 7OS2F-01 0.3I50E - o i 0.31f.3E-0l 

FIVF POINTS LAGRANGE DIFFFRFNTIATION FORMULA SIMPSON'S RULE FOP INTEGRATION 

ens COF COT CDS/CDF COF/COS 
0.1441 IE 01 0.17508F 00 0.17261E 01 O.PR^OOE 01 0.\12»HF 00 

OIMENSIONLESS SURFACE PRFSSURF DISTRIBUTION AT 11.74 OFGRFES INTFRVAL 

0.1372F 01 
-0.4477E-02 

0.74R0E 
-0.7B14E-

00 0.3124E 00 0.1571F on 
•02 -0.O4!'E-0? -0.RT13F-02 

0. 
-n. 

8331E-01 0.44l?r 
fi739E-02 -0.4Annc 

-01 
-07 

0.7744F-01 
-0.SO07E-02 

0. 1417F-"1 0. , ',<i4ac:-02 71»4 r -07 

SURFACE SHEAR STRFSS 'S P0SIT1VF FVERVWHERE 

PROLATE SPHEROID MARK- 5RR ************************ 
A.R. RE CONCENTRATION DM XI *7 A R IM ,JM 
0 . 20 100.00 0. 3001 974F-03 14.3347 0.2079 7.74P0 0.0204 0.0401 ftij ] " s 

01MFNSI0NLFSS SURFACE VORTICI TV OISTRIRUTION AT 7.41 OFGRECS INTFPVAL 

0.0 0.4601E 01 0.7BB8E 0 1 0.0468F 01 0.9799E 01 0.94S5F 01 0.R°2RE 01 0.R124F 0 1 0.7441F 0 1 O . f . F I F C n l 
0.4756E 01 0.4764F 01 n.5337F 01 0.4953F 0 1 0.4M9F 0 1 0.4374F n l 0.4O67E 01 0.3Q2RR

 0 1 0.3MFLR 01 0 . 747<IF 
0.1759E 01 0.1103F 01 0.7947F 01 0.7B32E 01 0.7713E 0 1 0.7603F 01 0.7500E 01 0.7404F 01 P.'W,' M 0.773">r ni 
0.2I55F 01 0.20B0F 01 0.7010F 01 0.1943E 01 D.1R79F 01 0.1R1RF n t 0.1740E 01 0. 1 707F 01 n . l M 7 F 01 n . n » i r nt 
0.1540E 0 1 0.14R9E 01 0.143RC 01 0.13B9F 01 0.I340F 01 0.1297F 01 0.1244E 01 0.11O7F "1 0.U40F 01 O.llOi': "I 
0.1047F 01 0.1011F 01 0.9444E 00 0.9174F 00 0.R49IF 00 0.R190E 0 0 0.7647E 00 0.7U4F no ".I*.?/*? 00 O.S077F 0-> 

0.4I37E 00 0.4231F 00 0.306OE 00 . 0.1567E 00 0.0 

THREF POINTS LAGRANGE 01FFERFNTI ATInN FORMUlA SIMPSON'S RULE FOR INTEGRATION 

CDS COF TOT COS/CDF COF/COS 
0.14812E 01 0.10408F 00 0.15853F 01 0.14732F 0? 0.70767E-01 

DIMENSION! ESS SURFACE PRESSURE DISTRIBUTION AT 4.63 DEGREES INTFRVAL ~ ~~~ ~ ~ 

O.I332E 01 0.1110E 01 0.7192E 00 0.431RE 00 0.7477E 00 0.1547F. 00 0.O12AE-01 0.5177F-OI o."»*,47F-01 0.9fl7ftF-n7 
-0.9413E-03 -0.791BE-O2 -0.1223F-01 -0.14f.2E-0! -n.l54RE-01 -0.l443r-01 -0.1438E-DI -0.1754E -O1 -0.I006F-01 -0.4964F-"> 
-0.332RE-07 0.7772F-03 0.4272E-02 O.lOOfiF-01 0.1403F-O1 0.700ir-01 0.7478E-01 0.2901F-01 0.7774r-01 0.7791F-OI 
0.3374E-0I 0.3077F-ni 0.2B79F-01  

FIVF POINTS LAGRANGE DIEEERFNTI ATlON FORMULA SIMPSON'S RULE FOR INTEGRATION 

COS 
0.14B17F 01 

COF 
0.14034E 00 

cnT 
0.16314F 01 

COS/COE 
0.9B419E 01 

COF/CDS 
0.10140F 00 

DI MFNS I ONI ESS SURFACE PRESSURE D 1 STR I BUT I DN AT 5.63 OFC.PEES INTERVAL 

0.131AE 01 0.1094E 01 0.7040F 00 
-0.4857F-01 -0.7096F-01 -O.R003E-01 
-0.9087E-01 -0.B775F-01 -0.B404E-01 
-0.5903E-01 -0.(.717E-0! -0.4399E-01 

0.4183E 00 0.7417E 00 0.1324E 00 
-0.S654E-01 -0.9103E-01 -0.9387E-01 
-0.7990E-01 -0.7442F-01 -0.7087E-O1 

0.4197E-01 0.1472E-01 -0.1flinF-ni -0.4I57F-O1 
-0.0534E-01 -0.9564 C-OI -O.O492F-01 • -0.933OF-01 
-0.4637E-01 -0.424IF-01 -0.4943E-01 -O.4B04F-n\ 

SUIIFACF SHFAR STRESS I S POSITIVE EVERYWHERE 

http://-0.14f.2E-0
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F L O W A L O N G M A J O R A X I S E I I . C Y t i NOFR MARK = 1045 

A . R . 
I . 0 0 

CDNC.FNTRAT TON 
O.1511351F-04 

X I 
. OOQO 

O I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N A T "FGRFFS INTERVAL 

0 . 0 
0 . 8 T 1 6 E 0 0 

0 . 1 1 9 4 E 0 0 
0 . B 9 6 1 F 0 0 

.2349F 0 0 
•0077F QQ 

. 3 4 9 B F 0 0 

. 9 0 4 B F no 
0.4551F 00 
0.R944F 00 

. 5 S 4 0 E 0 0 

. B 7 1 4 F QQ 
.441SE 0 0 
.R396E 0 0 

0 . 7 1 B 4 E 0 0 
0 . 7 O 0 F E 0 0 

0.7R7ST 00 0.R777F 
A.7570F 00 0.7017f 

0 . 4 4 5 9 E 0 0 
0 . 9 3 7 5 F - 0 1 

0 . 5 R 8 0 E 0 0 
0 . 4 4 5 B E - 0 I 

O . S 7 R R F 0 0 
0.0 

0.4694E O O 0.4I06F 00 0.753IF on 0.7974E 00 0.7434F no n . l Q l O F on 0.14.7OF 0" 

T H R F E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S RIII.F FOR I N T F G P A T I O N 

T D S 
0 . 5 3 I 4 4 E 0 1 

CDE 
0.5440A.F 01 

C O T 
0 . 1 0 7 7 S F 0 ? 

COS/COE 
0.97372E 00 

FOF/CDS 
0.10J7RF 01 

DIMENSION! ESS SURFACE PRESSURE 0 1 STR I RUT! ON AT 11.74 OFORr-Fs INTERVAL 

0 . 4 0 0 I E 0 1 0 . 3 B 6 B E 0 1 0 . 7 4 B 3 E 0 1 0 . 2 B B 5 E 0 1 0 . 7 1 7 Q F 0 1 0 . 1 7 8 4 F 0 1 0 . 4 7 7 8 F 0 0 - 0 . 3 0 7 R F QQ -n.\]?T 0 1 - 0 . 1 7 3 4 E 01 
- 0 . 7 7 0 4 F 0 1 - 0 . 2 5 4 1 F 0 1 - 0 . 2 7 6 1 E 0 1 - 0 . 2 8 9 0 F 0 1 - 0 . 7 O S 4 E 0 1 - 0 . 7 9 B 1 F 0 1 - 0 . 7 9 8 8 E 0 1 

T I V F P O I N T S L A G R A N G E 0 1 F F F R F N T 1 AT I ON F O R M U L A S I M P S O N ' S R U I F F O P T N T F O R A T [ O N 

cos. C D E cor rns/c.QF C O E / C D S  
0 . 5 3 1 4 4 6 0 1 0 . 5 4 6 4 5 E 0 1 0 . 1 0 7 7 9 E 0 7 0 . 9 7 7 5 4 F OO 0 . 1 0 7 8 2 E 0 1 

D I M F N S I O N L E S S S U R F A C E P R F S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 OF OR F E S I N T E R V A L 

0 . 3 9 8 9 E 0 1 0 . 3 8 5 5 E 0 1 0 . 3 4 7 0 E 01 0.2370E 0 1 0.?11*F 01 0.176RF 0! O . 4 0 2 8 F 0 0 -0.41ROE 00 - n . M 4 9 F 0 1 -0.1754E 01 
- 0 . 7 7 2 4 E 01 - 0 . 7 5 4 2 E 0 1 - 0 . 7 7 B 1 F 01 - 0 . 2 9 0 B E 0 1 - 0 . 2 9 7 2 E 01. - 0 . 7 q q o F 01 - 0 . 7 0 0 5 F 0 1  

S U R F A C E S H E A R S T R E S S I S P O S I T I V E E V E R Y W H E R E 

F LOW A L O N G M A J O R A X I S P I . I . C Y l I N O E R MARK= 104*. 

C O N C E N T R A T I O N 
0 . 4 7 7 7 1 9 O E - 0 4 

X I 
3 . 0 0 0 0 

X ? 
. 8 0 0 0 

OIMFNStONLFSS SURFACF VORTICITY DISTRIBUTION AT 5.43 DEGREES INTFRVAL 

0.0 
0.169BF 01 

0 . 2 9 1 7 E 00 
0.1907F 01 

0 . 5 7 5 3 F 0 0 
0 . 1 8 7 Q E 0 1 

0 . 8 4 4 9 F 0 0 
0 . I 8 0 7 E 0 1 

0 . I 0 9 4 E 0 1 
0 . 1 7 1 7 F 0 1 

0 . I 3 1 5 F 0 1 
0 . 1 6 0 4 F 0 1 

O . 1 5 0 6 E 0 1 
0 . 1 4 7 5 E 0 1 

0 . 1 4 M E 0 1 
0 . 1 3 3 3 F 0 1 

0 . 1 7 7 9 F 0 1 
0 . 1 I R 3 F 01 

0.IB5RF 0! 
Q . 1 Q 3 I F 01 

0 . 8 S 1 2 E 0 0 
O . 3 0 8 3 E - 0 1 

0 . 7 3 7 0 F 0 0 
0 . 1 3 4 0 F - 0 1 

O . 4 0 2 2 F 0 0 
0 . 0 

0 . 4 7 9 4 E 0 0 0 . 3 7 O 5 E 0 0 0 . 2 7 7 1 F 0 0 0 . 1 9 9 4 E 0 0 0 . 1 3 7 4 E 0 0 O . B 9 9 1 F - n i 0 . 5 4 2 7 E - O 1 

T H R F F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A SI"PSnN'S RULE FOR Iy TF OR A TION 

CDS 
O.lBRtlE 01 

C O F 
0 . 2 1 4 B O F 0 1 

COT 
0 . 4 0 4 9 I E 0 1 

C P S / C P F 
O.R7470F 10 

COF/CDS 
0 . I I 4 I 7 E 0 1 

DIMFNSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.24 OF OR r F- S INTERVAL 

0.1B60E 01 0.1766E 01 0.149RE 01 0.1Q94E 01 0.4084F OO 0.1037F QQ -0.3456F 00 -0.7467E 00 -0.1044F 0! -0.1774r 0! 
-0.1305F 01 -0.1305E 01 -0.1241E 01 -0.1170F 01 -O.1087E 01 -0.1027F 01 -0.1005E 01 

FIVF POINTS L A G R A N G E D I F F E R E N T I A T I ON F O R M U L A 

COS C D F CDT 

S I M P S O N ' S RU1F FOB I N T E G R A T I O N 

C P S / C P E C D F / C D S 
0.1B911E 01 0.21604F 0! 0.40517F 01 O.B7*74F nn 

JJIHENSIONLESS SURFACF PRFSSURE DISTRIBUTION AT 11.75 OF0R cr S INTFRVAL 

0 . 1 1 4 2 5 F 0 1 

0.1846E 01 0.1767E Ot 
-0.13136 01 -0.1314F 01 

0 . 1 4 9 4 F 0 1 0 . 1 0 9 0 E 0 1 
- 0 . 1 2 5 9 E 0 1 - 0 . 1 1 7 7 E 0 1 

0 . 4 0 3 7 F 0 0 0 . 9 7 7 9 F - 0 1 - 0 . 3 7 7 1 F . 0 0 
- 0 . 1094F 0 1 - 0 . 1 0 3 3 E 01 - O . i n t l F 0 1 

- 0 . 7 6 3 8 F 0 0 - 0 . 1 O S 3 C 0 1 

-SURFACE SHEAR STRESS IS POSITIVE E V E R Y W H E R E 
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F L O t L l l N O f ' A J O R A X I S f i t . C Y L l . N U i ' H MARK = 1 0 3 9 

C C r ^ C C N T R f i T I U N 

>-
O I M r . \ S i r : N L F S S S U R F A C E V O K I I C I T Y r i l S T R i n U T U i N AT S . f . 3 f . F l . P E F S I N T E R V A L 

0 . 0 ' 0 . 1 3 3 7 t CC 0 . 7 f * ? 3 F CO n.3tf<.t;fr O i l 0 . 4 0 ! > 4 6 0 0 0 . 5 9 2 3 F 
O . R s O l E 0 0 0 . A 6 0 2 E CO P . 8V>4r - 0') C . H 4 9 2 t OO 0 . H 3 . 1 9 C 0 0 0 . 8 0 5 7 E 

0 0 
0 0 

0 . 6 7 4 2 L 0 0 
0 . 7 7 4 b f c ' 0 0 

0 . 7 4 0 6 E 
0 . 7 3 9 2 E 

0 0 
0 0 

0 . 7 9 1 5 E 
0 . 6 9 9 8 E 

0 0 
0 0 

0 . B 2 T 6 E 
0 . 6 5 7 3 E 

0 0 
0 0 

O . M Z P E CO 0 . 5 6 5 2 * CC C . b l p T b 0 0 P . 4 f . 7 f H 0 0 0 . 4 1 6 4 F 0 0 0 . 3 6 5 2 E 
0 . 1 0 4 B C 0 0 0 . 5 2 3 9 6 - 0 1 C O 

0 0 0 . 3 1 3 5 b 0 0 U . 2 6 1 6 E 0 0 0 . 2 0 9 4 E 00 0 . 1 5 7 1 6 00 

THREE F O I N T S L A G R A N G E 0 I E E f R E NT 1 AT I C N F C P V U L A S I M P S O N ' S R U L E FCR I N T E G R A T I O N 

C C S CDF C I U C O S / C O F 
0 . 5 6 d 3 4 E 01 0 . 5 2 2 6 2 b 01 C . 1 P 9 1 0 C 0 ? 0 . 1 0 8 7 5 6 01 

C D F / C D S 
0 . 9 1 9 5 6 E 00 

U l f F N S I f l N L E S S S U " F A C F P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 t ; F G * E t S I N T E R V A L 

0 . 4 1 1 4 1 : C I 0.3<>*oe 01 0 . 3 4 4 4 F 01 0 . ? 7 4 4 t 01 0 . 1 ' < 1 6 6 01 0 . 1 0 6 7 F 0 1 0 . 2 6 5 4 E 0 0 - 0 . 4 4 9 4 E 0 0 - 0 . 1 0 6 0 E 01 - 0 . 1 5 6 6 E 0 1 
- 0 . 1 9 7 2 6 01 - 0 . 2 2 9 0 E 0 1 - 0 . 7 5 3 0 6 Ot - 0 . ? 7 0 4 E 0 1 - 0 . 2 K 2 O E 0 1 - 0 . 2 8 R T E 01 - 0 . 2 9 0 9 t 01 

F I V E P C I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

COS COF CDT C O S / C f i F C O F / C U S 
0 . 5 6 8 3 4 E 01 0 . 5 2 2 7 & F 01 G . 1 0 9 U E 0 2 0 . 1 0 8 7 2 E 01 0 . 9 I 9 7 9 E 0 0 

D I M E N S I O N ! F S S S U R F A C E P R E S S U R E D I S T P I R U T 1 C N AT 1 1 . 2 5 0 E G R F 6 S I N T E R V A L 

0 . 4 0 9 5 F C I 0 . 3 9 2 1 E C I 0 . 3 4 3 3 E 01 0 . 2 7 2 1 E 0 1 0 . 1 8 9 1 E 01 0 . 1 0 4 1 b 
- 0 . 1 < i 9 F c 01 - 0 . 2 3 1 5 E 01 - 0 . 2 5 5 4 E 01 - 0 . Z 7 2 B E 01 - 0 . 2 B 4 4 E 01 - 0 . 2 9 1 0 E 

01 
01 

0 . 2 3 b 5 E 0 0 
- 0 . 2 9 3 2 E 01 

- 0 . 4 7 6 3 E 0 0 - 0 . 1 D 8 7 E 01 - 0 . 1 5 9 2 6 01 

S U R F A C E SHFAR S I R E S S I S P O S I T I V E IVERYWHfcRF 

• 
FLOW ALONG MAJOR A X I S E 1 L . C Y L I N D E R 
• • f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * \ 

MARK = 1 0 4 4 

A . R . R E C O N C E N T R A T I O N OM XI 
0 . 9 0 5 . 0 0 0 . S 5 R 5 6 7 5 F - O 4 1 3 3 . R 0 7 4 1 . 4 7 5 0 

X ? 
4 . 1 7 0 0 

A 
0 . 0 4 1 ? 

B-
O . O O R ? 

IM J M 
3 1 9 3 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 3 O E G R E F S I N T F P V A L 

0 . 0 
0.1T71F 01 

0 . 3 1 * 0 6 0 0 
0 . 1 7 6 R F 0 1 

0 . 6 1 6 4 6 0 0 
0 . 1 7 1 7 6 Q l 

0 . 8 9 6 * 6 OO 
• 1 4 4 2 F 01 

0 . 1 1 4 5 6 01 
0 . 1 * 5 " F 01 

0 . 1 3 * 7 * 01 
0 . I 4 4 3 F 01 

0 . 1 5 2 6 E 0 1 
0 . 1 3 2 6 6 01 

0 . 1 6 5 3 F . 01 9 . 1 7 3 R 6 01 
• 1 0 7 * * 

0 . l 7 8 3 f 01 

0 . 8 1 8 0 6 0 0 
0 . 3 3 8 * 6 - 0 1 

0 . 6 9 4 8 E 0 0 
O . I * 8 5 F - 0 1 

0 . 5 7 7 9 6 0 0 
0 . 0 

0 . 4 6 9 0 F 0 0 0 . 3 7 0 1 F 00 0 . ? 8 ' 6 * 0 0 0 . 2 0 7 6 E 0 0 0 . I 4 5 7 F DO 0 . 9 6 9 T F - 0 1 O . 6 0 3 O E - O 1 

T H R E E P O I N T S L A G R A N G E D I F F F R 6 N T I A T l O N FORMULA S I M P S O N ' S R U I * F n P I N T E G R A T I O N 

C D S 
0 . 1 9 6 5 3 E 01 

COF 
0 . 2 0 7 5 2 6 01 

• CDT 
n . * o * o * 6 o i 

C O F / C D S 
0 . 1 0 5 5 9 E 01 

0 I M E N S I O N L F S S S U R F A C E P P 6 5 S U P E D I S T R I B U T I O N AT 1 1 . 7 5 O E G R E F S I N T E R V A L 

0 . 1 B B 3 E 01 0 . 1 T 7 7 E 01 0 . 1 * 6 3 6 Ql 0 . 1 0 1 9 6 01 0 . 5 1 9 4 F 0 0 0 . 3 3 Q 3 * - 0 ! - 0 . 3 9 1 * 6 0 0 - 0 , 7 ? 8 P F . - 0 0 - 0 . 9 7 P 1 F o n - 0 . 1 1 2 3 * 01 - 0 . 1 2 0 D E 01 - 0 . 1 2 1 5 6 0 1 - D . 1 1 8 5 6 01 - 0 . 1 1 2 7 6 0 1 - 0 . 1 0 6 2 E 01 - O . I 0 1 1 F 01 - 0 . 9 0 1 7 E 0 0 

F I V F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A 

CJVS CDF CQT 

S I M P S O N ' S RUI.6 FOR I N T E G R A T I O N 

C P S / C O * C O F / C D S 
O . 1 0 5 8 9 F 01 0 . 1 9 6 5 3 F 01 0 . 2 0 B 1 1 E 01 0 . 4 0 4 6 3 E 01 0 . 9 4 4 3 6 6 " 0 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E 0 1 S T R I BUT I ON AT 1 1 . 7 5 D F G P 6 E S I N T E R V A L . 

0 . 1 8 7 6 6 01 0 . 1 7 6 5 6 01 0 . 1 4 5 5 E 01 0 . 1 0 1 1 E 01 0 . 5 ) 0 2 F 0 0 0 . 2 7 8 9 E - 0 1 - n . * n 2 * 6 0 0 - 0 . 7 3 9 9 F 0 0 - 0 . 9 8 2 " * " O - 0 . 1 I 3 7 F 01 
- 0 . 1 2 1 * 6 01 - 0 . 1 7 2 9 6 01 - 0 . 1 1 9 9 6 01 - 0 . 1 1 4 7 E 01 - 0 . 1 Q 7 6 E 01 - 0 . 1 0 2 5 E 01 - 0 . 1 0 0 6 F 01  

S U R F A C E SHEAR S T R E S S I S P O S I T I V E E V E R Y W H E R E 

MARK a 1 1 7 3 
A . R . 
. 0 . 9 0 

C O N C E N T R A T I O N 
0.5585675F.-Q» 1 3 1 . B 0 7 5 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D l STR I BUT I ON AT 5 . 6 3 . . . .DEGREES I N T E R V A L . 

0 . 0 
0,, 3 1 9 3 6 0 1 

0 . 6 0 9 2 F 0 0 
Q.30B*F 01 

0 . 1 1 9 3 6 01 
0 . 7 9 2 0 6 PV.. 

0 . 1 7 2 9 6 01 
0 . 7 7 1 3 F Q l 

0 . 2 1 9 7 6 01 
0 . 7 4 7 4 F 01 

0 . 2 5 R 4 F 01 
0 . 7 2 1 T F P I 

0 . 7 R 8 2 E 01 
0 . I 9 3 9 E 01 

0.30RBE 01 
0 .1663F 01 

0 . 3 7 0 5 r 01 
0 . I 3 O 7 F 01 

0 . 3 2 3 7 6 01 
0 . 1 1 3 2 F 01 

0 . 8 B R 2 E 0 0 
- O . I 0 9 7 E 0 0 

0 . 7 9 0 9 F 0 0 0 . 1 4 3 R E DO 0 . 2 5 5 R F - 0 1 - P . 6 2 * 7 E - 0 1 - 0 . 1 1 9 2 F 0 0 - 0 . 1 4 4 6 F 0 0 - 0 . 1 4 0 I F 0 0 

T H R E E P O I N T S L A G R A N G E D l F F 6 R 6 N T I AT ION FORMULA S I M P S O N ' S P U L E FOR I N T E G R A T I O N 

COS 
0 . 1 0 0 1 * 6 0 1 

CDF 
0 . 1 7 3 9 7 E 01 

CDT 
0 . 2 2 M L F 0 1 

C O S / C O F 
0 . 8 0 7 7 5 6 0 0 

C D F / C D S 
0 . 1 2 3 8 0 E 01 

D I M F N S I 0 N L F 5 S S U R F A C E P R 6 S S U R 6 D I S T R I B U T I O N AT 1 1 . 7 5 O E G R E F S I N T F R V A L 

0 . 1 3 5 B F 01 0 . 1 2 5 3 6 01 0 . 9 6 6 3 6 0 0 0 . 5 6 3 6 F 0 0 0 . 1 2 7 0 F 0 0 - 0 . 2 7 7 1 6 0 0 - 0 . 5 B 7 1 E 0 0 - 0 . 7 9 8 * 6 DO - 0 . 9 0 9 3 F 0 0 - 0 . 9 3 B 0 6 0 0 
- 0 . 9 0 9 2 E 0 0 - 0 . 8 * 5 * E 0 0 - 0 . 7 6 7 6 E 0 0 - 0 . 6 8 5 0 6 0 0 - 0 . 6 0 9 2 6 0 0 - 0 . 5 5 3 8 E 0 0 - 0 . 5 3 3 1 E 0 0 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A 

CQS. C D F COT 

SIMPS0N»S R U L E FOR I N T E G R A T I O N 

C O S / C D * C D F / C p S 
0 . 1 0 0 1 * E 01 0 . 1 7 * 5 4 E 01 0 . 2 ? * 6 8 E 01 0 . 8 0 4 0 6 E DO b7f2"*37E—0if-

. . D I M E N S I O N L E S S S U R F A C E P R E S S U R E . D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S . J N T E R V A I : 

0 . 1 3 5 3 E 01 0 . 1 7 + 9 E 0 1 0 . 9 6 3 0 E 0 0 0 . 5 6 1 T E 0 0 0 . 1 2 5 8 F 0 0 - 0 . 7 7 3 5 E 0 0 - 0 . 5 8 9 7 E 0 0 - O . B 0 2 8 F 0 0 - 0 . 9 1 5 6 F 0 0 . - 0 . 9 * 5 6 E 03 
- 0 . 9 1 7 6 E flff - 0 . B 5 5 2 E OO' - 0 . 7 7 6 6 6 0 0 - 0 . 6 9 4 0 E 0 0 - 0 . 6 1 8 0 6 0 0 - 0 . 5 6 7 4 E 0 0 - 0 . 5 4 1 7 E ,00 ; - n | ' ' ,', 

A N G L E AT WHICH S U R F A C E SHEAR S T R E S S B E C O M E S ? E R O 1 . 6 . S E P A R A T I O N , I S 1 * 2 . 3 0 6 G R F E S 



I I - 3 2 

FLOW ALONG MAJOR AXIS FLL. CYLINDER MARK' 1266 
************•••**.****•****••********» 

A.R. RE CnNCFNTRATION OM XI X? A B IM JM 
O.QQ 4 0 .Q O 0.5586259F-04 133.7949 1 .4750 6.7 700 0.0471 0.0491 65 IPS 

-. QI-MENSIONLESS SURFACE V O R T I d T V D I S T R I B U T I O N A T 7 . 8 1 O r r . R F F 5 I N T F R V M I 

0.0 0.5539F 00 o.||07F 01 0.1617F OT 0.2154F 01 0.7647F 01 0.3111E 01 0.3543F 01 0.393RE 01 0.4293E 01 
0.46Q6F 01 0.4B75F 01 0.5100F 01 0.57B1F 01 0.5416F 01 0.55OQF 01 0.555BE 01 0.556BF 01 0.553BE 01 0.5477F 01 
0. 5373E 01 0.524" 01 O.S0B3F 01 0.4B09F O] 0.4692E 01 D.4467F 01 0.4226E 01 0.3971F 01 0.3708E 01 0.3437E 01 
0.3163E 01 0.7BR1F 01 0.'M5F 01 D.73476'01 0.2056F 01 0.1R33E 01 0.1501E 01 0.1362E 01 0.1146E 01 0.9450F 00 
0.7591E 00 0..6888E 00.. 0./.342E. 00 .0.Z951E 00 ... 0.1712E_ 00 _ .0.61 iHE-O.1...-0. 33 77ET01„._-Q. 1164E 00..-0.187OE 00. -0.2*62* 00 

-0.7947E OO -0.3330F OO -0.3614F 00 -0.3B07F 00 -0.3»97F: 00 -0.3RR5F 0" -O.3780E 00 -0.3577F 00 -O.32B0E 00 -0.7B93E 00 
-0.7424F 00 -0.1BR4F 00 -0.1289F 00 -0.654OF-01 0.0 

THRFF POINTS LAGRANGE 0 IFrr. RTNT I AT I ON FORMULA SIMPSON'S "ULF FOR INTF OR AT ION 

COS COF COT COS/CDF COF/CDS 
0.55B72F 00 0.B4090F 00 0.14194E 01 0.64R99F 00 0.15409E 01 

OIMFNSIONI.FSS SIJRFACF PRESSURE DISTRIBUTION AT 5 , ,63 OFGREFS TNTFRVAl 

0.1151E 01 0.1123C 01 0. 1041E 01 0.91156 00 0.74J7E 00 . .. 0.5457E 00 .. 0.3.326E 00 . 0.1152E 00 -0.9548F--01 -0.2903E 00 
-0.4670 r 00 -0.6067F 00 -0.7187F 00 -O.8004F 0" -O.R«?7E oo -0.876BE 0 0 -O.B783F. 00 -0.8612E 00 -0.8303F 00 -0.790IF 00 
-0.7448E 00 -0.6976F 00 -0.651OF 00 -0.6044E 00 -0.5654F OO -0.S2 74F 00 -0.492BE 00 -0.4614E 00 -0.43.35F 00 -0.4098F 00 
-0.30I6T oo -0.37QOF 00 -0.1759F 00 

FIVF POINTS LAGRANGF DIFFERENT [AT I ON FORMULA SIMPSON'S -RULE.-FOR- INTEGRATION .. . 

oos OF r.DT cns/coc COF/COS 
Q.55B72F 00 0.84127F OQ 0.142Q0E 01 0.64872F QQ 0.154I5E 01  

OlMrNSinNI.FSS SURFAC" PRESSURF OISTPIBUTION AT 5.43 DEGREES INTERVAL 

O . l l F i r 01 0.1173P 01 0.1047* 01 0.°155F 00 0.7496E 00 0.5558F 00 0.3457E 00 0.I310E 00 -0.7762E-01 -0.2712E OO 
-0.44.75* 00 -O.Sfl'-Tr- 00 -0.7OO8E o0 -0.7P47F 00 -O.ROTRF OO -0.3643F oo -0.*'674F 00 -0.8516F 00 -O.R215E 00 -0.7819E 00 
- 0 . 7 3 6 T C 00 -0.6B04r 00 -0.4475F O" -0.5O79F QQ -0.*54? f' QQ -0.5180F 00 -0.4830E 00 -0.45I3F 00 -0.4731F 00 -0.3997F 00 
-O.7B06F 00 -0.34B'>r OO - 0 . 3 4 4 R F 00 

ANGLE AT WHICH SURFACE. SHEAR.STR£5S.-fiFCOMES 7FRJ UE._SF_nARAIIDJiJS L2U.-4_.DEGREES 

F1PW ALONG MAJOR AXIS Fl.l.. CYLINDER HARK- 1251 

A.R. RE CONCENTRATION OH XI X2 A B IM JM 
0.90 90.00 0. 55B62SnE-04 133. 7049 1.4750 6. 3 700 0.0471 0.0491 65 105 

OIMFNSIONI ESS SURFACE YORII C.lTXJ H J S l P J B J i J j m j i l Z*JU._D5GRF.FS..JNT.FPVAL._ 

0.0 
0.49B8E 01 

.8572F 00 
•7365E 01 

0. 1704F 01 
0.7667F 01 

0.2579F 01 
0.7894E 01 

0.3323E 01 
0.B047F 01 

0.4077E 01 
0.B125F 01 

0.4782E 01 
0.RI39F Ot 

0.5431E 01 
0.80R4F Ql 

0.6019F 01 
0.7967E 01 

0.&539E 01 
0.7792F 01 

0.7564E 01 
0.3649F 01 
O.3535E..0O 

-0.A745F 00 
-0.4046F 00 

0.7289E 01 
0.3223F 01 
0.1625F 00 

-0.69B56 00 
-0.31331' 00 

0.6972E 01 
0.2BI7E 01 

.-0.4473F-J)2 
-0.7120F 00 
-0.7137E 00 

0.661RF Ot 
0.7419E 01 

.-0..14R9E.J).Q.. 
-0.7I51F 00 
-0.10A3F 00 

0.6235E 01 0.5B2BF 01 
0.204BF 01 0.1700F 01 

- 0 .27.24 E.. fl Q ^41769 F„ 0 0_. 
-0.7073F 00 -0.6B79F 00 
0.0 

0.5404E 01 0.4968E 01 0.4526F 01 0.4085F 01 
0.1377E 01 0.10B1E 01 0.8123E 00 0.5698E 00 

-0.4642E OO__ r0.536lE. 00.. -0..5942E. 00 . -0.6400E 00 
-0.6563E 00 -0.6122F 00 -0.5552F 00 -0.4B57F 00 

THREE POINTS LAGRANGE DIFFERENT I ATI ON FORMULA SIMPSON'S RULE FOR INTEGRATION 

COS " COF " CDT "coT/CDF COF/COS 
0.31565F 00 O.R0142F 00 0.11171F 01 0.39386E 00 0.753906 01 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 5.63 OFGREFS INTFRVAL 

Q.10tnF_0J___0^1Q4j3f__OJ O..9i*,3F_00 _0-.8t.R4E_0_(l 0.t42flF_J5O_ J3.4.39.7.E._flJJ Q...2226E-JJ0- 0.4978tr02_.„-0.201BE. 00 -0.3B79E 00 
-0.5464F 00 -0.6731E 00 -0.7667F 00 -0.B2R3F 00 -0.B6IIE 00 -0.B697F 00 -0.85956 00 -0.83586 00 -0.B035E 00 -0.7664E 00 
-0.7777F 00 -0.6B92F 00 -0.6527F 00 -0.6175F 00 -0.5B57F 00 -0.5553E 00 -0.527*6 00 -0.50176 DO -0.4782F 00 -0.45B0F 00 
-0.442IF 00 -0.431 BE DO -0.4283F 00 . 

MVF.. P O I N T S . l.AGRAMF . . rUEFEBElNTIAI iaS.j:13RJ1UU SIMMON'S Wlll.f fOR-INIECTAjUflM . -

CDS CDF CDT CDS/COF CDF/CDS 
Q.3I565F 00 0.8O171F 00 0.111 74E 01 0. 39372F 00 0.75399E 01  

DIMENSIONLESS SURFACF PRESSURE DISTRIBUTION AT 5.63 OFGREFS INTFRVAL 

0.1067F 01 6. I039F "ot 0.95537 00 0.a2T?F.~nO 0.4524F 00 0.4552F 00 0.7441E 00 6.317RF-oi -0.I705F 00 -0.3535E 00 
-0.5106F 00 -0.6375E 00 -0.7377E 00 -0.7969F 00 -O.B32RF 00 -0.B443E 00 -0.8365E 00 -0.8146E 00 -0.7R33E 00 -0.7470r 00 
-0.70B7E 00 -0.6706E 00 -0.6340F 00 -0.5997E 00 -0.5479F 00 -0.S3B4E 00 -0.5109E 00 -0.4854F 00 -0.46726 00 -0.4470E 00 
-0.4761E 00 -0.4159F 00 -0.4123E 00 

A N G I F AT WHICH SURFACE SHEAR STRFSS BFCOMFS 7FR0 I ..JU -J5J7P AR A T I O N . IS I I B.I Of GP.F.6S 



1 1 - 3 3 

'— 
Finn ALONG MAJOR AXIS ELL. CYLINDER 
*•••*••**•••*•****••*******••***»****» 

MARK* 1078 

A.R. RE CONCENTRATION OH XI 
0.50 0 . 5 0 0.B109774F-0* III.0479 0.5*90 

X2 
5.7000 

A 
0.0506 

8 
0.0987 

IM JH 
33 93 _< 

>-

niMFNSIONlFSS SURFACF VORTICITY DISTRIBUTION AT 5,63 OFfiRFFS 1NTFRVA1 

0.0 0.18D9E 00 0.3318E 00 0.*377E 00 0.*997E 00 0.5?T66 
0.4T06F 00 D.*511F 00 0.*3?8F 00 0.*159F 00 D.*00fiF 00 0.3R73E 

OD 
OO 

0.5329E 00 
0.375TF nn 

0.52*7F 
0.36586 

0 0 0 . 5 0 9 7 F 
0 0 0.3575F 

no 
00 

0.4904F 0 0 
0.3509F 0 3 

0.3*59E 0 0 0.3*22E 00 0.3397E 00 0.3379E 00 D.3361F 00 0.33316 
0.1B62F 00 0.10D7E 00 0.0 

DO 0.326BE 00 0.31406 00 0 . 7 9 0 0 6 DD 0.2492F 00 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 

CDS CDF COT COS/COF 
0.125**E 02 0.62882E 01 0.186326 02 0.199*9E 01 

CDF/COS 
0.50178E 00 

DIMFNSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 OEGREES INTERVAL 

0.T096F 01 0.6185E 01 0.*3*76 01 0.7692E 01 0.1505F 0 1 0.69016 00 0.1166E 00 -0.3069F 0 0 -O.6*0BF 0 0 -0.9293F 0 3 
-0.1213E 01 -0.1537E 01 -0.1960E 01 -0.2556E 01 -0.33B3F 01 -0.43016 Dt -0.*75*E 01 

FIVE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE 

CDS CDF CDT COS/COF 

FOR 1NTFGRAT10N 

CDF/CDS 
0.125**E 02 0.627576 01 0.1BB20E 0? 0.19990E 01 0.5002*E 00 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11,25 DEGBEFSJNTERVAI 

0.69*5F 01 0.6013E 01 0.415*6 01 0.2*976 01 0.1317E 01 0.5070F 
-0.138*E 01 -0.1705E 01 -0.2t2*E 01 -0.77186 01 -0.35*7E 01 -0.**75E 

00 
ot 

-0.6351E-01 
-0.4936E 01 

-0.4B51E 0 0 -0.8172E 0 0 -0.11036 01 

SURFACE SHEAR STRESS IS POSITIVE EVERYWHERE 

PLOW ALONG MAJOR AXIS FLL. CYLINDER MARK- 10*7 

A.R. RE CONCENTRATION OM XI X? A- R 
0.50 1.00 0.810972*6-04 ^ . 0 4 7 ? 0.5*90 5,2000 . 0.Q5Q6 0.09 

DIMENSIONLESS SURFACE VORTICITY OISTR 1BUTION .AT... .5.63. DEGREES..INTERVAL ._ 

0.0- 0.2*106 00 0.**23E 00 0.58306 00 0.6644E 00 0.7000F 00 0.70506 00 0.6916F no 0.46R3F 00 0.4407F 01 
„ Of610TE 00 0.5B136 00 0.5535F 00 . 0.527*6 00 0.40336 00, -.||0T*B 13F 00 0.*615E 00 0.4436F 00 0.47T7F 03 0.*137r 03 
0.*014E 00 0.3907E 00 0.3B1*E 00 0.37296 OO 0.36*7E DO 0.3555F 00 0.343*6 00 0.3253E 00 0.7968E 00 0.?5?*F 00 
0.1B73E OC 0.1007E 00 0.0 

THREE POINTS LAGRANGE OIFFERFNTI ATI ON FOR Mill A SIMPSON'S RULE FOR INTEGRATION 

COl COF COT CDS/COF CDF/COS ' ' 
0.76777F 01 0.*0072F 01 O.U68*F 0? 0.191596 01 0.57195E 00 

DIMENSI0N16SS SURFACE PRESSURE DISTRIBUTION AT 11.75 DEGREES INTERVAL 

Q.A6*66 0J 0.*03*F 01 0.77756 01 0.I675F 01 0.7B66F Op ._. 0.2051F on -Q.7Q396 00 -0.50I7F 00 -0.7?97.r QQ -0.91566 0̂  
-0.1085F 01 -0.12606 Dl -0.14736 01 -0.17606 0| -0.2152F Ot -0.25R4F 01 -0.2799E 01 

FIVE POINTS LAGRANGE OIFFFRENTI ATI ON FORMULA 

COS COF COT 
0.76772E 01 0,*Dl*96 01 0,116976 0? 0.19122F 01 

DIMENSI0N16SS SURFACE PRFSSURE DISTRIBUTION AT U,75 DECREES INTERVAL 

SIMPSON'S RULF FOR INTEGRATION 

CDS/CQF CnF/CDS 
0.52797E 00 

0.*5*96 01 
-0.1704E 01 

0.3929E 01 
-0.1380E 01 

0 . 7 6 5 9 6 01 
- 0 . 1 5 9 7 F 01 

0.1506F 01 0.66796 00 0.R679E-01 -0.3737E 00 -0.67136 00 -O.R*R7E 00 -0.1P35E ni 
-0.1879F 01 -0.7777E 01 .-p.?,7,llF 0) -0.797BF 01  

SURFACF SHFAR STRESS IS POSITIVE FVFRYWH6R6 

FLOW ALONG MAJOR AXIS ELL. CYLINDER 
*************•••*******••***••******** 

C O N C E N T R A T I O N 
0 . 8 1 0 9 7 7 * 6 - 0 * 

OIMFNSIONtESS SURFACE VORTICITY DISTRIBUTION AT 5.63 OEGREFS INTERVAL 

0.0 
0.1?*9E ni 
0.5B53F 00 
0.12036 00 

0.5354E 00 
D.1167F 01 
0.53S8F 00 
0.61716-01 

0 . 9 7 9 B E 0 0 
0 . 1 0 8 8 E 01 

0 . 1 2 8 6 6 01 
. 1 0 1 7 6 01 

0 . 1 4 5 R F 01 
D . 9 4 0 3 F 0 0 

0 . 1 5 2 5 E 01 
0 . H 7 7 4 F QQ 

n . 1 5 2 7 6 01 
0 . 4 0 R 7£ 0 0 

0 . 1 * 7 7 * 01 
0 . 7 4 R 4 E 0 0 

0 . 4 4 7 B F o p 0 . 3 9 B 5 6 0 0 0 . 3 5 5 1 F 00 0 . 3 1 P 1 E 0 0 0 . 2 6 R 4 E 0 0 0 . 2 7 2 9 * n o 

O . I 4 0 9 r 01 P . 1 3 3 1 6 01 
0 . 4 9 1 ? c oo 0 . 4 3 7 0 * r n 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA 

COS 
0.26885F 01 

COF 
0 . 1 6 0 3 6 E 0 1 

5 I M P S D N ' S RUI . * FDP I N T * OR A T I ON 

COT 
0.429216 01 

c n < ; / c o F 
n . I 6 7 6 6 E 01 

r n F/cns 
0 . 4 9 6 4 4 F 0 0 

DIMFNSI0N1ESS SURFACE PRFSSURF DISTRIBUTION AT 11 .75 DFGREFS INTERVAL 

0.7I10F 01 0.1800E 01 0.11556 01 0.4484E 00 P . 9 4 9 B E - 0 1 -0.771RE 00 - ^ . 4 3 f l B F 00 -0.5R50F -0.4810E Q P -0.7412* 00 
-0.7767F 00 -0.79616 00 -O.R0716 00 -0.81686 00 - 0 . R 3 0 B F 00 - 0 . R 4 R 7 F 09 -0.R577E 00 

FIVF POINTS LAGRANGE DIFFERENTIATION FORMULA 

COS COF CDT 

S I M P S O N ' S n U L * p 0 R IN TF GP « T I ON 

r . o s / c n F co*/cDS 
0 . 7 6 R R 5 E 0 1 0 . I 6 O 9 3 F P I 0 . 4 2 9 7 8 F 01 0 . 1 6 7 0 7 F o i 0 . 4 9 U * 7 F 0 0 

DIHFNSIONIESS SURFACF P R F 5 S U 0 E DISTRIBUTION AT 11 .75 nFGP*FS INTERVAL 

0.2074F 01 
-P.82656 00 

0 . 1 7 6 0 6 01 
- 0 . B 4 6 2 F 0 0 

0 . 1 1 0 9 E 01 
- P . 8 5 7 4 6 00 

0 . 5 0 0 8 F 0 0 
- 0 . B 6 7 3 F DO 

n . 6 7 ? 6 E - 0 1 - P . 7 6 9 6 F 0 0 - p . ^ f l ^ g f : QO - 0 . 6 3 3 4 < = 0 0 - 0 . 7 3 P 1 * 
- P . PR 1 5 * . . 0 . 0 _ - 0 . 8 9 9 4 F 0 0 - 0 . 9 0 3 6 * 00 

- 0 . 7 9 0 7 F Op 

SURFACF SHEAR STRFSS IS POSITIVE EVERYWHERE 



1 1 - 3 4 

F L O W A l D N G M A J O R A X I S 
V * * * * * * * * * * * * * * * * * * 

r.nNF.FNTRATION 
n . Q i n o 2 7 / , F - 0 4 

D I M E N S I O N I E S S S U R F A C E V O R T I C I T Y 0 1 S T R I R I I T I O N A T 

0 . 0 0 . 1 0 1 2 F 01 

5 . 6 3 0 r G R F F S I N T F ° V A L 

. 1 R 4 6 F 0 | 
0 . 1 8 3 3 F 0 1 

7 4 1 I F 0 1 
0 . 1 6 7 5 E 0 1 

. 7 7 1 4 E 0 1 

. 1 F 7 F F n 1 
0 . 7 0 1 S F 0 1 
0 . 1 7 R 1 r: 0 1 

.77R2r: 01 1.7>Wn  

. 124RF 01 3.111° . R 7 ° 7 ^ 

0 . 7 6 7 1 F 0 0 0 . 6 5 9 6 F 0 0 
- 0 . 1 1 9 1 E - 0 1 - O . I 7 B 4 F - O t 

0 . 5 5 6 6 F 0 0 D . 4 5 R i r : 0 0 0 . 3 F 3 n F 0 0 0.774RF Oft 0.1O19F no 

T H R E E P O I N T S L A G R A N G E D I F F E R E N T 1 A T I O N F O R M U L A [>SnN»S -»ULE FDD I N T E G R A ! I O N 

C O S 
0 . 1 4 1 4 7 E 0 1 

C O F 
0 . 9 5 6 7 0 F 0 0 

F O T 
0 . 7 3 7 0 n f : 01 

C " S / C O F 
0 . 1 4 7 R 7 E 0 1 

C .O F / C O S 
0 . 6 7 6 4 9 E 0 0 

0 1 M E N S 1 ONI E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 - 5 O F G R E F S I N T F P V A l 

0 . 1 4 7 6 E 0 1 0 . 1 7 3 2 E 0 1 0 . 7 1 6 9 E 0 0 0 . 7 2 4 5 F 0 0 - 0 . I 4 3 7 F " 0 - 0 . 3 9 3 4 c 0 0 - 0 . 5 S 7 3 F 0 0 - Q . 6 4 4 4 E 0 0 - P . 6 R 7 8 F 0 0 - n . a . O ' W o n 

- 0 . 4 7 R 7 E 0 0 - 0 . 6 4 3 9 E 0 0 - 0 . 5 9 9 0 F 0 0 - 0 . S 4 7 7 F o n - 0 . 4 9 7 3 F 0 0 - n . 4 ? ? 9 f c 0 0 

F I V E P O I N T S L A G R A N G F D I F F E R E N T I A T I O N F O R M U L A 

C D S C O F C O T 

S I M P S O N ' S R U L E F O P 1 N T F G P ft T I O N 

C O S / C O F C O F / C O S 
0 . 1 4 1 4 2 F 0 1 0 V O 6 4 7 8 E OO 0 . 2 3 7 9 0 F 0 1 0 . 1 4 6 5 R E 0 1 n . 6 B 7 7 0 F 0 0 

D I M F N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N A T 1 1 . 7 5 n E G R F F S I N T F R V A L 

0 . 1 4 5 5 E n l 0 . 1 7 1 0 F 0 1 0 . 6 9 3 5 E 0 0 0 . 2 0 1 8 E O o - 0 . 1 4 6 7 F 0 0 - 0 . 4 1 7 0 F 0 0 - 0 . 5 7 7 6 E 0 0 - 0 . 6 7 1 7 F n o - n . 7 ! 6 7 F o n _ o . 7 7 F n r n-» 
- 0 . 7 0 O 2 F 0 0 - 0 . 6 7 5 3 E 0 0 - O . 6 3 0 S E 0 0 - 0 . 5 7 0 3 F 0 0 - n . 5 7 4 6 6 0 0 - 0 . 4 7 5 I F 0 0 - C . 4 S 3 2 E 0 0 

A N G L E AT W H I C H S U R F A C F S H E A R S T R E S S R F C D M E S 7 . E R 0 I . E . S F P A R A T I O N , I S 1 5 5 . R O F G R F F S 

E l O W A L O N G M A J O R A X I S F L L . C Y L I N D E R M A R K " 1 0 9 6 

A . R . 
0 . 5 0 

C O N C E N T R A T I O N 
0 . R 1 0 9 2 7 4 E - 0 4 

DM 
1 1 1 . 0 4 7 9 

X I 
0 . 5 4 9 0 

X 7 
5 . 7 Q 0 Q 

A 
0 . 0 5 0 6 

I M 
3 3 

J M 
93 

O I M E N S I O N L F S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N A T 5 . 6 3 O F G R E E S I N T E R V A L 

0 . 0 
0 . 3 9 7 7 E 0 1 

0 . 2 1 1 2 E 0 1 
0 . 3 5 B B E 0 1 

0 . 3 8 2 7 E 0 1 
0 . 3 2 1 6 E 0 1 

0 . 4 9 4 7 F 0 1 
0 . 2 8 6 5 E 0 1 

0 . 5 4 9 7 E 0 1 
0 . 2 5 3 3 E O t 

0 . 5 6 1 8 6 0 1 
0 . 7 7 7 Q F 0 1 

0 . 5 4 6 6 E 0 1 
0 . 1 9 2 4 E Q l 

0 . 5 1 6 1 * 0 1 
0 . 1 6 4 7 F 0 1 

0 . 4 T 8 3 r 0 1 
0 . 1 3 8 7 r 0 1 

0 . 4 3 8 0 F 0 1 
0 . I I - . 4 F Ql 

0 . 9 2 4 2 E 0 0 0 . 7 2 3 7 E 0 0 
- 0 . 1 0 6 5 6 0 0 - 0 . 6 6 1 6 6 - 0 1 

0 . 5 4 5 7 E 0 0 
0 . 0 

0 . 3 9 1 2 6 0 0 0 . 7 6 0 0 F 0 0 0 . 1 5 0 0 6 0 0 - 0 . 1 7 8 2 E - 0 1 - 0 . 7 4 8 3 E - 0 1 - 0 . 1 0 B 6 E 0 0 

T H R E F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N ' F O R M U L A S I M P S O N ' S R U L E F O R I N T E G R A T I O N 

C D S 
0 . 7 1 6 3 0 6 DO 

C D F 
0 . 7 4 4 1 6 E 0 0 

C O T 
0 . 1 4 6 0 5 6 0 1 

C D S / C D F 
0 . 9 6 7 5 S E 0 0 

C D F / C D S 
0 . 1 0 1 8 9 6 0 1 

D I M F N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N A T 1 1 . 7 5 O E G R E F S I N T E R V A L 

0 . 1 I B S F 0 1 0 . 9 4 8 2 E 0 0 0 . 4 4 6 7 F 0 0 - 0 . 7 5 4 4 E - 0 I - 0 . 3 6 4 5 E 0 0 - 0 . 4 7 7 7 E 0 0 - 0 . 6 9 6 2 6 0 0 - 0 . 7 4 7 3 6 0 0 - 0 . 7 4 1 9 E 0 0 
- 0 . 6 8 5 5 F 0 0 - n . 6 3 9 1 E 0 0 - 0 . 5 9 5 1 E 0 0 - 0 . 5 5 7 5 E 0 0 - 0 . 5 7 6 6 F 0 0 - 0 . 5 0 1 6 F 0 0 - 0 . 4 9 0 7 E 0 0 

- 0 . 7 7 6 B E 0 0 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A 

C D S C O F C D T 

S I M P S O N ' S R U L E F O R I N T E G R A T I O N 

C O S / C O F C O F / C O S 
0 . 7 I 6 3 0 E 0 0 0 . 7 5 2 3 6 E 0 0 0 . 1 4 6 8 7 F 0 1 0 . 0 5 7 0 7 6 0 0 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N A T 1 1 . 7 5 O F G R E E S I N T E R V A L 

0 . 1 0 5 0 3 E 0 1 

0 . 1 1 8 3 E 0 1 0 . 9 4 9 7 E 0 0 
- 0 . 6 7 6 B F 0 0 - 0 . 6 3 1 0 6 0 0 

0 . 4 6 0 5 E 0 0 
- 0 . 5 B 6 5 E 0 0 

0 . 1 8 1 6 F - 0 2 
- 0 . 5 4 8 0 F 0 0 

- 0 . 3 3 0 7 6 0 0 
- 0 . 5 1 5 9 E 0 0 

- 0 . 5 4 4 3 F 0 0 - 0 . 6 6 8 0 E 0 0 - 0 . 7 2 5 8 F 0 0 
- 0 . 4 8 9 Q E 0 0 - 0 . 4 7 8 5 6 0 0 

- 0 . 7 3 6 5 F OO - 0 . 7 1 5 7 F 0 0 

A N G L E AT W H I C H S U R F A C E S H F A R S T R E S S B E C O M E S 7 6 R O I . E . S F P A R A T 1 O N . I S 1 5 0 . 6 O F G R E E S 



I I - 3 5 

FLOW ALONG MAJOR AXIS FLL. CVL1NOFR MARK- 1070 

A.R. 
0.20 

CONCENTRATION 
O.I257301F-03 «9.1»6 0-0"" 0-09M 

IN J» 

- i i - . 

B5S .SURFACE VORTICITY DISTRIBUTION-AI 5»43 OEGteES INTERVAL . 

0.0 
0.1BIBF 00 

0.3159F 00 
O.ITOOE 00 

0.4127E 00 
0.1A04F 00 

.3911E 00 
0.I52BE 00 

.3446E 00 
0.I4&7F 00 

0.3011F. 00 
0.1470F 00 

0.2654E 00 
0.I385E 00 

.23T0F 00 
• » » F 00 

.2144E oo 

P.W52E. 0° 
.19A3E 00 

•l?7»i 03, 
0.136BE 00 
.275BE 00 

.1397E 00 
•2099F 00 

0.1443F 00 0.1509E 00 0.1599E 00 0.1721F 00 0.1B83E 00 0.2093E 00 0.2356F 00 0.2639E 00 

THREE POINTS LAGRANGE DIFFERENT I ATI ON FORMULA SIMPSON'S RULE FDR INTEGRATION 

CDS 
0.3600TE 02 

COF 
0.77040E 01 

COT 
0.43211E 02 

CDS/CDF 
0.49982E 01 

COF/COS 
0.2000TE 00 

DIMENSIONLESS SURFACE PRESSURF DISTRIBUTION AT 11.25 OEGRFES INTERVAL 

0.149BE 02 0.9996E 01 0.4B40E 01 0.7985E 01 0.2200E 01 0.17B9F 01 0.1534E 01 0.I351F 01 0.1203E 01 0.10706 01 
0.9303E 00 0.7563E 00 0.4908E 00 -0.1A2BF-01 -0.1775E 01 -0.4611E 01 -0.9201E 01 

FIVE POINTS* LAGRANGE blFFERENTTATION FORMULA SIMMON'VXuiE FOR INTEGRATION - — -

tpj CPF mi COS/COP CQF/CBS : 
0.36007E 02 0.71962F 01 0.43203E 02 0.50036E 01 0.19986E 00 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT... 1.1. 25_..DEGREE S..INTERVAL _ _ ... 

0.1687F 02 0.9539E 01 0.4394F 01 0.25S1F 01 0.1BI3E 01 0.14I2E 01 0.1160E 01 0.9TB3F 00 0.R294E 00 0.4941E 00 
0.3523E 00 0.37T4E 00 • 0.U34E 00 -0.3842E 00 -0.1574F 01 -0.4972F 01 -0.97B5E 01 ; 

SURFACE SHEAR STRESS IS POSITIVE EVERYWHERE 

FLOW A L O N G MAJOR A X I S E L L . C Y L I N D E R M A R K - 1 0 7 4 

' A . R . R E C O N C E N T R A T I O N DM XL 
0 . 2 0 0 . 2 0 0 . 5 6 4 9 5 9 3 E - 0 * 1 3 3 . 0 * 2 fl 0 . 2 0 2 9 

X ? 
4 . 8 0 0 0 

A 
0 . 0 5 0 0 

B 
D . 0 9 B 2 

IM J M 
3 3 9 3 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N . A T _ 3 , 6 3 . O F C R E F S I N T E R V A L . 

0 . 0 0 . 3 0 7 5 E 0 0 0 . 4 0 1 7 E 0 0 0 . 3 B 0 6 E 0 0 0 . 3 3 5 3 F 0 0 0 . 2 9 2 9 F 
0 . 1 7 6 7 E 0 0 0 . 1 6 5 2 6 0 0 0 . 1 5 5 9 6 0 0 0 . 1 * 8 * 6 0 0 0 . 1 * 2 5 6 0 0 0 . 1 3 7 9 c 

0 0 
0 0 

0 . 7 5 8 2 6 0 0 
0 . 1 3 4 5 E 0 0 

0 . 2 3 0 5 F 
0 . 1 3 7 3 6 

DO 
0 0 

0 . 2 0 R 5 F 
0 . 1 3 1 3 6 

0 0 
0 0 

0 . 1 9 0 9 6 0 0 
0 . 1 3 1 4 6 0 0 

0 . 1 3 7 B E 0 0 0 . 1 3 5 6 E 0 0 0 . 1 * 0 1 6 0 0 0 . 1 * 6 * E 0 0 0 . 1 5 5 2 6 0 0 0 . 1 6 7 0 E 
0 . 2 6 7 4 E 0 0 0 . 2 0 3 5 6 0 0 0 . 0 

0 0 0 . 1 R 2 7 E 0 0 0 . 7 0 3 0 E 0 0 0 . 7 2 B 5 E 0 0 0 . 7 5 5 9 6 00 

T H R E E P O I N T S L A G R A N G E O I F F F R E N T I A T I O N F O R M U L A S I M P S O N * S R U L E FOR I N T E G R A T I O N 

C D S C D F , CDT C O S / C O F 
0 . 3 * 9 7 9 E 0 2 0 . 7 0 9 9 5 6 0 1 0 . 4 2 0 7 9 6 0 ? 0 . 4 9 7 7 0 6 0 1 

C O T / C D S 
0 . 7 0 2 9 6 6 0 0 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 P F G R F F S I N T E R V A L * 

0 . 1 6 5 A F 02 0 . 9 6 8 5 6 01 0 . 4 6 0 5 E 01 0 . 2 7 6 3 E 0 1 0 . 1 9 7 5 6 01 0 . 1 5 A 1 F 01 0 . 1 3 0 3 6 01 0 . U 2 D E 0 1 0 . 9 7 7 3 E 0 0 0 . 8 4 0 1 6 0 0 
0 . 7 0 4 2 E 0 0 0 . 5 3 4 7 F 0 0 0 . 2 7 2 7 E 0 0 - 0 . 2 2 5 1 E 0 0 - D . 1 4 0 3 F 01 - 0 . 4 6 8 9 F 0 1 - 0 . 9 1 3 9 6 01 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

COS COF COT C O S / C D F C 0 6 / C D S 
0 . 3 4 9 7 9 F 0 2 0 . 7 1 3 0 6 6 01 0 . 4 2 1 1 0 F 0 2 0 . 4 9 0 5 5 E 0 1 O . 7 0 3 B 5 6 0 0 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT U . ? 5 O F C R E F S I N T E R V A L 

0 . 1 6 4 4 6 07 0 . 9 7 2 4 6 0 1 0 . 4 1 0 3 6 01 0 . 2 7 8 4 6 01 0 . 1 5 0 5 6 01 0 . 1 0 9 3 * 
0 . 7 2 8 7 6 0 0 0 . 5 B 7 3 F - 0 1 - 0 . 7 0 1 9 6 0 0 - 0 . 6 9 3 6 E 0 0 - 0 . 1 R 5 2 F 01 - 0 . 5 1 5 0 6 

01 
n l 

0 . R 3 5 6 E 0 0 
- 0 . 9 P 1 7 E 0 1 

0 . 6 5 0 1 F 0 0 0 . 5 D 0 1 F 0 0 0 . 3 4 5 4 F On 

S U R F A C E S H F A R S T R F S S I S P O S I T I V E E V E R Y W H E R E 

FLOW A l O N G MAJOR A X I S 6 1 L . C V L I N 0 6 R M A R K - t n ? i 

* 
A . R . R6 . C O N C E N T R A T I O N DM W J 
0 . 7 0 1 . 0 0 0 . 7 7 9 B 0 1 2 E - 0 3 5 9 . 7 8 2 7 0 . 7 0 7 9 

X ? 
4 .0«00 

A 
0 . 0 5 4 R 

n 
0 . 0 9 R ? 

IM J H 
3 1 6<> 

> 

D I M F N 5 I 0 N L F 5 S S U R F A C E V O R T T C I T Y D I S T R I B U T I O N AT 5 . 6 3 O f G R F f i S I N T E R V A L 

0 . 0 0 . 3 8 8 5 F 0 0 0 . 7 6 9 1 F 0 0 0 . 7 7 8 Q F DO 0 . 4 4 1 4 F 0 0 0 . 4 4 9 1 F 
0 . 3 7 6 9 F 0 0 0 . 3 D 7 4 F 0 0 0 . 7 R 1 9 F 0 0 0 . 7 6 4 7 F 0 0 0 . 7 5 0 0 F 0 0 0 . 7 * * 7 * 

0 0 
0 0 

0 . 4 O I 0 E 0 0 
n.7»7?R 00 

0 . 4 3 6 3 * 
0 . 7 1 8 6 * 

o n 
On 

0 . 3 Q ? ? F 
fl.?1I5F 

o o 
nn 

0 . 1 5 6 * 6 0 0 
0 . 7 . 0 4 1 * 01 

0 . 2 0 2 2 6 DO 0 . 2 0 0 1 6 0 0 0 . 2 0 0 0 E 00 0 . 7 0 7 I E 0 0 0 . 7 D 7 1 F 0 0 0 . 2 I 5 6 F oo 0 . 7 7 1 6 F 0 0 0 . 7 4 7 1 F o n n , ? ? i 4 r o n 0 . 7 9 R | * nn 
0 . 3 0 7 1 6 0 0 0 . 2 3 1 7 6 OD 0 . 0 

T H R F F P O I N T S L A G R A N G E O I F F F R F N T I A T I O N F O R M U L A S I M P S O N ' S Rill F F O R I N T E G R A T I O N 

cos co* C O T cos/cn* C D F / C O S 
0 . 1 1 5 7 7 6 0 2 0 . 7 4 3 6 3 6 01 0 . 1 4 O 1 3 F 07 0 . 4 7 5 1 7 6 01 1 . 2 1 0 4 5 F 0 0 

D f MFNS I O N L F S S S U R F A C E P R F S S U R E 0 1 S T P I R U T » n N AT 1 1 . 2 5 0 * G R C P S I N T F R V A L 

0 . 4 7 6 4 F 01 0 . 3 6 6 Q E 01 0 . 1 6 1 3 * . 01 0 . 9 4 1 3 F n 0 . 4 9 4 n F n n n . ^ i l M r n o 1 . 7 7 7 9 F Q 0 0 . 1 ° ? 7 r i Q p . i i & 6 * i n 0 . 4 Q Q 4 r - n | 
0 . 1 5 R 5 F - D J - 0 . 7 7 R I 6 - 0 1 -0 .<»371E-0) - 0 . 1 B 5 7 F n o - 0 . 4 3 4 Q F ; 0 0 - O . l I S O r n j - 1 . 7 1 3 7 F 0 1 

F I V E P O I N T S L A G R A N G F n I C E P * N T T A T I O N F O R M U L A s i ^ S O N ' S L,,,|P F O R 1 N T * * . D A T I 0 N 

C O S C D F C D T r n s / n o * C O F / C O S 
0 . 1 1 4 7 7 F 0 7 0 . 7 4 3 7 5 6 0 1 0 . 1 4 0 1 4 * n . 4 ' 4 1 5 * n ] i . 7 1 1 * 5 6 0 0 ' ~~ 

O I M E N S 1 0 N 1 E S S S U R F A C F P P * S S U ° F D I S T R I B U T I O N A T 1 1 . 7 5 0 * G O F F S I N T * P V A | 

D . 6 7 3 9 E O l n , 3 4 9 B E 1 1 . 1 . 1 5 1 7 * 1 1 0 . 7 * 4 3 * 1 1 1 . 4 3 4 1 F 0 0 0 . - > 4 1 3 * 0 1 . 1 . 1 1 3 * 1 $ 0 0 0 . ? 3 * 9 * - « l - 1 . 4 4 7 ! * - ^ 1 - 1 . 1 R 4 5 * - « | 
- 0 . 1 4 3 4 F 0 0 0 . 1 8 4 7 * 0 0 - 6 . 7 4 1 7 * 0 0 - 0 . 3 4 1 T * 0 0 - i . 5 0 4 4 * QQ - 0 . 1 1 1 ? E " 1 - 1 . 7 3 4 6 6 Q l -

S U R F A C E S H F A R S T R F S S t S P O S I T I V E * V * R V W H * R F 



11-36 

FLOW AI P N G M A J O R A X I S E I L . CY( INOEO 
* * • • * * * * # * * * * * • * * • • * • # • * * * * * * * • • * * * * * • • 

MARK * ] 0 ? 3 

A . R . R F C O N C E N T R A T I t iN n« X ! 
0 . 7 0 1 . 0 0 0 . 1 7 5 7 3 0 1 F - 0 3 R 9 . 1 R 7 4 0.?.O?O 

X 7 
4 . 4 0 0 0 0 

A 
0 5 0 9 

R 
O.OOR? 

IM 
33 

J M 
0 4 

D I M E N S I O N L E S S S U R F A C E V D R T f C r TY D I S T R I B U T I O N AT 5 . - 4 3 D F . o o F E S I N T E R V A L 

< 

0 . 0 0 . 5 7 M E OO n . T 4 ? 3 F 0 0 n . 7 l ? 5 F 0 0 0 , f t ? i S 7 r 0 0 0 . 5 4 r > 0 F 
0 . 3 1 R 4 F 0 0 n . 7 9 4 5 F 0 0 0 . 7 7 4 4 F 0 0 0 . 7 5 7 4 F 0 0 D . 7 4 3 0 F 0 0 0 . 7 3 0 A F 

n o 
0 0 

1 . 4 7 9 4 E 0 0 
n . ? 7 0 5 F 0 0 

u 
0 

4 7 5 R F 
211 Q R 

0 0 
0 0 0 . ? ii,nr-

O" 
0 0 

0 
0 

3 4 7 5 C 0 0 
1 01 ft C 01 

0 . 1 9 5 6 E 0 0 0 . 1 9 3 4 E 0 0 0 . 1 9 3 7 F 0 0 0 . 1 9 5 1 E 0 0 0 
0 . 2 9 5 4 E 0 0 0 . 2 2 7 7 E 0 0 0 . 0 

1 Q 9 0 F 0 0 O . 7 0 0 O F 0 0 n . 2 2 0 4 F . 0 0 0 .23<>n-- n o n . ? 4 i 3 * 0 7 f l f . n r 0 0 

THREE P O I N T S L A G R A N G E O I F F F R F N T I A T f O N F O R M U L A S I M P S O N ' S R U L E F P P I N T E G R A T I O N 

CDS COF f.OT 
0 . 1 1 7 4 7 E 02 n . 7 4 0 g O F 0 1 0 . 1 3 6 5 5 F 0 ? 

C ^ S / C O F 
0 . 4 6 7 0 8 E «1 

C O F / C O S 
0 . 5 1 4 0 9 E 0 0 

O I M F N S I O N L F S S S U R F A C E P R E S S U R E 01 STR I f ) U T 1 0 N AT 1 1 . 7 4 D F G P E E S I N T F R V A l 

O . M 5 0 F 01 0 . 3 5 7 4 E 01 0 . 1 6 3 R . E 01 0 . 9 0 5 1 E 0 0 n 4 6 7 B E 0 0 0 . 3 7 5 4 C 0 0 0 . » 4 9 9 F 0 0 1 4 0 T - n o n . 0 1 7 9 * - n i n l f ,R0F _ O 1 
- 0 . 1 0 3 9 F - 0 I - 0 . 5 7 1 9 F - 0 1 - n . ] J 7 0 F 0 0 - 0 . 2 7 2 3 F 0 0 - 0 4 7 . P F 0 0 - n . l 1 7 4 F 1] - 0 . 2 1 3 2 F 01 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N FOR M U l A S 1 M P 5 D N ' S R Lit E FOP I N T U B A T I O N 

COS C D F COT c o s / c n * *"OP/COS 
0 . 1 1 7 4 7 F 0 7 0 . 7 4 1 7 7 F 01 0 . 1 3 6 6 5 E 0 7 0 . 4 4 5 7 0 r - 0 1 0 . 7 I 4 9 6 E 00 ' 

D I M E N S I O N L E S S S U R F A C F P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 4 n E G P E E S 1 N T F D V A L 

0 . 6 1 2 4 E 01 0 . 3 4 7 4 F 0 1 0 . 1 4 R I E 0 1 0 . 7 5 « 3 E 0 0 0 
- 0 . I 5 5 9 F 0 0 - 0 . 2 0 3 5 E 0 0 - 0 . 7 6 3 7 E 0 0 - 0 . 3 I S R S F 0 0 - 0 

4 7 5 4 F 0 0 n . ? 3 1 7 F 
6 1 4 4 E n o - 0 . M 7 7 F 

0 0 
01 

0 . 1 0 7 5 E n o 
- n . 7 1 ? 4 F 01 

0 . 1 71 K - 0 1 - 0 . 4 1 9 7 F - 11 - n I 0 7 R T o n 

S U R F A C E SHEAR S T R E S S I S P O S I T I V E EVFRVWHERF 

FLOW ALONG MAJOR AXIS E l l . CYLINDER MARK* 107R 

A . R . RE CONCENTRATION nM XI 
j 0.20 1 . 0 0 0.5649593F-04 133.042* 0 . 2 0 ? < J 

X ? 
4 . R n n o 

A 
0 . 0 5 0 0 

B 
0.0OR7 

t M 
3 3 

J M 
9 3 

DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5.IS3 OEGRFES INTERVAL 

0.0 0.5T19E OO D.747IE DO 0.7077E 0 0 0.6727E 0 0 0 . 4 4 7 7 F 
D.T.1T2F 00 0.2934F 0 0 0.7T35F 0 0 0.7567F 0 0 0 . ? 4 2 5 * 0 0 0.2305F 

on 
0 0 

0.476AE 0 0 
n . 7 7 0 4 E DO 

0 . 4 7 - J 4 F 
0 . 2 1 I*>F 

no 
0 0 

O.3R04F 
0 . 2 ^ 5 1 C 

0 0 
no 

0 
0 

345RF no 
19t»nr ni 

0.19A2F 0 0 0.194.7E 0 0 0.1941E 0 0 D.1963E DO 0.?ni2F On 0 . 7 0 9 4 E 
0.7990E 0 0 0.2757E 0 0 D . D 

on 0 . - > 7 ? 7 E 0 0 0 . 2 4 0 7 E 0 0 0 . ? 4 4 0 * no 0.7OO1F n o 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULF FOR INTEGRATION 

COS , COF COT COS /COF 
0.11236F 02 0.23696E 01 D.1360AE 0 7 0.4T41BE 01 

cnF/cos 
0.71DR9E 0 0 

DIMENSIONLESS SURFACE PRFSSURE DISTRIBUTION AT 11.75 DFGREFS INTERVAL 

0.M18E 01 0.3566E 01 0.1647E 01 0 .9?_ -0 f lF 0 0 0.5«72E 0 0 O . V R t F 0 0 0.7T4 7E 0 0 O.I870E 0 0 0,17101- 0 0 0 4RR i c - n t 
0.2453E-01 -0.1B84E -01 -O.T476E-01 -0.1742E 0 0 -0.41R5E 0 0 -0.H73F 01 -0.2089E 0 1 

FIVF POINTS LAGRAN6F 01FFERFNTIATION FORMULA SIMPSON'S RULF FOR INTEGRATION 

CDS COF CDT CDS/CDF COF/CDS 
0.11236E 0? 0.23700F 01 0.13607? 02 0.4741IE O t 0.21092E 00 

OlMFNSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 OFGPFrs INTFRVAL 

0.6092F 01 0.341BP 01 0.1494E 01 0.T795F DO 0.4497F DO 0.2616E 
-0.1117E 00 -D.IB4RP 00 -0.2095F 00 -0.J076E 0 0 -0.546BF 0 0 -0.1751E 

0 0 
01 

0.1184E 00 
-0.2266F 01 

0.50A9F -ni -0.1536F -01 - 0 4 7 4 R F - 0 1 

SURFACE SHEAR STRESS IS POSITIVE FVF.RVWHFRP 

HOtl ALONG MAJOR AXIS ELL. CYLINDER MARK* lOftT 

O-'O 
CONCENTRATION 
0.1f..m93E-04 

ON 
A . A O O q Q . f l R f l 7 

DIHWISlONieSS SURFACE VORTICITY DISTRIBUTION AT .. i.63, DEGREES INTERVAL.. 

0.0 o . i??»e 01 fl.?7ne oo 
0.1898E 01 
0.137BE 00 

O.IMOE 01 
0.A930F 00 

0.1377E 01 
0.4BB6F 00 

0 . 1 1 M E 0 1 
0.A7J1E 00 

0.9B60E 00 
O.A070F 00 

0.8762E 00 
0.3784F 00 

0.T792E 00 
0.3377F QQ 

0 . 6 9 9 9 F 0 0 
0 . 3 3 P Q F on 

O.3205E 00 
0.2807E 00 

0.30HE 00 
0.1627E 00 

0.2S<)RE 00 
0.0 

0.7767E 00 0.76-53F 00 0.7543F 00 0.2404E 00 0.2*89F 00 0.2M9F 00 0.7574E 00 

THREE POINTS LAGRANGE DIFFERENT I ATI ON FOR HULA SIMPSON'S RULE FOR INTEGRATION 

COS 
0.A0A6SE 01 

COF 
0.R6449E 00 

COT 
0.50I10F 01 

COS/COF 
0.419SSE 01 

COF/CDS 
0.23R33E 00 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.2S OFGREES INTERVAL 

0.77Z4F 01 0.15TTE 01 0.6&77F 00 0.77B7E 00 0.87'i9E-0l -0.737IF-01 -0.92B6E-01 -0.13B2F 00 -0.1 ft7AE 00 -0.1B5RF QQ 
-0.1960E 00 -0.1998E 00 -0.1997E 00 -0.7017E OO . -0.7216E 00 -0.3135E 00 -0.4533E 00 

FIVE POINTS LAGRANGE DIFFERENTIATION FORMULA 

COS CEE £JU_ 

SIMPSON'S RULE FOR INTEGRATION 

COS/COF COF/COS 
0 . 4 0 4 6 5 E 01 0 . 9 7 7 0 9 E 0 0 0 . 5 0 1 8 6 E 0 1 O.Alft27E 0 1 

ESS-JA U R F K C E P R E S S U R E 0 I S T H I 8 U I J 0 N »T^ 1 1 - 2 5 _ 0 £ G B E J : S _ J N T E R V A L _ 

0.2R023E 00 

0.IT29F 01 0.1530E 01 0.61A4E 00 0.23ABE 00 0.4367E-01 -0.ftB35E-OI -0.1393E 00 -0.1BS6E 00 -0.7159E 00 -0.2348F 00 
-0.2432F 00 -0.7A93E 00 -0.7A9AE OO -0.750BE 00 -0.7704F 00 -0.3f . 7 R F 00 -0.S098E 00  

lURf.ACF SHEAR STRESS IS POSITIVE EVERYWHERE 

http://7flf.nr
http://-0.3f.7RF


I I -

FLOW ALCNG H A JOP. A X I S E L L . CYLIN1JE3 MARK" 1 2 9 7 

A . P . RF C O N C E N T R A T I O N DM X I X2 
0 . 2 0 1 0 . 0 0 0 . 5 6 4 9 5 9 3 E - 0 4 1 3 3 . 0 4 7 8 0 . 2 0 2 9 4 . 8 0 0 0  

O I M E N S I U N L F S S SURFACE: V U R 1 I C I T Y 0 I S TH I BUT I UN A l O E G R F E S I N T F R V A L 

0 . 0 ' 0 . 1 7 M F C l 0 . 2 3 C S F 01 0 . 7 1 7 1 F 01 0 . 1 8 B 9 E 01 0 . 1 6 2 1 E 01 0 . 1 4 0 3 E 01 
_ 0 . 8 7 1 5 E 00 0 . 7 9 I T F 00 0.724»E 00 0 . 6 6 6 9 E 0 0 C . 6 1 7 2 E 0 0 0 . S 7 3 7 F . 0 0 0 . 5 3 5 2 b gt] 

0 . 4 1 4 4 E 0 0 
0 . 2 3 4 5 E 0 0 

0 . 3 8 9 5 t CC 
0 . 1 6 5 4 E OP 

0 . 3 6 6 I t 00 
0 . 0 

U . 1 2 2 6 E 01 
0 . S 0 0 7 E 0 0 

. 1 0 8 3 6 01 
0 . 4 6 9 5 E 00 

0 . 3 4 4 C i h 00 0 . 3 7 3 0 6 00 0 . 3 0 3 6 E 00 0 . 2 8 6 2 f c UQ 0 . 2 7 1 9 E 0 0 Q . 2 6 1 3 E 00 6.257.8E 0 0 " 

THREE P O I N T S L A &R AM G f 0 IF FERE N I I A T I C N FOR MUlA S I M P S O N ' S RULE FCft I N T E G R A T I O N 

C D S / C O F 
0 . 3 6 1 4 4 E 0 1 

COF 
0 . 7 4 3 3 4 E 00 

CDT 
0 . 3 4 7 6 2 E 01 

C D F / C D S 
0 . 2 7 6 6 7 E 0 0 

O I M E N S I O N L t S S S U R F A C E P R E S S U R E C I STR I BUT I ON AT 1 1 . 2 5 O E G k E f S I N T E R V A L 

0 . 2 0 6 0 E P I 0 . 1 1 7 3 E 01 0 . 4 3 3 1 6 - -JO 0 . 1067E 0 0 - 0 . S B 6 4 E - 0 1 - 0 . 1 5 3 5 E PC - 0 . 2 1 1 7 b 00 
- 0 . 2 H U 5 E CO - 0 . 2 8 8 0 E 00 - 0 . 2 8 3 6 E 00 - 0 . 2 7 7 4 E 0 0 - 0 . 2 7 4 7 E 0 0 - 0 . 3 0 5 2 F . 00 - 0 . 3 5 8 S E 00 

- 0 . 2 4 8 3 E 0 0 - 0 . 2 7 0 B E 0 0 - 0 . 2 B 3 3 E 0 0 

F I V E P C I N T S LAGR ANGfc 0 1 F * E P t N T I AT I CN FOR M U l A 

COS CO* CDT 

S I M P S O N ' S R U L E FCR I N T E G R A T I O N 

C O S / C D F C O F / C D S 
O . 2 7 2 2 9 E " " 0 1 7 7 7 6 6 5 8 6 00 0 . 3 4 8 v 5 E 01 O . 3 5 5 2 0 E 01 0 . 2 8 1 5 3 E 00 

0 I M F N S I 0 N L E 5 S S U R F A C E P R E S S U R E 0 1 S T R I OUT I ON AT 1 1 . 2 5 DEGREES I N T E R V A L 

0 . 2 0 6 5 F 01 0 . 1 1 4 2 E 01 0 . 4 3 3 1 E 00 0 . 7 R 5 6 E - 0 1 - 0 . 8 9 0 T E - 0 1 - 0 . 1 S 7 0 E 00 - 0 . 2 4 8 0 E GO - 0 . 2 8 6 7 E 0 0 - 0 . 3 1 0 8 E 0 0 - 0 . 3 2 4 5 E 0 0 
- O . 3 3 0 3 E 00 - 0 . 3 3 0 3 E 00 - 0 . 3 2 6 0 * 00 - 0 . 3 1 ^ On - Q . 3 1 9 S E 00 - 0 . 3 4 6 7 F 0 0 - 0 . 4 0 3 1 b 00 ' 

S U R F A C E S H E A R S T R E S S I S f P S I T I V f c : C V* 8 Y W H E R E 

F L O W A L O N G M A J O R A X I S E I L . C Y L I N D E R 
• * * » * » * » » * * * • * * * * * * * * * * • * * * • * * * * * » * * ' 

M A R K * IP<»4 

A . R . R E 
0 . 2 0 7 0 . o r 

C O N C E N T R A T I O N 0«* XI 
0 . 5 6 4 O 5 9 3 F - 0 4 1 3 1 . 0 4 2 8 0 . 2 0 ? 0 8 0 0 0 0 . 

A 
0 * m 

0 I u 
31 < 

D 1 M E N S I D N L E S S S U R F A C F V O R T I C I T Y D I S T R I B U T I O N A T 4 . 6 3 n * 0 P * F S I N T F " V A l 

0 . 0 0 . 7 6 4 3 F 
0 . 1 7 0 1 E 0 1 0 . 1 O B 4 E 

0 1 0 . 3 4 7 O E 0 1 0 . 3 1 8 5 * n i 0 . 2 7 4 1 * n] 0 . » 3 3 0 F 
0 1 0 . 9 B 6 3 C 00 0 . 9 0 7 5 * 0 0 0 , B ? " 9 * nn n . 7 6 6 ' * 

01 p. io<>4r o i 
n . 7 n - i 3 F 00 

0 . 
0 , 

1 7 7 7 ^ 01 
f, r. 7n r i n 

M M " - " t 
0 . ' , | 01 

1*4 t r " i 

0 . 5 7 5 2 F 0 0 0 . 4 B 5 5 E 
0 . 1 7 1 2 E 0 0 O . U I O E 

00 0 . 4 4 7 3 F 00 0 . 4 1 0 0 E o n 0 . 3 * 3 6 * o n 0 . 3 3 7 7 E 
00 0 . 0 

no " . 3 0 2 6 E 00 0 . 2 ^ 8 7 * ftn j n s - j r . 

T H R F F P O I N T S L A G R A N G F D I F F E R E N T I A T I O N F O R M U L A S I M P S P N ' 5 R U L E r o t I M T F C R A T I O N 

C D S 
0 . 1 8 3 3 B F 0 1 

C O F C O T c n s / c n * 
0 . 5 6 7 4 7 F 0 0 - 0 . 2 4 0 1 3 F 0 1 0 . 3 2 3 0 9 F 0 1 

C n * / C D S 
3 0 9 5 1 F no 

O I M F N S I O N I E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT I I . 1 C P E G P F * 5 I N T * R V A 1 

0 . 1 A 4 9 E 0 1 0 . 9 0 5 6 F P O O . ' f t l l F no - 0 . 7 4 3 1 F - 0 1 - 0 . 1 6 6 8 F 00 - 0 . 7 / . 2 7 F no -n.7a5fef: oo - n . 1 0 o ? c i r t 

- 0 . 3 I 8 1 E 0 0 - 0 . 3 0 8 6 E 00 - 0 . 2 9 5 4 F 00 - 0 . 2 8 1 5 E 0 0 - 0 . 7 6 5 9 * 0 " - O . ' ^ I J I J F " 0 • - n . ? 6 / 8 E 00 

F I V E P O I N T S L A G R A N G F D I F F E R C N T I A T I O N F O R M U L A S I « P 5 P N ' S P H I . * * P R I K ' T * G 1 , A T I O N 

c o s r n F T O T c n s / C " * c n r / c n S 
0 . 1 8 3 3 B F 0 1 0 . Sfi9<>3* 00 0 . 7 4 7 3 7 F 0 1 1 . * 1 I". 7F "1 n . " i 6 8 F n o 

O I M F N S I O N I E S S S U R F A C F P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 A * G R F * 5 I N T E R V A L 

0 . 1 6 7 0 F 0 1 0 . 9 0 6 4 * 
- 0 . 3 3 4 3 F 00 - 0 . 3 ? 5 7 E 

no n . P 7 0 8 F 00 - 0 . 1 4 ? B F - n i - o . l R . 0 7 F 00 - n , ? 4 i T > * 
0 0 - 0 . 3 | 3OF 00 - 0 . 2 9 7 O F nn - 0 . 78 29F 00 - n . 27 6 ' , * o n 

- 0 . 7 O P 4 F - m 
- n . ? n ( , 7 F 00 

- 0 . 3 1 « 4 * no - n . i > ? 7 P o n - n 

S U R F A C F S H F A R S T R F S S I S P O S I T I V E F V F R Y W H F R F 

CONCENTRATION 
0 . 5 6 4 9 0 6 5 E - 0 4 

MARK* 1 3 1 9 

. D I M E N S I C N L E S S SURFACE V C P U C I I Y D I S T R I B U T I O N AT 2 . 8 1 DEGREES I N T E R V A L 

0 . . 1 4 5 9 E C l 
0 . 8 6 B 9 E 00 
0 . 5 7 3 5 E 00 
D . 3 6 4 7 E 0 0 
0 . 1 5 6 2 E 00 

0 . 2 2 3 1 E P I 
0 . 7 8 3 4 F 01 
0 . 1 3 7 4 E C l 
0 . B 3 1 3 E CO 
0 . 5 5 0 7 E 0 0 
0 . 3 4 4 5 E 00 
0 . 1 ? 9 2 E OC 

0 . 1 2 9 7 E 01 
0 . 7 9 6 1 E 00 
0 . 5 2 8 6 * JO 
0 . 3 2 4 2 E 00 
C . 9 5 C 4 E - 0 1 

P.46??E 01 
0 . 2 3 9 I E Q l 
0 . 1 2 2 6 E 01 
0 . 7 6 3 0 E 0 0 
0 . 5 O 7 0 E 00 
0 . 3 0 3 7 E 00 
0 . 5 1 3 3 E - 0 1 

0 . 1 1 6 2 E 01 
0 . 7 3 1 7 E 00 
0 . 4 8 6 C E 0 0 
0 . 2 8 3 1 E DO 
0 . 0 

0 . 4 6 9 2 E 01 0 . 4 4 0 1 E 01 
0 . 2 0 4 7 E C l 0 . 190 . i f i) 1 
C. 1 l O i E 01 
O . 7 0 2 1 E 0 0 
0 . 4 6 5 3 E CO 
0 . 2 6 2 4 E 00 

0 . 1 0 4 Y E 01 
. 6 7 4 0 t CU 
. 4 4 S 0 E 00 
. 2 4 1 B E 00 

0 . 4 0 5 8 E 01 0 . 3 7 I 3 E 01 0 . 3 3 9 0 E 01 
0 . 1 7 7 3 E 01 0 . 1 6 5 7 E 01 0 . L 5 5 3 E 01 
0 . 9 9 8 6 E 0 0 0 . 9 5 2 2 E 00 0 . 9 0 9 1 E 00 
0 . 6 4 7 3 E 00 0 . 6 2 1 7 E 00 0 . 5 9 7 1 E 00 
0 . 4 2 4 8 E 00 0 . 4 0 4 8 E 0 0 0 . 3 8 4 8 E 00 ' 
D . 2 2 1 3 E 0 0 0 . 2 0 0 6 E 00 0 . 1 7 9 3 E 00 

THREE P O I N T S LAGRANGE D I F F E R C N T I A T I O N FORMULA 

COF 
0 . 6 2 8 2 1 E 00 

S I M P S O N ' S R U L E FCR INTEGRAT1UN 

D I MENS I Q N L F S S SURFACE P R E S S U R E D I S T R I B U T I O N AT 5 . 6 3 DEGREES I N T E K V A L 

0 . 1 3 4 4 E 01 
- 0 . * 0 7 3 F 00 
- 0 . 5 0 6 4 E 00 
- 0 . S 3 9 8 E 00 

O . l l O b E 01 
- 0 . 4 2 7 ' . E 00 
- 0 . 5 0 f c 7 E 00 
- 0 . 5 4 6 6 E 0 0 

0 . 6 7 5 6 E PO 
- 0 . 4 4 6 Q E 00 
- o . 5 i c a e o o 
- 0 . 5 6 Q Q F 00 

0 . 3 2 5 3 E 00 0 . 8 5 4 2 E - O I 
- 0 . 4 6 2 0 E 0 0 - 0 . 4 7 3 7 E 00 
- 0 . 5 1 2 O E CO - 0 . 5 1 5 2 E 00 

- C . 7 6 5 9 F - 0 1 -0 .18(Jt>E 00 
- 0 . 4 H 2 9 F 00 - 0 . 4 9 0 1 t 00 
- 0 . 5 l 7 7 t 00 - 0 . 5 2 0 7 E 0 0 

- U . 2 6 8 2 E 00 
- U . 4 9 5 8 E 0 0 
- 0 . S 2 4 2 E 0 0 

- 0 . 3 2 6 3 E 00 
- 0 . 5 0 0 2 E 00 
- 0 . 5 2 8 4 E 0 0 

- 0 . 3 6 9 6 E 0 0 
- 0 . 5 0 3 6 E 0 0 
- 0 . 5 3 J S E 0 0 

F I V F P O I N T S LAGRANGF 0 I F F E K T Ml 1 A T I C N FORMULA S I M P S O N ' S R U L E FOR I N T E G P A 1 I U N 

CDS COF CI>T C D S / C O F C C F / C U S 
P . 1 I 1 4 6 E 01 Q . 6 S 5 8 7 E 00 • P . 1 7 7 0 ? E 01 0 . I 6 9 9 4 E Q l 0 . 5 B 6 4 2 L - 00 

D I MF^^S 1ONL FSS S U R F A C F P P F S S U P . t D I S T R I B U T I O N A t 5 . 6 3 O f G R f E S I N I t P V A L 

0 . 1 3 2 6 F C l O . l O a O f 01 0 . 6 4 7 1 F 00 0 . 3 0 4 6 E 00 O . 7 1 4 4 E - 0 1 - 0 . 8 8 4 1 E - 0 1 - 0 . 2 0 1 9 E 0 0 - U . 2 8 5 0 E 00 - 0 . 3 4 7 4 E 00 - 0 . 3 9 5 1 E 00 
- 0 . 4 3 2 1 E 00 - 0 . 4 6 1 0 E 0 0 - 0 . 4 6 3 7 E 00 - 0 . 5 ' U i E 0 0 - C . M 5 6 E 00 - 0 . 5 2 6 6 E 00 - 0 . 5 3 5 2 t 0 0 - 0 . 5 4 1 9 E 0 0 - 0 . 5 4 7 2 E 00 - 0 . 5 5 1 4 E 00 
- 0 . 5 b 4 7 E CO - 0 . 5 5 7 4 E CO " 0 . ' > 5 9 q E 00 - 0 . 5 c . 2 3 f c 00 - 0 . 5648E QQ - 0 . 5 6 7 6 E 00 - 0 . 4 7 0 9 E 0 0 - J . b 7 4 8 E 00 - 0 . 5 7 9 4 E 00 - 0 . S 8 - + 9 E 00 
- 0 . 5 9 1 7 F 00 - 0 . 5 9 9 1 6 Of) - 0 . 6 0 3 0 E 00 

SUP F AC F SHEAR S T R F S S i s P O S I T I V E fc VF 3 YHHCRF 
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S i n g l e E l l i p t i c a l C y l i n d e r s w i t h O.R.< 1 

FlCW ALONG MINOR AXIS ELL. CYLlNOfc'K MARK = 15?* 

A.R. P F CONCENTRATION PM XI X? A R IM JM 
1 .nn O.Ol 0. 1 F 11 "*S l r - 0 4 75 7.2273 3 . 0000 3.5*00 0.0603 0.0987 33 93_ 

OIMFNSIONLFSS SURFACE VORTICITY 0 1 S TP I BUT ION ...AT ... 5 . 6 3 DEGREES INTFPVAL 

0 . 0 0.4I7RF - 0 1 0 . R 3 U F - 0 1 0.1 236F 0 0 0.1677E oo 0 . 7 0 0 ? F 0 0 0 . 7 7 5 6 6 00 0.2686F 00 0 . 7 9 B 9 F 00 0.3761F 0 0 
0 . 7 F Q I F no 0 . 7 7 0 6 6 0 0 n . 7 0 7 6 F nn 0 . 4 0 0 7 F on 0 . 4 1 OOF 00 0 . 4 1 5 4 R 00 0.4169E 00 0.4144E 00 0.4080E 00 0.397BF 00 
0.7B39F 00 0.3f.63F 00 o . ^ 4 S 7 F 00 0.371OF on 0 . 7 Q - U F 00 P.7635F no O.7308E 00 0.19596 00 0.15916 00 0.1207F 00 
O.RH?F-ni n.4n76F-ni n.n 

THREE POINTS I AGP ANGF 0 IFTFRFNT IATInN F PR M l ! I A SIMPSON'S ->UIF FOP INTEGRATION 

rns COF TOT COS/Cnr. COF/COS 
n.76*onc m . 0.2M46T 03 n . 5 2 5 3 6 F 03 0. 100Q3F 01 0.9O074E 00 

01MFNS1ON1 FSS FijnriCF ORFSSII°F DISTRIBUTION AT 11.75 OEG B FF S INTFRVM. 

0.1678E n7 0.1645F n? 0 . 1 5 4 6 6 n3 n.l7B6F 07 0.1I77C 03 0.OI56F 07 0.6247E 02 0.3U7F 02 -0. 11 5 9 F Ql -0.3337r 07 
-0.6415-" 07 -0.0257F 0? -0.1175F 03 -0.17R0F 03 -0. 1573F 03 -0. 1477F n3 -0. 1659E 03 

FIVF POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOP INTEGRATION 

cos cin C O T C D S / C . O E C D F / C D S  

0 . 7 6 3 9 0 F 03 0.26166F 03 0 . 5 ' S 5 6 F 03 n.100866 01 0 . O 9 1 5 1 E 00 

DIMENSION! FSS SURFACE PRrSSIIRF DISTRIBUTION AT 11.25 OFOPFFS INTERVAL 

0.1673E 07 0.1639F 03 0. 1 5 4 0 F n i 0.1381F 0 3 0.U67F 03 0.9094F 07 0.6182E 02 0.3O5OF 0? -0.1R57F 01 -0.3403F 02 
- 0 . 5 4 W 3 F Q2 -0.9737F 02 -0.11R3E 03 -Q.13RSF 03 -0.1541F 03. -0.16356 03 -0.1667E 03  

SURFACF SHCAR STRFSS IS PnSITlVF FVERYHHTRE 

FLCW ALONG MINOR AXIS FLL. CYLINDEX 
r t t ' C . ft* » 

MARK- 1320 

RE 
0.01 

CUNC FN TRAT IDN 
0. 1523033E-07 

OM 
8102.9883 

XI 
3.0000 

X2 
12.0000 

A 
0.0865 

B 
0.0785 

IH 
41 

JM 
105 

DIMFNSIONLESS SURFACE VORTICITY DISTRIBUTION AT 4.50 DECREES INTERVAL 

0.0 0.751.36-01 0.50216-01 0.7494E-01 0.9921E-01 0.1229E 00 0. 1458E 00 0. 1678E 00 
0.7771E CO 0.2442E 00 0.255R6 00 0.2 737E 00 0.2859E 00 0.2963E 00 0.3049E 00 '0.31156 00 
0.3194F. 00 0.3180F 00 0.3146E CO 0.30936 00 0.30216 00 0.2930E 00 0 . 2 8 2 1 t 00 U.2695E 00 
0.2224E 00 0.2039F 00 0.1843F 00. 0.16366 00 0.1420E 00 0.11956 00 0.96446-01 0.72806-01 
0.0 

0.18886 00 
0.3161F 00 

0.20866 00 
0.31886 00 

0.2553E 00 0.23956 00 
0.48766-01 0.24456-01 

THREE POINTS LAGRANGE DIFFERENTIATION F OK HULA SIMPSON'S RULE FOR INTEGRATION 

CDS COF COT CDS/CDF COF/CDS 
0.I9920E 03 0.201516 03 0.4C071C 03 0.98850E 00 0.101166 01 

DIMLNSILMESS SURFACE PRESSURE DISTRIBU1IUN AT 9.00 DEGREES INTFRVAL 

0.1757F C3 0.1236F 03 0.1188F 03 0.1110E 03 0.1004E 03 0.B716E 02 0.71636 02 0.54216 02 0.3535E 02 0.1553E 02 
-0.4723E CI -0.24BBE 02 -0.4447E 02 -0.62B7E 02 -0.7976E 02 -0.9470E 02 -0.10746 03 -0.1175E 03 -0.12486 03 -0.1293E 03 
-C.13CBE C3 . _ 

FIVE POINTS LAGRANGE 0 1F FE RE N T I A TI CN FORMULA SIMPSON'S RULE FOR INT6GRAT10N 

CDS COF CDT CCS/COF COF/COS 
0. 19920E 03 0.20193E 03 0.40113E 03 0.98645E 00 0.10137E 01 _ 

DICENSIONLFSS SURFACF PRESSURE DISTRIBUTION AT 9.00 DEGREES INTERVAL 

0. 1749F C3 0. 123.3E 03 0.L186E 03 0. 1 108E 03 0. 1001 6 03 0.86836 02 0.7127E 02 0.53816 02 0.34916 02 0.1505E 02 
-0.525IF 01 -0.25456 02 -0.45046 02 -0.6352E 02 -0.8044E 02 -0.9541E 02 -0.10816 03 -0.11826 03 -0.1256E 03 -0.13016 03 
-0.1316E 03 

SURFACE SHFAR STRESS IS POSITIVE EVERYUHER6 
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P 1 0 W A L O N G M T N O R A X I S F L L . C V L I N O T P M A R X " 1 1 1 ? 

A . R . R E 
0 . 7 0 l . O f ] 

C O N C N T R A T I O N 
1 . 0 . 5 6 4 9 5 9 ^ - 0 4 

DM X ! 
1 7 3 . 0 4 2 B 0 . 7 0 7 1 

X 7 
4 . B D 0 0 

A 
0 . 0 5 0 0 

B 
O . O P R " ' 

I M 

7 7 
J M 

a T 

O l M C N S i n N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N A T 5 . 6 . 3 D E G R E E S I N T F P V A L 

0 . 0 0 . 3 4 6 5 F -
0 . 6 5 5 1 E 0 0 0 . R 6 9 9 F 

0 1 0 . 7 0 7 6 F - 0 1 0 . 1 0 8 7 E 
0 0 0 . U 9 0 F 0 1 0 . I 7 7 0 F 

0 0 O . K O f t F 0 0 0 . 1 9 6 7 F 
0 1 0 . 2 5 R 6 F 0 1 0 , 3 7 n o r 

n o 
0 1 

O . 7 - - . 0 6 F 0 0 
0 . 4 t 4 8 F 0 1 

0 . 3 1 6 7 F 
0 . 3 0 O 7 1 -

o - -
" 1 

0 . 7 Q B 7 F 
n . 1 7 0 5 F 

o n 
01 

0 . 
0 . 

, 5 0 f , 7 c o r 
, on-> | r 

0 . 5 6 S 4 E 0 0 0 . 1 3 5 7 E 
0 . 7 8 7 3 E - 0 ? 0 . 1 I 4 S E -

0 0 0 . 2 0 4 7 F 0 0 0 . 1 7 7 2 E 
0 7 0 . 0 

0 0 0 . 7 9 5 5 E - 0 1 0 . 4 9 5 0 F - 0 1 0 . 3 0 3 2 E - 0 1 0 . 1 B O O F - 0 1 0 . 1 n 7 OF -- n i n , , F 6 4 7 F - 0 7 

T H R E F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U I . F r o R I N T E G R A T I O N 

C O S 
0 . 1 7 7 9 S E 0 1 

C O F C D T C D S / C O F 
0 . 9 0 3 7 6 F 0 1 0 . 1 0 8 1 7 F 0 7 0 . 1 9 6 9 0 F 0 0 

C O F / C D S 
O . 5 0 7 R 7 F 0 1 

O l H r N S I O N L E S S S U R F A C E P R F S S U R F D I S T R I B U T I O N A T 1 1 . 7 5 D E G R E E S I N T E R V A L 

n . 3 6 4 ? F 0 1 0 . 3 6 9 0 F 0 1 n . 3 B 4 i r 0 1 0 . 4 1 7 6 F 0 1 0 . 4 4 0 7 F 01 0 . 5 7 8 7 F 0 1 0 . 6 4 9 3 E 0 1 0 . 6 4 5 O F 0 1 - 0 . 7 0 f l 9 c n i - 0 . , a q F R C 01 
- 0 . 7 7 0 R F 0 1 - 0 . 5 8 9 0 E 0 1 - 0 . 4 7 4 8 F 0 1 - 0 . 4 0 6 6 F 0 1 - 0 . 7 6 4 2 F O t - 0 . 7 4 4 7 F o i - 0 . 7 7 R 0 E 0 1 

F I V F P O I N T S L A G R A N C . F D I E F C R F N T I A T I O N F O R M U t A S I M P S O N ' S R U L E F O R I N T F C . P A T I O N 

C O S C O F C O T C O S / C O F C O F / C O S 
0 . 1 7 7 9 5 F 0 1 0 . 9 O 3 O 2 F 0 1 0 . 1 0 8 1 0 E 0 7 0 . 1 9 7 0 6 E 0 0 O . 5 0 7 / . 5 F 0 1 

D I M F N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N A T 1 1 . 7 5 O F G R E E S I N T E R V A L 

0 . 3 6 5 R E 01 0 . 3 7 0 6 E 
- 0 . 7 7 6 5 E 0 1 - 0 . S 8 4 7 E 

0 1 0 . 7 R 5 R E 0 1 0 . 4 I 4 4 E 
0 1 - 0 . 4 7 0 2 E 0 1 - 0 . 4 0 7 3 F 

0 1 0 . 4 6 7 4 F 0 1 0 . 5 4 0 0 F 
0 1 - 0 . 7 F - 7 1 F 01 - 0 . 3 4 0 7 F 

0 1 
0 1 

0 . 6 5 . 3 7 F 0 1 
- 0 . 3 3 3 R E 0 1 

0 . 6 5 4 3 ' ' 0 1 - 0 . a 1 ? 4 F " 1 1 0 7 5 F 0 1 . 

S U R F A C E S H E A R S T R F S S I S P O S I T I V F E V F R Y W H E R F 

F L O W A L O N G M I N O R A X I S E L L . C Y L I N D E R M A R K " 1 1 1 9 
*•»•***•****».**•*•**• 

A . R . R E C O N C E N T R A T I O N DM X I X 7 A R I M 
0 . 7 0 5 . 0 0 0.56405936-0-* 1 7 3 . 0 4 7 B 0 . ?Q79 4 . 8 0 O Q 0 . 0 5 0 0 0 . 0 9 B 7 33 

0 I H E N S 1 0 N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N A T 5 . 6 3 D E G R E E S I N T E R V A L -

0 . 0 0 . 1 0 8 6 E 0 0 0 . 7 1 9 5 F 0 0 0 . 3 3 5 2 E 0 0 0 . 4 5 R 4 F 0 0 0 . 5 9 7 7 F 0 0 0 . 7 4 3 1 E 0 0 0 . 9 1 6 3 E 0 0 0 . 1 1 7 3 F 01 0 . 1 3 7 8 F 0 1 
0 . 1 7 I 0 F 0 1 0 . 2 1 6 3 E 0 1 0 . 7 8 1 7 F 0 1 D . 3 8 0 3 E 0 1 0 . 5 7 6 2 E 0 1 0 . 6 R R 8 F 0 | 0 . 6 O Q 0 E 0 1 0 . 4 4 7 0 F 0 1 0 . 7 1 7 2 F 01 Q . B S 9 R F 0 0 
0 . 7 7 7 3 F DO 0 . 1 5 6 O F - 0 2 - 0 . 1 7 7 3 F 0 0 - 0 . 1 7 4 5 E DO - 0 . 1 9 0 0 E 0 0 - 0 . 1 B 5 6 F 0 0 - 0 . I 6 9 9 E 0 0 - 0 . 1 4 7 6 F 0 0 - n . 1 7 . 1 4 F 0 0 - 0 . 9 7 6 8 F - 0 1 

- 0 . 6 2 4 7 F - 0 1 - 0 . 3 1 4 1 E - O I 0 . 0 

THRFF POINTS LAGRANGE 01FFFRENT I ATIDN FORMULA SIMPSON'S RULE FOR INTEGRATION 

CD! COF COT CDS/CDF COF/CDS 
0.60961E 00 0.3335BF 01 0.39454F 01 0-1R775F 00 0.54770E 01 

DIMENSION!ESS SURFACE PRESSURE DISTRIBUTION AT 11.75 DEGREES INTERVAL 

0.1670E 01 D.1618E Q l 0.1613F 01 0.1613E 01 0.I675F 01 0.1707E 01 0.1780E 01 0.120BF 01 -0.7504F 01 -Q,»174F Q l 
-0.3016E 01 -0.7703E 01 -0.1743E 01 -0. 1477E 01 -0.1317E 01 -0. 1776F 01 -0.U99E 01 

FIVE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 

cpj COF nn cos/cor CDF/COS ; 
0.60961E 0 0 0.33326E 01 0.39473E 01 0.18797F n o 0.5466RE 01 

D1«ENSI ONIF S S SURFACE PRESSURE DISTRIBUTION A T 11.25 OFGREFS INTFRVAl 

0 . 1 6 2 6 E 01 D.I624E 01 0.161BF 01 0.1619F 01 0.1647F 01 0.1710F 01 0.1B01F 01 0.1274F 01 -0.7471F 01 - n . 4 7 1 7 R 01 
- 0 . 2 9 9 9 F 01 -0.71B5E 01 -0. 1726F 01 -Q.1455F 01 -0. 1797F n i -0.12UF 01 -D.1184F. 01  

A N G L E A T W H I C H S U R F A C E S H F A R S T R F S S B E C O M E S Z E R O I . E . SF P A R A T I O N , 1 S 1 1 5 . ' D F G R F F S 

http://-n.17.14F
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r L HW A L O N G M I N O R A X I S 
* * * * * * * * * * * * * * * * * * * * * * * * * 

R F 
I S . 0 0 

C O N C F M T 3 AT i n v 
n. *, v t i F o ^ F - i y . 

P I M F N S T O N L E S S S U R F A C E V O R T I C I T Y H I S TO I P-l.' T I ON A T 

0 . 0 n . ? 3 « 0 F on 
n.3572F 01 0 . 4 3 7 o r Q l 

on n. 7 3 S ' . F 
0 . 6 9 8 1 F 

".ir.^OF oi o . ? i 

- n . 4 i i 4 E nn 
- n . i s s i F no 

- 0 . 6 1 8 S F on -n. -Srsnqf ; no 
- n . 7 6 R » F - 0 1 0.0 

- . 0 . 6 3 5 7 r on 

T H R F f P O I N T S l A G R A N G P 0 I r F c R n MT T A T l O N e P R w i H A T *-.' 1 c r " A T T O N 

CPS 
n.^nqftftF nn 

r . n F 
o . 7 ? n 3 ? F n i 

C O T 
r . ? ^ o ? i * 

r.n<; /<*••>(: 
n , P K H r no . 7 i 7 ' . ? r ni 

DT M F N S I P . N L F S S S U R F A C F P P E S S U T n I S T " I PIJT I riM A T 11 . ?f> n F r . c > F c < : I * ' T F f > V A I . 

0 . 1 7 2 0 F 0 1 0 . I 2 0 0 E 0 1 0 . 1 1 A Q F Q l n . 1 0 ? 0 E Q l n . H ^ T B F n o 0 . 7 1 r S A F 
-n.i97nF ni -n.iS4tsE oi -n-.i375F oi - o . i ? o i F m - o . m 

F I V E P O I N T S L A G R A N G F O I F F F O F f j T I A T T DM F P H " I U A 

C O S C O F C O T 

q w i i c n ^ K ; ' ' M l . * " r-nci f * i r c ,-,77, ft T | D N 

0 . 3 0 9 6 6 F no n . ? ? 7 6 3 r m rt.2s8s.9e 0 

D I M F N S I P . N L F S S S U R F A C E P R E S S U R E n T S T R I R U T I ON A T t l . 

0 . 1 7 6 O 4 F o n 

nrr.PEFS T N T T R W A I . 

o.7>sni»F ni 

n . i ? 7 ? E n i 
- 0 . . 9 S 3 F 01 

O . I ? O ? F ni 
-n.is?9F ni 

0.1143^ ni 
-0. m o p oi 

n . i n * i 3 F 01 
- n . l l B f t F n i 

0.*>0"34F (>0 
- p . 1 1 1 3 ^ m 

- Q . t Q 7 T F 0 ) 
rt.4M2r: 0 0 _ n . i 7 T n t o n 

- n . 1 Qrsnt-' n 1  

A N G L F AT W H I C H S U R F A C F S H F A R S T R F S S R F C P M F S 7 F P 0 I . E . S F °AR A T T P N , I S P " . R P E C o ^ S 

F L O W A L O N G M I N O R A X I S F L L . C Y L I N D E R HARK- 1 2 5 4 

R E 
40.00 

C O N C E N T R A T I O N 
0 . 5 6 4 9 0 6 5 F - 0 4 

OH 
133.0491 0.2029 

X 2 
. 8 0 0 0 

A 
0 . 0 4 4 2 

IM 
6 5 

JM 
1 0 5 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 2-01 D E G R E E S INTERVAL 

0 . 0 0 . 2 0 9 8 6 0 0 0 . 4 2 0 8 6 0 0 0 . 6 3 4 7 E 0 0 0 . 8 5 2 8 6 0 0 0 . 1 0 7 7 6 0 1 0 . 1 3 0 8 6 0 1 0 . 1 5 4 8 6 0 1 0 . 1 7 9 9 6 0 1 0 . 2 O 6 3 E 0 1 
0 . 2 3 4 2 E 0 1 0 . 2 6 3 7 E 0 1 0 . 2 9 S 3 E 0 1 0 . 3 2 9 0 6 0 1 0 . 3 6 5 3 6 0 1 0 . 4 0 4 5 E 0 1 0 . 4 4 7 0 6 0 1 0 . 4 9 3 1 6 0 1 0 . 5 4 3 5 6 0 1 0 . 5 9 8 5 6 0 1 
0 . 6 5 9 0 6 0 1 0 . 7 2 5 7 6 0 1 0 . 7 9 9 6 E 0 1 0 . 8 8 1 7 6 0 1 0 . 9 7 3 3 6 0 1 0 . 1 0 7 6 E 0 2 0 . 1 1 9 0 6 0 2 0 . 1 3 1 3 6 0 2 0 . 1 4 3 9 6 0 2 0 . 1 5 4 3 6 0 2 
0 . 1 5 8 1 6 0 2 0 . 1 4 9 1 E 0 2 0 . 1 2 3 9 6 0 2 0 . 8 7 7 9 E 0 1 0 . 5 2 2 5 6 0 1 0 . 2 5 0 2 E 0 1 0 . 7 2 4 2 6 0 0 - 0 . 3 2 5 1 6 0 0 - 0 . 8 9 8 1 6 0 0 - 0 . 1 1 8 3 6 0 1 

- 0 . 1 3 0 0 6 0 1 - 0 . 1 3 2 2 6 0 1 - 0 . 1 2 9 3 6 0 1 - 0 . 1 2 3 6 E 0 1 - 0 . 1 1 6 6 F 0 1 - 0 . 1 0 9 2 6 0 1 - 0 . 1 0 1 8 6 0 1 - 0 . 9 4 6 5 E 0 0 - 0 . 8 7 8 2 6 0 0 - 0 . 8 1 3 3 6 0 0 
- 0 . 7 5 1 8 E 0 0 - 0 . 6 9 3 0 6 0 0 - 0 . 6 3 6 6 6 0 0 - 0 . 5 8 1 9 E 0 0 - 0 . 5 2 8 4 E 0 0 - 0 . 4 7 5 8 6 0 0 - 0 . 4 2 3 5 6 0 0 - 0 . 3 7 1 4 6 0 0 - 0 . 3 1 9 1 6 0 0 - 0 . 2 6 6 6 6 0 0 
- 0 . 2 1 3 8 6 0 0 - 0 . 1 6 0 7 6 0 0 - 0 . 1 0 7 3 6 0 0 - 0 . 5 3 6 8 6 - - 0 1 0 . 0 

T H R E E P O I N T S I A G K A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E F D R I N T E G R A T I O N 

C O S 
0 . 1 7 2 5 1 6 0 0 

C O F 
0 . 1 6 5 6 5 6 0 1 

C O T 
0 . 1 8 2 9 0 E 0 1 

C O S / C O F 
0 . 1 0 4 1 4 6 0 0 

C O F / C D S 
0 . 9 6 0 2 1 6 0 1 

O t M E N S l G N L E S S S U R F A C E P R E S S U R 6 D I S T R I B U T I O N A T 5 7 6 3 D E G R E E S I N T E R V A L 

0 . 1 0 8 6 E C I 
0 . 2 9 0 1 6 0 0 

- 0 . 1 3 3 6 6 0 1 
- 0 . 8 2 2 2 E 0 0 

0 . 1 0 7 9 6 0 1 
0 . 9 3 4 4 6 - 0 1 

- 0 . 1 1 B 4 6 C I 
- 0 . 8 1 6 3 E 0 0 

0 . 1 0 5 9 E 0 1 
- 0 . 1 3 6 4 F 0 0 
- 0 . 1 0 8 1 6 0 1 
- 0 . 8 1 4 3 6 0 0 

0 . 1 0 2 4 6 0 1 
- 0 . 4 1 8 8 E 0 0 
- 0 . 1 0 0 9 E 0 1 

0 . 9 7 5 1 E 0 0 
- C . 8 0 9 8 E 0 0 
- 0 . 9 5 6 7 E 0 0 

0 . 9 1 0 0 E 0 0 0 . 8 2 7 6 6 0 0 
- 0 . 1 3 9 5 6 0 1 - 0 . 2 0 1 6 6 0 1 
- 0 . 9 1 7 7 6 0 0 - 0 . 8 8 7 7 6 0 0 

0 . 7 2 6 3 6 0 0 0 . 6 0 4 3 E 0 0 0 . 4 3 9 6 E 0 0 
- 0 . 2 1 4 8 6 0 1 - 0 . 1 8 6 9 6 0 1 - 0 . 1 5 6 1 6 0 1 
- 0 . 8 6 4 2 6 0 0 - 0 . 8 4 5 9 6 0 0 - 0 . 8 3 2 C 6 0 0 

F I V E P O I N T S L A G R A N G E D I E F E R E N T I A T I C N F O R M U L A 

C D S 
. 1 7 2 5 1 6 0 0 

C D F 
. 1 6 4 1 9 6 0 1 

S I M P S O N ' S R U L E F O R I N T E G R A T I O N 

C D T 
0 . 1 8 1 4 5 6 0 1 

C D S / C D F 
0 . I 0 5 0 6 E 0 0 

C O F / C O S 
0 . 9 5 I 8 0 E 0 1 

D I M 6 N S I 0 N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 5 . 6 3 D E G R E E S I N T E R V A L 

0 . 1 0 8 6 6 0 1 0 . 1 0 7 9 E 0 1 0 . 1 0 5 9 E 0 1 0 . 1 0 2 5 E 0 1 0 . . 5 7 7 0 6 0 0 0 . 9 1 2 9 6 0 0 0 . 8 3 1 8 6 0 0 0 . 7 3 2 1 6 0 0 0 . 6 1 2 0 6 66 0 . 4 6 9 6 6 do 
0 . 3 0 3 0 6 0 0 0 . 1 0 9 6 6 0 0 - 0 . 1 1 5 9 6 0 0 - 0 . 3 9 2 8 E 0 0 - 0 . . 7 7 9 3 6 0 0 - 0 . 1 3 7 3 E 0 1 - 0 . 2 0 2 1 6 0 1 - 0 . 2 1 5 0 6 0 1 - 0 . 1 8 5 4 E 0 1 - 0 . 1 5 3 8 E 0 1 

- 0 . 1 3 1 3 6 0 1 -• 0 . 1 1 6 2 E 0 1 - 0 . 1 0 5 9 6 0 1 - 0 . 9 8 7 3 E 0 0 - 0 . . 9 3 5 4 6 0 0 - 0 . 8 9 6 6 6 0 0 - 0 . 8 6 6 7 6 0 0 - 0 . 8 4 3 3 6 0 0 - 0 . 8 2 5 1 6 0 0 - 0 . 8 1 1 2 6 OO 
- 0 . 8 0 1 4 6 0 0 - 0 . 7 9 5 6 E 0 0 - 0 . 7 9 3 6 E 0 0 

A N G L 6 A T . W H I C H . S U R F A C E S H 6 A R S T R 6 S S B E C O M E S . Z E R O I . E . S E P A R A T I O N . I S 1 0 3 . 2 D E G R E 6 S 

http://rt.2s8s.9e


Swarms of O b l a t e S p h e r o i d s , H a p p e l ' s Model 
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c O f l L A T F S P H E R O I O H A O O T L ' S M D P F 1 . «ARK => 5 t 5 2 

A . R . R C C O N C E N T R A T I O N nM 

t . n o n . n i o.?niooRi*-o? 7 . n ? 

X I 
s 7 4 . 0 0 0 0 

X 2 
4 . 0 TOO 

A 
0 . 0 5 1 7 

B 
0 . 0 9 8 2 

IM J M 
31 4 1 

O I M E N S I O N I C S S S U R F A C E V O R T I C I T Y D I S T R I BUT I ON . . A T . 5 . 6 ? D E G R E E S I N T E R V A L —< 
- n . n n . i n i R r 

1 . 1 * 5 4 4 * n i 0 . 1 6 4 0 * 
n o 1 . 3 6 4 6 F On 0 . 5 4 I 7 F 0 0 n 
01 0 . 1 7 1 R F 0 1 0 . 1 7 7 n p 01 n 

71 3 * c o n 0 . 8 7 8 ' ' * 
1 f t 7 3 * 01 0 . 1 8 4 0 * 

no 
n l 

0 . 1 0 3 5 t 0 1 
0 . 1 B 5 8 E 01 

0 . U R 1 F 01 
0 . 1 8 4 9 * 01 

0 . 1 1 1 5 6 
n . l « 2 ? F 

0 1 
n i 

0 . 1 4 3 8 * 
0 . 1 7 7 ' F 

01 
01 

0 , W i f e * n i 0 . 1 6 3 7 F 
0 . 1 4 3 4 * 0 0 0 . 1 8 3 7 * 

n i 0 . 1 4 4 4 * 01 0 . 1 4 3 5 F 0 1 0 
0 0 0 . 4 1 2 6 6 - 0 9 nil* 01 0.1 1 78T 

0 1 0 . 1 0 3 2 F 01 0 . B 7 5 7 E 0 0 0 . 7 1 1 3 * 0 0 0 . 4 4 0 0 F 00 

T H T F P O I N T S L A IR AMGE O l F F T R r N T I A T I O N F O R M U L A S I M P S O N ' S R U L F FOR I N T E G R A T I O N 

" COS 
n . i o n n R r n * 

C O * C O T 
0 . 9 8 I B 5 F 0 3 0 . 2 1 4 7 4 6 " 4 

C O S / C D F 
0 . 7 0 1 7 4 * 01 

C O F / C O S 
0 . 4 9 5 6 9 6 0 0 

O I M E N S I O N L T S S S U O E A C E P P E S S U R F O I S T R I R U T I O N AT ' 1 1 . 7 5 ' DFGR6C-S I N T F R V A l " 

0 . 7 4 0 9 F 0 3 0 . 7 2 4 4 F 0 3 0 . 6 R 4 4 * 0 3 0 . 6 1 6 1 F 0 3 0 5 7 4 7 E 0 * D . 4 1 7 1 F 0 3 0 . 2 R 4 5 F 0 3 0 . 1 4 6 7 E 0 3 0 . 7 4 8 5 F 01 - 0 . 1 4 1 2 C 03 
- 0 , 7 7 9 0 * 0 3 - 0 . 4 0 6 0 F 0 3 - 0 . M T 1 F 0 3 - 0 . 6 0 - 8 7 6 0 3 - 0 6 7 4 i r r)3 - 0 . 7 1 7 4 F 03 - 0 . 7 3 1 7 E 0 3 

F I V r P O I N T S l A f i R A N G F O I T F E R F N T I A T I O N F OR M U l A S I - P S O N ' S R U L E FOR I N T E G R A T I O N 

C OS COF COT C O S / C D * C O F / C O S 
O . l O R O R r 0 4 0 . 9 R B 4 5 * 0 3 0 . 7 0 4 9 ? r 04 0 . 2 0 0 3 9 E OJ 0 . 4 9 9 0 7 6 0 0 

O I M F N S I O N L E S S S U R F A C E P R E S S U P T D I S T R I B U T I O N AT 1 1 . 7 5 O F G P F * S I N T E R V A L 

0 . 7 4 0 4 F 0 3 0 . 7 7 6 0 f 
- 0 . 7 B 4 7 F n i -O.*H«;F 

0 3 0 . 6 8 3 5 F 0 3 0 . 6 I 4 7 F n 3 0 
0 3 - n . 4 ? 6 2 F 01 - 0 . 6 I 7 H F 0 1 - 0 

4 ? > 1 * 0 1 n . 4 o o ? r 
4 « 4 0 F 0 3 - 0 . 7 7 7 1 * 

0 3 
0 1 

0 . 2 R 0 5 6 0 3 
- 0 . 7 4 7 1 F 0 3 

0 . 1 4 1 3 E 0 1 - 0 . 1 3 1 0 * 01 - 0 . 1 4 7 9 F 0 1 

S U R F A C E S H T A R S T R F S S I S P O S I T I V E F VFPYWHFRF. 

f 
t)Bt A T * S P H F W O I O H A P P F i . " S MOOTt " A R K > 51 56 

A . p . fl F. C O N C E N T R A T I O N OM X I 
1 . 0 0 0 . 0 1 0 . 1 0 1 5 6 1 3 F - 0 1 4 . 6 1 7 7 4 , 0 0 0 0 5 . 4 3 0 0 

A 
0 . 0 4 7 A 

P. 
0 . 0 9 8 7 

| M J M 
1 1 3 3 ——< >— D I M F N S I O N i r s S S U R F A C E V O P T I C I TY . P I S T . R I B U T I C J N . A T . . 5 . 6 3 O F G R E E S INTC .RVA l 

- 0 . 0 0 . 7 1 9 9 F 
0 . 1 R 4 ? F 01 0 . 1 9 6 4 F 

0 0 0 . 4 1 6 7 * 0 0 0 . 6 4 8 ? F n o O . R f l f t F 0 0 0 . 1 0 5 1 * 
01 O . 3 0 5 7 F 0 1 0 . 7 L 3 1 F 01 0 . 7 1 9 4 F 0 1 0 . 7 7 1 4 F 

01 
0 1 

0 . 1 7 3 8 6 0 1 
0 . 2 7 7 6 6 01 

0 . 1 4 1 3 * 01 
0 . 7 2 1 5 F 01 

0 . 1 5 7 5 F 
0 . 2 1 8 2 * 

01 
01 

0 . 1 7 7 7 F 
0 . 7 l?OF 01 

01 
0 . 7 0 5 5 F n ) 0 . 1 < J 4 ? F 
0 . 4 3 5 3 * On 0 . 7 1 9 4 * 

01 0 . 1 8 4 1 * 01 0 . 1 7 1 O F oi 1 
0 0 0 . 4 9 4 P E - 0 9 

1 * 7 3 6 01 0 . 1 4 1 I F 0 1 0 . 1 7 3 6 E 0 1 0 . 1 0 4 9 F 0 1 0 . 0 S 7 0 F n o 0 . 6 4 6 8 * o n 

T H R E F P O I N T S L A G R A N G F D I F F F R E N T I A T I O N FORMULA S I M P S O N ' S R U L E r-oo I N T E G R A T I O N 

COS 
0 . 2 3 7 7 6 * 0 4 

C O F C O T 
O . l l f t l O F 0 4 0 . 3 5 5 3 6 F 0 4 

C P S / C O F 
0 . 2 0 0 B 9 F 01 

C O F / C D S 
0 . 4 9 T 7 8 E 0 0 

K l 
0 . 7 0 7 1 4 * 0 7 0 . 5 n o i 4 6 01 

O I M F N S I O N I F S S S U R F A C E P R F S S U R E D I S T R I B U T I O N ' A T " ! l . ? 5 r F G " E F S I N T F R V A L 

0 . R 4 4 1 * 0 3 0 . 5 3 7 1 * 0 1 0 . 7 A 4 7 F 0 3 0 . 7 0 4 R F 0 3 0 5 9 4 6 F 0 3 0 . 4 6 0 7 F 0 3 0 . 3 0 6 8 E 0 3 0 . 1 4 0 2 F 0 3 - 0 . 3 ? B 9 E 0 ? - 0 . 2 0 5 B F 01 
- 0 . 3 7 1 7 * 0 3 - 1 . 5 2 4 3 * 0 3 - 0 . 6 4 7 O F 0 3 - 0 . 7 6 7 5 T 0 3 - O . R 4 9 0 * 03 - 0 . R 9 9 7 F 0 3 - 0 . 9 1 6 7 b 0 3 

F I V E P O I N T S L A G R A N G F DVEFFRENTI AT I ON F O R M U L A " S I M P S O N ' 5 R U l * F C « I N T E G R A T I O N 

C O S COF CDT C D S / C D F C O F / C D S K l K 7 " 

0 . ? 3 7 2 6 * 04 0 . 1 1 8 7 5 F . 0 4 0 . 3 5 6 0 I F 0 4 0 . 1 9 « 8 0 F : 01 0 . 5 0 0 5 0 E 0 0 0 . 7 0 8 4 2 F 0 ? 0 . 5 0 0 3 4 F 0 1 

0 I MENS I ONI .FSS S U R F A C E P R E S S U R E D I S T R I B U T I O N .AT 1 1 . 7 5 O F G P * F S I N T E R V A L 

0 . B 5 3 4 F 0 3 O .R363F 
- n . 3 7 o ? F 0 3 - o . T ; - J * 4 r 

0 3 0 . 7 8 5 7 6 0 3 0 . 7 0 1 4 * 0 3 0 . 5 Q 7 4 F 0 1 0 . 4 5 7 5 * 
D3 - 1 . 6 6 6 7 F 0 1 - 0 . 7 7 4 0 * 0 3 - n . P 4 R $ F 0 3 -fi.mi'f n 3 

0 3 
O . 3 0 3 I E 0 3 

- 0 . i 7 o 4 F 0 3 
0 . 1 1 5 5 * 0 3 - n . 1 8 S 7 F 07 - n . 2 1 ? 5 * n i 

S U R F A C E S H F A R S T R F S S I S P O S I T I V E F: V F R Y W H E R F 

P R O L A T E S P H E R O I O H A P P E L ' S MODEL M A R K = 6 1 8 

• 

A . R . RE 
1 . 0 0 O . O L 

C O N C E N T R A T I O N OH X I 
0 . 1 0 1 4 9 6 3 E - 0 1 4 . 6 1 8 7 4 . 0 0 0 0 

X 2 
5 . 5 3 0 0 

A 
0 . 0 3 8 2 

R 
0 . 0 9 b ? 

IM J M 
3 3 4 1 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 3 D E G R E E S I N T E R V A L 

\ 

- 0 . 0 0 . 2 2 0 1 E 
0 . 1 8 5 0 E 01 0 . 1 9 6 2 E 

0 0 0 . 4 3 6 7 6 0 0 0 . 6 4 B 7 6 0 0 0 . 
0 1 O . 2 0 5 5 E 0 1 0 . 2 L 2 8 E 0 1 0 . 

8 5 4 3 6 0 0 0 . 1 0 5 2 F 
2 1 B 0 E 01 0 . 2 2 1 2 C 

01 
01 

0.123d£ 0 1 
0 . 2 2 2 2 E 0 1 

0. 1 4 1 3 E 0 1 
0 . 2 2 1 1 6 0 1 

0 . 1 5 7 5 E 
0 . 2 1 7 9 E 

0 1 
01 

0 . 1 7 2 1 F 
0 . 2 I 2 6 E 

0 1 
0 1 

0 . 2 0 5 3 E 01 0 . 1 9 6 0 E 
0 . 4 3 5 8 E 00 0 . 2 1 9 7 E 

0 1 0 . I 6 4 8 E 01 0 . I 7 1 8 E 0 1 0 . 
0 0 0 . 4 9 4 7 E - 0 9 

1 5 7 2 E 0 1 0 . 1 4 1 IE 0 1 0 . 1 2 3 6 t 0 1 0 . 1 0 5 0 E 0 1 0 . 8 5 2 7 E 0 0 0 . 6 4 7 5 E o c 

T H R E E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S 
0 . 2 3 7 3 3 E 0 4 

COF COT 
0 . 1 1 8 1 2 6 0 4 0 . 3 5 5 4 5 E 04 

C D S / C O F 
0 . 2 0 0 9 2 6 01 

C D F / C U b 
0 . 4 9 7 7 2 E 00 

K l 
0 . 7 0 7 4 6 F 0 2 

K 2 
Q . 4 9 9 6 6 F 0 1 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I NT E R V A l 

0 . 8 5 4 2 6 0 3 0 . 8 3 6 9 E 0 3 0 . 7 8 6 1 E 0 3 0 . 7 O 3 8 E 0 3 0 . 5 9 3 2 E 0 3 0 . 4 5 6 6 E 03 0 . 3 0 5 3 E O i 0 . L 3 8 9 E 0 3 - 0 . 3 3 9 1 E 02 - 0 . 2 0 6 5 E 0 3 
- 0 . 3 7 2 4 6 0 3 - 0 . 5 2 5 3 E 0 3 - 0 . 6 5 9 2 E 0 3 - 0 . 7 6 9 2 E 0 3 - 0 . 8 5 1 0 E 0 3 - 0 . 9 0 1 5 E C 3 - 0 . 9 1 8 6 E 0 3 

F I V E P O I N T S L A G R A N G 6 D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S R U L E FCR I N T E G R A T I O N 

COS CDF CDT C D S / C D F C D F / C O S K l K 2 
0 . 2 3 7 3 3 6 04 0 . 1 1 8 5 4 6 0 4 0 . 3 5 5 8 6 E 0 4 0 . 2 0 0 2 2 E 01 0 . 4 9 9 4 * E 0 0 0 . 7 0 B 2 8 E 0 2 0 . 4 9 9 6 6 E 0 1 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I N T E R V A L -
0 . 8 5 3 4 6 0 3 0 . 8 3 6 1 E 

- 0 . 3 7 7 5 6 0 3 - O . 5 3 1 0 E 
0 3 0 . 7 8 5 0 E 0 3 0 . 7 0 2 4 E 0 3 0 . 
0 3 r 0 . 6 6 5 3 E 0 3 - 0 . 7 7 5 7 E 0 3 - 0 . 

5914£ 0 3 0 . 4 5 6 4 6 
8 5 7 6 E 0 3 - 0 . 9 0 8 4 E 

0 3 
0 3 

0 . 3 0 ^ 5 6 0 3 
- 0 . 9 2 5 6 E 0 3 

0 . 1 3 5 6 E 0 3 - 0 . 1 7 9 5 E 0 2 - 0 . 2 1 H E 0 9 

S U R F A C E SHEAR S T R E S S I S P O S I T I V E E V E R Y W H E R E 



11-42 

ODLATr SPHFROIo HAPPEL'S NODE! 
ft*. **«**•>* ft*** * . ft ft** 

MARK = 5051 

A.R. 
1 .nn 

RF CONCENTRATION 
0.01 0.49R0144E-01 

nM XI 
7.71B0 4.0000 

X? 
5.0000 

A 
0.031? 

B 
0.0982 

IM JM 
33 33 

01 MENS I nNL ESS SURFACF VORTICITY .J)I.STPJJ1U_TI0JLA.I . 5.*.6.3._ PEeRfFS_ INTERVAL... 

-n.n 
n . ? 7 j i r ni 

0.3720F 
0.?Bp BE 

on 0.440BE 00 
01 0.307SF 01 

0.9571F 00 
n.MME 01 

0.1754F 01 0.I544F 
0.3717F 01 0.7759F 

01 
01 

0.1R20E 
0.3774E 

01 
01 

0.207BE 
0.325BF 

01 
01 

0.2116F 
0.3211C 

01 
01 

0.2531E 
0.3I37F 

Dl 
01 

0.3024F nt 
0.6400F no 

0.2RR6F 
n. 1?2(,r 

01 0.2721E 01 
00 0.7707E-09 

0.2579F 01 0.73I4F 01 0.7076E 01 0.1B18E 01 0.1543F Ot 0.1753F 01 0.951 IF 0.0 

TMRrp POINTS LAOR ANOF DIFFERENTIATION FORMUlA SIMPSON'S RULE FOR INTEGRATION 

r.ns 
O.74«OBr 04 

CDF 
0.I7ORSF 04 

COT 
0.57RB3E 

COS/COF 
04 0.19405E 01 

CDF/CDS 
0.51534E 00 

Kl 
D.1B9R4F 02 

K2 
0.50034F 01 

OT MFNS ! DNI.F SS SURFACF PRFSSURF DISTR1 BUTInN AT 11 .75 DEGREE S INTFRVAL 

0.11D6F 0 4 0.1OROF 04 ' 0.I007F 04 0.B7BQF 03 0.711 IF 07 0.5O64F 03 0.2729E 03 0.I974F 02 -0.2437F 03 -0.506BE 07 
- o . 7 5 9 4 F .01 -0.O977F 01 -0.1107F 04 -0.)364E 04 -0.I4R7F 04 -0.1444F 04 -D.15896 04 

FIVF POINTS. LAGRANGE OIFFFRFNT1 ATI ON FORMULA SIMPSON'S RUI F FPP INTEGRATION 

r.ns COF COT COS/CDF COF/CDS Kl K7 
0.14B98E 04 0.1807 7F 04 0.57O2IE 04 0.193636 01 0.516446 00 0.1P997F 02 0. 50034F 01 

OIMrNSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11 .25 .. DFGPF.ES._I.NT.FR.VAL  

0.M05E 0 4 -0.7645F "1 
0.1079F 

-0.908SF 
04 0.1007F 04 
n* - 0 . 1 2 0 7 F 04 

0.R772F 03 
-0.1370F 04 

D.7D90F 03 D.5037F 
-0.1404F 04 -0.1570F 

03 
04 

0.76976 
-0.1596E 

03 
04 

0.1603F 02 -0.24806 03 -0.51156 03 

SURFACT SHEAR STRFSS IS POSITIVE FVFOYVHFR6 

OBt ATE SPHEROID HAPPEL'S MODEL HARK* 5150 
A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

A.p. RE CONCENTRATION DM XI X7 A B IM 
LQO Q.OI Q.4066458E 00 1.349B 4.0000 4.3000 0.0094 0.09B2 33_ 

DIMFNSIONLESS SURFACE .VOR.TlCJ.tt_ GPJ_ES_1NIE.RJVAL_ 

-0.0 
0.1666E 07 

0.1968E 01 
0.1T6BF 02 

0.3910E 01 
0.1B52F 02 

.0.5A16E 01 
0.1919E 02 

0.76666 01 
0.IO66F 02 

0.9444E 01 
0.1995E D7 

D.U13E 02 
0.2005E 02 

0.12716 02 
0.19956 02 

0.14176 02 
0.19646 07 

0.1549E 07 
0.19186 07 

D.1B57E 02 
0.3910F 01 

0.I76BF 07 
0.1960S 01 

0.1666F 02 
n.4472F-08 

0. 1549E 07 0. 14I7F 02 0.1271E 02 0.U13E 02 0.94436 01 0.7666E 01 0.5816F 01 

THR66 POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTFGRAT ION 

COS 
0.213676 05 

CDF 
0.760516 05 

CDT 
0.4741 BE 05 

COS/CDF 
0.82027E 00 

CDF/CDS 
0.121926 01 

Kl 
0.5D761E 01 

K2 
0.50034F 01 

DIMENSIONLESS SURFACF PRESSURE DISTRIBUTION AT 11.25 DFGR66S INT6RVAL 

0.26B3E 04 
-0.7433E 05 

0.2310F 04 
-0.7769F 05 

0.1702E 04 -0.6001E 03 -0.3037E 04 -0.5990E 04 
-0.30666 05 -0.3309E 05 -0.34B9E 05 -0.3600E 05 

-0.93656 04 
-0.3637E 05 

-0.1304E 05 -0.16856 05 -0.20666 05 

FIVE POINTS LAGRANG6 DIFFERENTIATION FORMULA 

CDS CDF CDT 

SIMPSON'S RULE FOR INTEGRATION 

CDS/CPE CDF/CDS 
0.21367F 05 0.26058E 05 0.474256 05 0.81999E 00 0.121956 01 0.50769E 01 0.500346 01 

_JXLMEN.S|ONLESS.. SURFACE.P_UjSJiilRE_PJ5IBlBUT10N A l \1,2% 0EGRFES, INTFRVAL 

0.26B0F 04 
-0.2434F 05 

0.2307E 04 
-0.27706 05 

0.II99E 04 
-0.3067F 05 

-0.6037F 03 
-0.33I1E 05 

-0.3045F 04 
-0.34916 05 

-0.59986 04 -0.93736 04 
-0.3602E 05 -0.3639E 05 

-0.13066 05 -0.1&86F 05 -0.7068F 05 

SURFACF SHFAR STR6SS IS POSITIVE EVERYWHERE 

http://DFGPF.ES._I.NT.FR.VAL
http://VOR.TlCJ.tt_


O B t A T F S P H E R O I D H A P P E L ' S MODFL 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

MARK - 5153 

A . R . ' R F C O N C E N T R A T I O N DM X I 
S 0*QJ 0 . ? O I * ? 0 7 E - D ? 7.9163 l . W P 

X2 
3.5600 o 

A 
0571 

B 
0.0987 

IN JM 41 

n TMFM*. t ONI F « S I IRPAr* : VORT I C T TY O K T f t f A l i r t H N AT 8 . A * D F G O F F C I N T F R U i l 

< 

-0.0 0 . 1 6 3 B F 
0 . 1 5 7 6 F 01 0 . 1 7 0 1 F 

00 0 . 3 7 6 2 E 00 0 . 4 8 8 7 E 00 . 0 . 6 5 1 1 E 00 0 . 8 1 3 3 E 00 
0 1 0 . 1 8 1 4 F 01 0 . 1 9 0 5 6 01 0 .1 9 7 3 E 0 1 0 . 7 0 t * F 01 

0.9744E 00 
0 . 7 0 7 8 E 01 

0 
0. 

U33E 
20116 

01 
01 

0.12B6F 
0.19T1F 

01 
01 

0. 
n . 

1*3TE 01 
O . l f l l l E 01 0 . 1 7 0 0 E 
0 . 3 2 5 1 E 0 0 0 . 1 6 3 7 E 

0 1 0 . 1 5 7 3 E 01 0 . 1 4 3 4 E 0 1 0 . 1 7 B 5 E 01 0 . 1 1 3 0 E 01 
0 0 0 . 4 1 6 0 6 - 0 9 

0 . 9 7 1 6 E 00 0 . 8 1 0 8 6 00 0.64916 00 0.487IE 00 

T H R E F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S 
0 . 1 B 6 6 5 E 04 

COF COT C D S / C O F 
0 . 1 0 5 0 9 E 0 4 0 . 2 9 1 7 * 6 04 0 . 1 7 7 6 I E D l 

C O F / C D S 
0 . 5 6 3 0 4 E 00 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 11 .25 D E G R E E S I N T E R V A L 

0 . 7 7 5 7 F 0 3 0 . 7 1 6 7 F 0 3 0 . 6 R 8 0 F 0 3 0 . & 3 B I E 03 0 . 5 6 2 7 E 03 0 . * 5 B 6 F 0 3 0 . 3 2 5 3 F 03 o« 16776 01 -0.4*606 01 -0. 1T79E 01 
- 0 . 3 3 5 5 6 0 3 - 0 . * 6 7 9 6 0 3 - 0 . 5 7 1 0 E 0 3 - 0 . 6 * 5 6 6 0 3 - 0 . 6 9 4 9 6 0 3 - 0 . 7 2 2 8 6 0 3 - 0 . 7 3 2 1 E 03 

F I V E P O I N T S L A G R A N G F O I F F F R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

COS CDF CDT C D S / C O F C D F / C O S 
0 . 1 R 6 6 5 E 0 4 0 . 1 0 5 6 6 E 0 4 0 . 2 9 2 3 1 F 0 * 0 . 1 7 6 6 6 E 0 1 0 . 5 6 6 0 6 6 00 

D I M E N S I O N L E S S S U R F A C E . P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 O F G R F F S T N T F R V A I 

0 . 7 7 6 2 6 0 3 0 . 7 1 6 6 E 
- 0 . 1 * 0 8 6 OT - 0 . 4 7 1 8 F 

0 3 0 . 6 8 8 3 6 0 3 0 . 6 3 R 3 6 0 3 0 . 5 4 7 6 F 0 3 0 . 4 5 7 9 F 0 3 
O I - 0 . 5 T 7 3 E 0 3 - 0 . 4 5 7 1 6 0 3 - D . 7 0 1 5 F 0 3 - D . 7 7 9 4 F 0 1 

0 . 3 2 3 9 E 03 
- 0 . 7 3 8 8 E 03 

0. 1 6 * 9 E 03 -0.8889E 01 -0. 1BZ5E 03 

S U R F A C F S H F A R S T R F S S I S P O S I T I V E E V E R Y W H E R E • 

/— 
0 8 L A T 6 S P H r R O I D H A P P F L ' S ' MODEL 

# • * * * * * * * * * * * * * * * * » * # i * * * # * * # * * * * 
M A R K * 5 1 5 7 

s 
A . R . R F 
0 . 9 0 0 . 0 1 

C O N C E N T R A T I O N OM . X I 
0 . 9 R 6 7 3 3 7 C - O ? 4 . 6 6 3 1 1 . 4 7 5 0 

X 2 
3 . 0 1 0 0 Q . 

A 
0*86 

B 
0 . 0 9 8 7 

(M JM 
3 3 3 3 

> 

. D I M E N S I O N L E S S S U R F A C E V O R T i r i T V D I S T R I B U T I O N AT 5 . 6 3 P F P R F E S T N T F R V A I „ 

- 0 . 0 0 . 1 O 5 7 E 
0 . 1 8 8 4 F 01 0 . ? p * 6 F 

D O 0 . 3 8 9 8 F 0 0 0 . 5 8 3 Q E 0 0 0 . 7 7 8 0 6 0 0 D . 9 7 1 B F 
D l 0 . 7 1 4 8 F 01 0 . 7 7 7 7 F 01 0 . 7 3 5 8 F 01 0 . 7 4 0 R F 

0 0 
0 J 

0 . 1 1 6 4 6 0 1 
0 . 7 4 7 5 6 01 

0 . 
0 . 

1 3 5 * F 0 1 
2 4 0 8 E 01 

0 . 1 5 3 9 F 
0 . 7 3 5 7 F 

01 

01 
0 . 1 7 1 7 E 
0 . 7 7 7 5 6 

01 
01 

0 . 7 1 4 6 6 01 0 . 2 0 3 1 E 
0 . 3 B B B 6 0 0 0 . 1 O 5 7 F 

01 0 . 1 8 8 1 6 01 0 . 1 7 1 4 E 0 1 0 . 1 5 3 7 F 01 0 . 1 3 5 7 * 
0 0 0 . 5 0 0 4 F - 0 9 

n i 0 . 1 1 6 2 E 01 
0 .96976 0 0 

0 . 7 7 6 2 6 0 0 
0 .5875F 

0 0 

THRTE P O I N T S L A G R ANG6 O I F F F R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR 1 N T F G R A T I 0 N 

CDS 
0 . 7 2 3 1 5 E 0 4 

C D F COT C O S / C D F 
0 . 1 2 6 1 * 6 0 4 0 . 3 4 0 2 9 6 0 4 0 . I 7 6 9 1 6 01 

C D F / C O S 
0 . 5 6 5 7 7 6 0 0 

K l 
0 . 7 3 8 7 5 6 0 2 

K 7 
0 . 5 5 8 2 8 F 0 1 

O I M F N S I O N I F S S S U R F A C E P R E S S U R E o r S T R V B U T I ON AT 1 1 . 7 5 " O F G R E F S I N T F R V A L 

0 . B 1 4 0 F 0 3 0 . R 2 7 6 E 0 3 0 . 7 B 8 6 E 0 3 0 . 7 ? 9 P r 0 1 0 . 6 1 9 1 E 0 3 0 . 5 1 4 7 F 0 3 0 . 1 5 4 8 E 0 3 Q i 1 6 * 9 F 0 3 - 0 . * 2 3 5 E P2 - 0 . 2 4 9 6 F 0 3 
- O . 4 3 9 0 F 0 3 - 0 . 5 0 8 1 * 0 3 - 0 . 7 7 1 9 E 0 3 - O . B l l l E H - 0 . R 7 0 4 E 0 1 -0 . °0 !<>F 01 - 0 . 9 1 5 2 E 0 3 

F I V F P O I N T S L A G R A N G F D i r F E R F N T f A T T O N F O P M l / t A Sf«PSON»S " ( I t 6 F O R I N T E G R A T I O N 
... 

C O S C O F * O T cns/cnr C O F / C O S K l K ? 
0 . 2 7 3 1 5 F n * 0 . 1 5 4 7 8 * 0 * 0 . 3 * 9 9 3 * 0 * 0 . 1 7 6 0 2 F 0 ] n . 1 6 8 1 36. 0 0 0 . 7 4 0 1 0 F 0 7 0 . 5 5 8 7 B 6 0 1 ' 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E O I S T P I B U T I O N AT 1 1 . 7 . 5 D C G R E E S I N T E R V A L 

0 . B 3 4 4 E 0 3 1 . 8 7 7 0 6 
- 0 . 4 4 5 0 F 01 - i „ 6 n 4 7 E 

0 3 0 . T B R 9 F 0 3 0 , 7 7 0 ? ! ; 0 3 1.61<>1F 0 1 0 , 5 1 4 7 * 
0 3 - 0 . 7 7 R 9 F 0 1 - 1 . R 1 R S P 03 - n . 8 7 7 7 F 0 1 - 0 . 9 1 1 7 F 

0 3 
01 

0 . 3 5 3 5 F • 0 3 
- 0 . 9 2 7 5 6 0 3 

0 . 1 6 7 6 F 0 3 - 0 . 4 5 9 3 6 07 - 0 . 7 5 4 6 E 0 3 

S U R F A C E S H F A R S T R F S S I S P O S I T I V E F V F R Y W H T R 6 

ORl ATE S P H E R O I O H A P P T L ' S MOOFI. M 4 D K - 5 1 0 4 

4 ft RF C.ONC TN TR AT I ON 1 * VI 

- « nl O . 8 I R 0 4 n ? F - n i » . 6 P U 1 . 4 7 * 0 

X ? 
•».4750 

A 
0 ' 5 0 

B 
0 , 0 7 8 8 

IM J" 
41 41 

O I M F N S I O N I E S S SURF" A C * V O O T J C . I T Y O l S T R T R M T i n w AT 4 . 5 " r»rf.i»crS U ' T f o v m 

0 . 0 0 . 7 3 4 4 6 
n . 7 3 ? ? * - 01 0 . 2 4 1 7 F 

0 0 0 . 4 7 0 1 E 00 n . 7 0 * 6 6 o n 0 , 9 3 0 1 * n n O . I I ^ F 
n i 0 , 7 7 4 7 * 01 0 , ? 9 3 5 F 01 P . 1 1 1 1 * "1 0 . »•»',"* 

n i 
n l 

n . t 4 0 H f c 01 
n.->40?r 01 

0 
0 

1 4 * | F 01 
1410<" 01 

0 , 1«72F 
0 , > 5 0 o r 

01 
0,3«,inc 

01 
"1 

0 . 3 4 5 4 F 01 0 . 1 4 3 R F 
0 . 7 3 7 0 6 01 0 , 7 0 9 7 6 
0 . 1 7 7 9 F - 1 I 

01 n . 3 4 8 0 6 01 o . l 5 0 « r n ] O . H O I * 1] o . i ' * * * 
01 n . l l ' T 01 n . i M O F n i n ,14i<-*- 01 0 , U 7 ? r 

n i 
"1 

1 . 3 1 0 H : * 01 
n.9->;796 0 0 

0 
0 

i>933r 01 
7 0 1 6 F 0 0 

n , 7 7 4 0 * 
0 . 4 4 9 4 F 

01 
0« 0 . ? - " 4 ? * 

n i • 
nn 

T H R E E P O I N T S 1 AGO A N G * 0 i r F f P F N T I AT I ON F P Q M | j | A <f«»OV*N'S P ML *•' Ff'» T N T F G O A T I O N 

cos 
0 , 3 3 6 * 5 6 04 

P O T C O T C s / r p F 
0 ,1964»r n * n . 5 i ? f l . i r 04 « .1* '?9«" «I 

rnF/r.ns 
«.5("?*I6 0 0 

K l 
0 , I R R O O * 0 . 

K2 
•»5*'RP n i 

D I M F N S I O N L E S S S U R F A C E P R P S S U P F O l S T P i n U T I O N A T n . n n n f 0 P * * S ' W T f P V M 

0 . 1 0 8 8 6 04 0 . 1 0 7 7 F 
- D . 7 7 8 6 F 0 1 - 0 . 5 3 7 1 6 
- 0 , 1 6 * 3 6 0 * 

0 4 0 . i n 4 1 P n * 0 . 9 8 4 7 E 0 1 n . i t O R ^ F 01 O . ' B l l * 
0 1 - 1 . 7 8 1 4 = 0 1 - O . l O i n r 06 - 0 . 1 1 R 6 * 04 - 0 . 1 3 3 7 * 14 0 , 6 7 9 9 6 0 3 

- 0 . 1 4 5 4 6 0 4 
0 , 4 4 1 4 * - |3 

- 0 . 1 4 1 0 * 0 4 
n , ? ? 4 4P 

- 0 . 1 5 0 8 * 
A\ 
04 

- 0 , 1 9 9 R * 
- 0 , 1 6 ? i r 04 

F I V F P O I N T S L A G R A N G F D I F F E R E N T I A T I O N * 0 " MUL A S I M P S O N ' S " U l . r r P P 1 ' J T ^ G P A T ION 

COS 
0 . 3 3 6 4 5 F 0 4 

C D F C O T C I S / C O * 
0 . 1 9 6 4 4 F 0 4 0 . 5 3 1 1 i c 04 0 . 1 7 1 1 0 F n t 

cor/cos 
0 . 5 8 4 4 6 6 00 

«1 
0 . 1 8 8 1 6 * 0 . 

K ? 
4 4 A 2 8 * 01 

O I M E N S I 0 N L 6 S S S U R F A C E P R E S S ' I R F D I S T P I PUT 1 O N A T 9 . 0 0 O F O P F F S ' N T F a V A l 

n . i n f l O F 04 0 . 1 0 7 7 6 
- 0 . 7 7 9 6 6 0 1 - 0 . 5 1 R 6 * 

0 4 0 . 1 0 4 36 " 4 0 .«R4<«F01 p . i n 8 7 * 0 3 0 , 7 8 [ * F 
0 1 - n . 7 R 3 7 * 0 1 - O . I O 0 7 F n« - o . l l R " * 04 • - 1 , 1 3 3 1 * ri, 

0 . 6 ? 9 9 E 0 3 
- 0 , 1 6 6 6 E 0 4 

0 
- 0 

, , ' , i ? r 0 ' 
. 1 4 4 7 * ^ 4 

n , ? 7 * i r 
_ O , J ( . f l l i f 

O 1 

04 - 0 . 1 6 1 4 * 

- 0 . 1 6 4 5 E 04 

S U R * A C F SHFAR S T R E S S TS P 0 S 1 T 1 V F F V * R Y W H F O * 



I I -

s 
O B L A T E S P H p R n i o H A P P E L ' S "OOFt. 

* * * * * * * * * * * * * *« • • *< • *******»*»*****»*** •»******>»«*»•*** 
Mf\PK = 

A . P . RF 
0 . 9 0 D .01 

C O N C E N T R A T I O N D«* 
0 . ' 1 3 4 ? 3 1 F 1 1 1 . 4 7 3 

XI 
7 1 . 4 7 C 1 7 . 1 1 1 0 

A 
0 . 0 1 "M n . i 7 « i c 

I « .11 
4 1 4 1 

< 

O I M F . N S I O N L E S S SUB FACE, VORT1 r_ I TY D I S T R I B U T I O N AT 4 . E n P F G O P E S I N T E R V A L 

0 . 0 1 . 5 8 2 6 E 
0 . 5 T 0 6 F 01 0 . 6 2 7 R P 

0 0 0 . 1 1 4 7 F f l l 0 . 1 7 4 2 F n t D. 
11 n . 4 7 7 4 P 01 0 . 7 1 f l n r 0 | 0 . 

2 ' » 2 i c m I . ? " 1 1 F 
7 4 I 7 F H 0 . 7 1 » " r 

D l 
01 

1 . ->474F OI 
i . « ? 1 0 E r u 

0 . 4 0 4 4 * H 
o . h ' J b o r i i 

1 . * 4 1 1<" 

i . H7 ' " ! ' . 
11 
" 1 

0 . 5 l * 6 r 

n . o 0 7 l , r 
11 

0 . 8 9 1 3 E 0 1 n . 8 8 7 4 E 
0 . 5 7 0 5 E 0 1 1 . 5 1 6 4 E 
0 . 3 0 8 f l F - l t 

f l l 0 . ^ 7 5 « , E 0 1 0 . B S 6 8 E 01 0 . 

0 1 1 . 4 6 1 9 E 0 1 0 . 4 0 4 4 F 0 1 1 . 

1 H 9 F U o . 7 o n ° E 
1 4 7 1 E 01 P.?«l07f 

"I 
1 1 

1 . 7 4 1 I F 0 1 
1 . 7 1 2 0 E 01 

0 . 7 1 «»4r 11 
0 . l 7 4 | t 01 

0 . 4 7 ? ? r 
1 . 1 14?<= 

11 
" 1 

1 . * ? ? 4 r 11 

T H R E E P O I N T S LAGRANGF O I E F E R E N T I A T I O N F l o M u l A S l u p S i N - * ; H R F F O R I N T E G R A T I O N 

rns 
0 . 8 2 3 1 R E O A 

CDF CDT 
0 . 4 4 1 ' . O F 0 4 n . I 4 4 4 7 * 1 P« 

r,r.«;/cnc 
1 . 1 ? n 7 r i i 

C n c / C O S 
0 . T 7 9 9 H F no 

W1 
0 . 7 1 7 4 7 = 11 i . 

0 1 M F N 5 I 0 N I E S S S U B F A C E P R E S S U ° F D I S T R I B U T I O N AT O . n n 1 F 0 P F E S 1 M T " V A I . 

0 . 1 7 1 8 E 0 4 0 . 1 6 7 4 E 
- 0 . 2 R 5 5 F 0 * - 0 . 3 6 7 0 E 
- 0 . 7 4 2 3 F 04 

0 4 0 . 1 S 4 3 E 1 4 0 . H 7 1 E 1 4 n 
04 - 0 . 4 * 4 P E 04 - 0 . 5 I S 7 E 14 - 0 S 7 7 4 B 1 ' . - n . f t i Q i C 

m 0 . 4 7 3 4 E 0 2 
- 1 . 4 7 U F 0 4 

- 0 . 5 5 - > 3 R 

- 0 . 7 1 2 T I - 14 
- 0 . 1 7 4 " -

14 - 1 . 71 7->t n 

F I V F P O I N T S t A G B A N ^ F f l l F f F P C N T l A T I O N FOPMULA 1 M T F R P A T I O N 

COS 
O . B 2 3 1 R F 0 4 

Crjr COT 
0 . 4 4 1 4 - = I F 04 r>.1464<' ,• " 4 

C R , S / , C 9 C 

. 1 . I 7 1 7 1 P i t 
C I F / c o s 

0 . T 7 * ) « i ? E 0 0 1 . 7 l 7 7 * r n i 1 . 
K * 

4 = P - > 3 C 1 1 

DI MENS f ONI E S S S U R F A C E P t t E S ? U « P D I S T R I B U T I O N A T 9 . i n n r r ; o r r s I N T P O V H 

0 . 1 7 1 9 F 0 4 0 . 1 6 7 5 F 
- 0 . 7 8 4 6 F 04 - 0 . 3 4 7 1 F 
- 0 . 7 4 7 6 E 0 4 

04 n . i 5 4 3 E 0 4 n . l V I E 14 n 
0 4 - 0 . 4 4 4 9 F 1 4 - 1 . 4 1 5 P r 1 4 - 0 

j n n i c 1 4 i . 4 i ' T T 
•H7f\r. 14 - 1 . 4 7 9 7 T 

i i 1 .470*15' 0 ? 
- 0 . 4 T 1 3 E 0 4 

- o . 5 4 ? i i f n 
- 0 . 7 0 » i E 14 

1 ?«.?F* 
- 0 . > ? R ' 1 E 

1 4 
14 

- n . r > « M F 
- 0 , 7 i f t » e 

n t 
n t 

S U R F A C E S H E A R S T R F S S I S P O S I T I V E E V E R Y W H t - T 

O B L A T E S P H E R O I D H A P P E L ' S MODEL 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * # * * » * * * » * » * * * * * * * * * * 

MARK = 5 1 2 6 

A . R . R E 
0 . 9 0 1 . 0 0 

C O N C E N T R A T I O N DM X I 
0 . 3 8 5 6 1 8 6 E 0 0 1 . 3 7 3 9 1 . 4 7 5 0 

X2 
' 1 . 8 0 0 0 

A 
0 . 0 1 3 5 

D 
0 . 0 7 8 1 . 

IM JM 
41 25 

D I M E N S I O N L E S S SURFACE V O R T I C I T Y D I S T R I B U T I O N AT 4 . 5 0 D E G R E E S I N T E R V A L 

0 . 0 0 . 1 3 4 2 E 01 
Q.131QE 0 2 0 , 1 4 2 , 8 5 0 ? 
0 . 2 0 2 3 E 02 0 . 2 0 L 2 E 0 2 
0 . 1 2 9 0 E 0 2 0 . 1 1 6 B E 0 2 
0 . 7 1 2 5 E - U 

0 . 2 6 7 8 E 01 
0 . 1 5 4 0 E - 0 2 

0 . 6 6 7 5 E 01 
0 . 1 B 2 4 E 02 

THREE, POINTS, LAGRANGE D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S R U L E ECR I N T E G R A T I O N _ _ _ 

COS COF CDT C D S / C D F C D F / C O S K l K2 
0 . 1 8 7 1 1 E 0 3 0 . 2 3 1 8 4 E 0 3 0 . 4 I 8 9 5 E 0 3 O . B 0 7 0 6 E 0 0 0 . 1 2 3 9 1 E 01 0 . 5 4 1 4 1 E 0 1 0 . 5 5 8 2 8 E 01 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 9 . 0 0 DEGREES I N T E R V A L 
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Swarms of Oblate Spheroids,Kuwabara's Model 
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0 . 3 R 0 6 * 04 1 . 7 3 0 2 * 0 4 - 0 . 2 7 1 1 * 1 4 - n . l 0 1 6 f " 5 - l . 7 ? M * 05 - n . 4 1 1 6 * i s - 1 . 4 4 7 6 6 05 - 0 . 9 8 1 1 * " - O . l A S O p -i.?"7'.'- r t. 
- 0 . 7 8 I O E 16 - 0 . 3 5 4 3 F 06 - n . 4 1 6 1 6 06 - 0 . 4 6 1 i * r\f. - 0 . 4 " 7 1 * 14 - 1 . 6 7 1 7 * 16 - 0 . 6 ^ 9 3 6 06 -O.S<=lSF 0 ' . - 1 . 5 5 « 6 * 06 - l . ^ f . 7* r<< 
- 0 . 5 6 5 7 F 04 

S U R F A C E S H F A R S T R E S S I S P O S T T I V * E V * R Y W H F R F 

http://-n.64.7R*
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O B L A T E S P H E R O I D K U W A B A R A * S MODEL 
******************************************************* 

C O N C E N T R A T I O N 
0 . 1 9 7 1 9 1 9 E - 0 2 

IN 
33 f 

DLHENS10NLESS S U R F A C E V O R T I C I T Y 0 T S T R 1 B U T I 0 N A T 5 . 4 1 D F G R F F S I N T F R V A f 

0 . 0 
0 . 9 6 1 5 E 0 0 

0 . 4 1 0 4 E -
0 . H 5 0 E 

0 1 0 . R 2 6 0 E - 0 1 0 . 1 2 7 6 E 0 0 0 . 1 7 8 6 E 0 0 0 . 2 3 8 8 E 0 0 
0 1 0 . 1 9 7 9 E 0 1 0 . 3 0 5 7 E 0 1 0 . 4 9 2 3 F 0 1 0 . 7 6 4 7 6 n l 

0 . 3 1 2 B E 00 
0 . 9 3 1 B E 01 

0 . 4 0 7 4 E 
0 . 7 6 4 4 6 

00 
01 

0. 
0 . 

5 3 3 2 E 
4 9 1 9 E 

00 
01 

0. 
0. 

7 0 7 B E 
3 0 5 7 E 

00 
01 

0 . 1 9 7 5 E 0 1 
0 . 8 7 0 6 E - 0 1 

0 . 1 3 4 6 6 
0 . 4 0 7 8 E -

0 1 0 . 9 5 8 7 6 0 0 0 . 7 0 4 9 E 0 0 0 . 5 1 0 8 F 0 0 0 . 4 0 5 1 F 0 0 
0 1 0 . 5 7 B 7 F - 0 9 

0 . 3 1 1 1 E 00 0 . 2 3 7 4 E 0 0 0 . I 7 7 5 F 0 0 0 . 126 BE 00 

T H R E F P O I N T S L A G R A N G E D I F F F R F N T I A T I Q N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S 
0 . 7 6 0 2 6 F 0 3 

C n F C O T C P S / C D F 
0 . 7 2 R 6 4 E 0 4 0 . 3 0 4 6 7 E 0 4 0 . 3 3 2 5 1 F 0 0 

C O F / C D S 
0 . 3 0 0 7 4 E 0 1 

WM F N S VO N L E ST S U R F A C E P R E S S U R E D I S T R I B U T I O N A T 1 1 . 7 5 D E G R E E S I N T E R V A l 

0 . 6 7 0 B F 0 3 0 . 6 B 3 0 F 0 1 0 . 7 7 4 3 E 0 3 0 . 8 0 1 O E 0 3 0 . 9 3 6 1 6 0 3 0 . 1 1 5 5 F 0 4 0 . 1 4 9 8 E 0 4 0 . 1 7 7 6 F 04 - o . 1 0 0 4 E 0 3 -0 . 1 9 7 6 F 0 4 
- 0 . 1 6 9 9 E 0 4 - 0 . 1 1 5 A E 0 4 - 0 . 1 1 3 6 E 0 4 - 0 . 1 0 0 2 E 0 4 - 0 . 9 2 1 4 E 0 3 - 0 . R 8 1 9 E 0 1 - 0 . R 6 9 6 6 0 3 

F I VF P O I N T S . A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E F O R I N T E G R A T I O N 

C O S C O F C D T C O S / C O F C D F / C O S 
0 . 7 6 0 7 6 E 0 3 0 . 7 7 8 0 R F 0 4 0 . 3 0 4 1 1 E 0 4 0 . 3 1 3 3 2 E O O 0 . 3 0 0 0 I E 0 1 

D I M E N S I O N L E S S 

0 . 6 7 4 7 E 0 1 
- 0 . I 6 8 6 E 0 4 

S U R F A C E . P R F S S U R F O I S T R I R I I T I O N A T 1 1 . 7 5 D F G P F E S 1 N T F R V A 1 D I M E N S I O N L E S S 

0 . 6 7 4 7 E 0 1 
- 0 . I 6 8 6 E 0 4 

0 . 6 R 6 9 E 
- 0 . 1 3 1 7 E 

0 3 0 . 7 2 7 9 E 0 3 0 . R 0 6 7 E 0 3 0 . 9 3 8 7 6 0 3 0 . 1 1 5 8 F 0 4 
0 4 - 0 . I 1 1 7 F 04 - 0 . 9 R 4 5 F 0 3 - O . q n S R F 0 3 - 0 . R 6 4 5 6 0 3 

0 . 1 5 0 7 E 0 4 
- O . A 5 2 3 E 0 3 

0 . 1 7 7 2 F 0 4 -0 . 8 9 0 B F 0 2 -0 . 195 0 E 04 

S U R F A C F S H F A R S T R F S S I S P O S I T I V E E V E R Y W H F R F 

A . R . 
0 . 7 0 

C O N C E N T R A T I O N 
0 . 1 0 0 5 6 S 7 F - O I 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 1 — . O E G R E E S . INTE°.VAL .. 

0 . 0 
0 . 1 3 9 9 F 0 1 

0 . 4 4 0 1 F - 0 1 
0 . 1 9 4 S F 01 

0 . 1 2 8 5 F 0 0 
0.?<\?<jr p -

0 . 1 9 7 6 E 0 0 
0 . 4 3 1 6 E 0 1 

0 . 7 7 5 0 F 0 0 
0 . 4 0 4 7 E 01 

0 . 1 6 5 0 E 0 0 
0 . 1 0 7 6 E m 

0 . 4 7 4 0 E 0 0 
0 . 1 3 1 0 E 0 2 

0 . 6 1 1 5 E 0 0 
0 . 1 0 7 6 F 0 2 

0 . 7 9 2 3 E 0 0 
0 . 6 9 4 1 F Q l 

0 . 1 0 4 1 F 01 
0 . 4 3 3 I F 01 

0 . 2 8 7 3 F 01 0 . 1 9 4 1 F 01 0 . 1 1 0 4 E 01• 1 0 . I 0 3 R E 01 0 . 7 B 9 9 E 0 0 0 . 6 0 9 5 E O O 0 . 4 7 2 3 E 0 0 0 . 3 6 3 6 E 0 0 0 . 7 7 3 9 E OO 0 . 1 9 6 8 E 0 0 
O . 1 7 R 0 F . 0 0 1 . 6 3 7 7 F - 0 1 P . R 0 1 0 E - 0 9 

THREF P O I N T S L A G R A N G E D I F F C R F N T I A T I O N F O R M U L A S I M P S O N ' S R UL F FOR I N T F G R A T I O N 

COS 
1 . 1 1 7 7 7 ^ 0 4 

CO* -

0 . 3 1 4 7 7 F 04 
C D F / C O S 

0 . 1 I 0 7 5 F 01 0 . 5 < " 4 4 R E 0 ? 0 . 6 4 9 0 0 F 0 7 

D I M E N S I O N ! E S S S U R F A C E P R E S S O R ' ' D I S T R I B U T I O N AT 1 1 . 7 5 O F G P F F S I N T E R V A L 

0 . 7 4 5 7 F 0 ? 0 . 7 f l P R r O l Q . f l 3 ? 0 E 03 0 . 9 1 1 7 F 0 ? 0 . 1 1 0 7 F 0 4 0 . 1 1 9 B E 04 0 . 1 8 6 0 E 0 4 0 . 2 1 6 7 F 0 4 - 0 . 4 2 0 7 F 0 3 - 0 . 3 0 0 S E ' 0 4 
- 0 . 2 4 0 6 F 04 - 0 . 2 2 3 3 E 0 4 - 0 . 1 9 4 7 F 0 4 - 0 . 1 7 6 8 F 0 4 - 0 . 1 6 4 7 F 0 4 - 0 . 1 M 5 P 04 - 0 . 1 6 0 0 6 0 4 

F I V E P O I N T S IAGR ANGE O1FEE RENT I AT I ON FORMULA 

COS COF COT 

S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C O S / C n F C O F / C D S 
1 . 4 9 4 1 I E 0 2 O . 1 0 7 7 2 E 0 4 0 . 1 3 3 9 4 E 0 4 0 . 4 4 1 6 4 E 04 0 . 1 2 7 5 9 E 0 0 0 . 3 1 0 0 9 E 0 1 

D l MENS IONI F S S S U R F A C F P R E S S U R E D I S T R I B U T I O N .AT... 11.»5 D E G R E E S . I N T E R V A L _ . . _ _ . . . , ,. . 

0 . 7 7 1 2 F 0 3 0 . 7 R 6 1 F 0 3 1 . 8 3 R 0 F 0 1 0 . 9 3 8 3 F 0 3 0 . 11 U E 0 4 0 . 1 4 0 7 E 04 0 . 1 8 T I E 0 4 0 . 7 7 2 1 F 0 4 
- 0 . 7 6 R 4 E 04 - 0 . 7 2 1 4 P 0 4 - 0 . I 9 7 1 F 04 - 0 . 1 7 5 0 F 0 4 - 0 . 1 6 4 9 E 04 - 0 . 1 5 9 7 F 04 - O . I 5 8 2 E 0 4  

0 . 6 4 9 0 0 F 0 7 

- 0 . 4 0 9 3 F 01 - O . 3 0 3 T F 0 4 

S U R F A C F S H F A R S T R E S S I S P O S I T I V E F V E R Y W H F R E 

O B L A T F S P H E R O I O 
******** 

A . R . 
0 . 7 0 

KUWABA? A ' "" MODEL 

C O N C E N T R A T I O N 
0 . 7 f t Q S S ? 3 F - 0 1 

D I M F N S 1 ONt E S S S U R F A C F V O P T I C T T Y 01 S TR I RUT I ON AT 

0 . 0 
• 2 7 4 B E 01 

D . 1 9 5 B F 0 0 
r*.li3B': 01 

. 3 9 7 0 F 0 0 

. 4 0 R 6 * ' 01 
0 . S 9 4 0 E 0 0 
O . S O f l S * ' Q l 

4 . 5 0 O F . G p r r s I N T O VAL 

0O4R no 0 . 1 0 4 0 F 0 . 1 7 - J 4 E 0 1 0 . 1 5 R 0 P 01 0 . I O 0 7 F 11 o . - > ? o i r o i 
0 . 1 1 5 9 E 0 2 0 . 1 4 1 9 F 0 7 l . 7 3 5 6 r 0 ? n . 3 - > - ' - r n ? 

0 . 1 6 6 1 F 07 0 . 3 7 1 4 F 1 ? 0 . 7 1 5 S F 0 ? 
O . 2 7 5 5 F " I 0 . 2 7 9 0 F 01 0 . 1 ? 0 5 E 01 
0 . 4 6 4 7 F - 1 1 

. 1 6 1 R F 1 7 0.115ftF 

.157BF 01 0.1?03P 
1.447 3E 01 
0.R1846 - 0 0 

0 . 5 0 B 0 F I J 
0 . 5 9 4 7 F 0 0 

" . 4 0 R 1 F 1] 
1.--015I- 0 0 

1.1114*" r i 
1 . 1 9 5 5 E 00 

T H R F F P O I N T S 1AGR ANGE D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S P U L E FOP I N T E G R A T I O N 

c o s 
1 . 3 1 1 4 4 F 04 

c n F 
0 . 1 2 1 1 1 E 0 5 

COT 
0 . 1 5 7 7 6 F 04 

C O S / C O r 
1 . 7.577.4F 0 0 

F O P / C O S 
1 R B 7 4 F . 01 1 . 6 - i Q n r 0 ? 

0 I M F N S I 0 N 1 E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 0 0 O F G P F F S 1 N T EP V Al 

0 . 1 0 3 4 6 04 0 . 1 0 4 1 E 04 1 . 1 0 4 5 * -
-0.41 TOE 14 - 0 . 1 1 6 2 F 0 5 - 1 . 1 I ° Q r 

- 0 . 9 7 6 1 6 0 4 

0 . 1 1 1 BE 0 4 
- 0 . U O 7 E o<-

1 . 1 ? ? o r - 04 
- 0 . I 0 4 R F O* -

O . 1 4 0 O F 04 
- 0 . 1 0 1 4 F 05 

0 . 1 7 5 0 E 0 4 
- 0 . O 9 4 6 E 0 4 

0 . 2 H 7 F 0 4 
- 0 . 9 B 4 1 F 1 4 

r,, ?aar> 
-0 .97«- <• 

F I V F P O I N T S L A G R A N G E D t F F r P F N T I A T I nN F OP M1J1 A F Q P l r f r.R A T 1 ON 

COS 
. 3 1 1 4 4 E 04 

COF 
0 . 1 2 1 0 9 F OS 

T O T r n * - / r . D S 

1.3RB69F 01 D I M E N S I O N ' F S S S U R F A C E PRFSSU<>E O J S T R I B U T I O N AT " . P F F S I N T F R V A I . 

0 . 1 1 4 3 F 0 4 0 . 1 0 4 R F 0 4 0 . 1 0 7 ) P 0 4 
- 0 . 4 3 6 0 6 04 - 0 . U 6 4 F 0 5 - 0 . 1 I ROE 04 
-0.1749*' 04 

0 . 1174F 04 
- 0 . 1 1 0 5 F OS 

0 . 1 776T-
- 0 . ) I 4 f . r 

0 . 1 4 1 5 F 0 4 0 . 1 7 4 5 E 04 0 . 2 1 4 T 0 4 0 . 7 j n 0 
- 0 . 1 H 7 F OS - 1 . T 3 3 . 1 F 0 4 - 1 . 9 R 3 I * " 14 - 0 . 1 7 7 P 

0 . 7 Q l i r n/ , 

S U R F A C F SHEAR S T R E S S I S P O S I T I V E F VER Y W H F R r 



I I 

091 ATE S P H F R U l O K H W A B A D A ' * M 0 1 F I 

CONC * N TR AT I ON 
i . i m ? s » n r o o 

O I M E N S I O N L F S S S U R F A C * V C I R T I C T T V D I S T R I B U T I O N A T 

0 . 0 0 . 5 4 5 9 F 00 0 . 1 0 9 B * 11 n . i 6 T 5 F n i 
0 . B 1 T 4 6 1 1 0 . 1 9 7 5 * n i M a f i r o ? O . I S O 5 F o ? 

4.50 nrc>Fc5 I NT* 1 VAL 
o . 7 ? n * 1 ) o . J O ' - i * 

0 . 9 9 I 7 E 0 ? 0 . ( 1 7 4 4 * 0 7 
0 . B I 6 9 F 0 1 n . 6 7 M 6 0 1 
0 . 1 6 1 7 6 - 1 0 

. 4 5 7 1 E 
0 . 4 4 4 I F Ot 

THRFF P O I N T S 1 A R R A N C * 01F*F°*NTI A T | O N FDR MUl A S I M P S O N ' S "U1 * r n n T»n ^ A r i l N 

r o s C O F c n r c ^ s / c n * cn*/cns 
0 . P 6 B 7 4 6 04 0 . 4 7 7 9 3 E . 1 5 1 . 4 4 4 7 4 F 05 1 . ' l * 1 6 7 * 0 0 . i , 4 5 1 4 6 t " 01 

D I H F N S I 0 N I E S S S U R F A C E P R E S S U R E n i S T R I R U T I O N A T 9 . 0 0 1 F G P F * S J N T F P V A I 

" 0 . 1 4 5 5 F 04 n . 1 4 1 6 * 0« 1 . 1 3 1 5 * 04 0 . 1 1 4 5 1 ~ ~ " 
- 0 . 7 3 1 3 E 1 5 - n . 4 4 6 ^ * n5 - 1 . 4 7 4 2 * 06 - n . 4 7 ^ ' 1 
- 0 . 4 7 6 B F 0 5 

F I V E P O I N T S LAC-PANO* 01 * * * P * *T t A r J ON FO°MiUA SI ^ " S O N ' S , " 1 1 1 * * n p INTCQQATl iMN 

COS C n * CnT C i S / c n * 
0 . R 6 B 7 4 E 0 4 n , 4 7 7 1 3 * n5 0 . 5 4 4 7 5 * 04 0 . 1 M 4 7 E n o 

O l N T N S I ONI F S S S U R F A C F P°*5StlRE n . S T P I O U T t n N A T 1 . 0 n n r - r . p r r i ; 1NTTRVAL 

0 . 1 4 6 6 F 04 O . 1 4 2 7 * n« 
- 0 . 2 3 1 2 E 0 5 - 0 . 4 4 6 7 * 0 5 
- 0 . 4 7 6 7 F 0 5 

S U R F A C * SH*AR S T R E S S I S p n s i U V * *VFRYWHFRF 

0 . 9«-1 7 * n3 n . 7 5 ? 1 * 

-1.46R4* ns - 0 . 4 6 9 6 * 

1.?Ulir n? 
".6*»70fc 0 3 

- n . 4 7 1 6 1 ; 05 

O I M * N S I O N L F S S S U R F A C F V O R T I C I T Y 0 1 STR IRIJT I ON AT 4 . 5 0 n r r . O F F S I N T * " v A L 0 . 0 0 . 2 4 1 3 * 01 D . * R T 5 * 01 
0 . 3 9 T 1 F 02 0 . 4 9 ? 4 * 07 O.S162* 0 2 
0 . 5 2 3 0 E 03 0 . 4 6 3 7 * 03 0 . 3 4 4 7 * 03 
O . 3 9 7 0 E 02 0 . i ? ? n * n? n . 7 6 1 6 F 0 ? 
0 . 1 1 0 7 F - 0 9 

n.747«E n i 
n . 7 R i i r 0 2 

THRFF P O I N T S LAGRANGF 0 1 * * F R * N T I AT T ON FORMULA S I " P S 1 N ' S °UL* * P " I *JT*OP A T ION 
COS C n * COT C i S / C O * 

0 . 4 6 0 0 0 6 0 5 0 . 4 1 R 1 7 F 06 0 . 4 5 4 0 T * 16 1 . l l K 4 0 r - 1 1 
C n r / c n s 

1 . 1 1 " 4 6 * 07 
V t 

1 . 4 1 3 S 3 * 17 
X 7 

D I M E N S I O N L E S S S U R F A C E P R E S S U R F D I S T R I B U T I O N AT 9 . 1 0 n F G P * * S INTF°VAL 

0 . 7 7 9 0 F 04 0 . 7 1 9 4 F 0 4 0 . 3 B 5 7 F 03 - 1 . 2 R 2 7 F 0 4 - 0 . 7 7 < " i * 16 - n . 1 5 , 4 * n= - 0 . 7 * ^ 4 6 05 - 0 . 4 1 4 1 ^ " 4 -o.6<.4«* n t -n^ynnr- rt, 
- 0 . 7 7 O 9 F 06 - 0 . 4 3 R 9 E Ob - 0 . 4 9 3 2 * 06 - 0 . 5 1 4 0 6 1 6 - 0 . * 1 3 R * 16 - 1 . 4 4 4 5 * 14 - i . ^ M B F 06 - 1 . 6 6 6 a r 1 / . - n , n ^ m p ryi. , f i , K » , m c iv, 
- 0 . 5 6 2 4 E 06 

F I V F P O I N T S 1 A C A N G F 0 1* F * R * N T I A * T ON FORMULA t l M P S n w ; f FP° 1 MT* O" A f ION 
CDS COF CDT C i S / * 1 * C n * / C P S K l K ? 

0 . 4 6 0 0 0 F 04 0 . 5 0 R 1 5 E 06 0 . 5 5 4 0 5 r 16 , 1 . 1 1 * 4 4 6 - 1 1 0 . 1 1 0 4 4 * : 02 0 . 4 1 3 4 1 * 0 ? 1. 6 4 1 0 1 * 0 1 

OIMFNSIONI F S S S U R F A C E P R E S S U R F 0 I STR I B'lT I ON AT O.Oi" O F r . R * * S I N T * P V A t 

0 . 2 B I R E 04 0 . 7 2 2 1 F 04 0 . 4 1 4 1 * 0 3 - 0 . 7 7 9 4 F 04 - n . 7 7 6 ? c 14 - 0 . 1 S 1 1 * n s - n . 7 ^ 7 9 E ' 0 5 - 0 . 4 1 5 6 * 0 5 -o.<,*.3oc i<= - 1 . 1 7 1 R * 14 
- 0 . 7 7 9 R F 06 - 0 . 4 3 B 9 F 0 5 - 0 . 4 9 3 7 F 06 - 0 . 5 1 R 0 F 04 - n . 5 3 3 7 < " 06 - 1 , 5 4 4 4 * 04 - 0 . 5 5 1 7 E 06 - 0 . 5 * 6 7 ' ; 06 - i . s f . o o r o* ,n.sAi7c «r, 
- 0 . 5 6 7 3 E 0 4 

S U R F A C * SHFAR S T R F S S I S P O S I T I V E F V E R Y M H F R * 

O f l l A T E S P H F R O I O KUWAHAOA 'S MODEL 

A . R . RF CONCFNTR AT ION 
!lt?_Q OJLOJ 1.59171B6E 00 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 4 . 4 0 1 E C . P * * S INTF°VAL 

0 . 0 
. 14QQ6 03 

0.f»«5RF 01 
. l f l 7 4 r 0 3 

n.22?2V 04 0 . 1 9 6 6 F 04 
0 . 1 4 9 O F 03 0 . 1 7 0 B F 0 3 
0 . 6 1 B O E - 0 9 

0 . I 7 9 5 F 07-
0 . 2 3 6 1 * 0 3 
1 . 1 4 4 6 F 04 
1 . 9 7 6 7 E 07 

0 . 7 7 4 B F 07 
0 . 3 1 4 1 * n 
0 . 1 1 T 3 F 0 4 
0 . 7 R R 3 F 07 

n. 733""F 13 
1 . 4 3 1 3 F 1 7 

n . 5 3 3 7 
0 . 4 O 7 4 

1 14E 0 2 0 . 7 R R 4 * VI4 6 03 1.1*33* 
1 . 3 9 7 9 6 0 3 
n . 3 1 0 5 * 02 

n . 5 * 6 R * 1 3 - 0 . 1 R 7 1 * 11 
0 . I 7 i s r 13 0.BflSSF 01 

THRFE P O I N T S LAGRANGF 0 I* *F R*NT I AT I ON FOP MUL A s ) w p s P N ' S " U t * FOR IN TT IP A T ION  

CDS CDF COT C O S / C O * C O F / C O S K l K7 
0 . 1 9 1 0 3 F 06 0 . 4 0 5 7 3 F 07 0 . 4 2 4 B 3 F 07 0 , 4 7 1 R 3 * - O 1 «.2I?19E 0 2 0 . 6 R 4 4 4 * 07 0 . 6 4 9 0 1 6 1 ? 

D I M E N S 1 0 N I F S S S U R F A C F P R E 5 S U R E 0 I ST» I RUT I n N AT o . D O DFGP F * 5 I N T E R V A L 

0 . 5 7 1 3 6 0 4 0 . 6 0 6 6 E 0 3 - O . I 3 6 7 F 1 5 - 0 . 3 9 3 5 * 0 5 - 0 . 7 9 0 9 F OS - 0 . 1 4 1 7 * n * - n . ^ i f e S F 0 6 - 0 . 3 B 7 9 F 06 - 0 . 4 4 R 7 F 06 - 0 . 1 1 6 7 F 17 
- 0 . 2 2 7 9 6 07 - 0 . 3 3 9 0 * 0 7 - 0 . 3 9 0 B * 07 - 0 , 4 t 6 9 F 07 - 0 . 4 3 7 " F 07 - 0 . 4 4 1 5 F 07 - n . 4 4 r 7 F 07 - 0 . 4 5 1 7 F 07 - n . 4 S 4 3 * 07 - 0 . 4 S S 7 * IT 
- 0 . 4 5 6 2 E 0 7 ' • 

F I V F P O I N T S t A C R A N G E O I F F F R F N T I A T I O N FORMULA S I M P S O N ' S " U L * * 0 P I N T * * . R A T | D N 

CDS 
0 . 1 9 1 0 3 E 0 6 

COF CDT 
0 . 4 0 5 T 4 E OT 0 . 4 2 4 B 4 F 0 7 

C O S / C D F 
O . 4 T 0 R 2 E - O 1 

C O * / C O S 
0 . 7 1 2 4 0 E 0 2 

K l 
0 . A B 4 4 6 F 0 2 

K ? 
0 . 6 4 9 0 0 F 0 ? 

01MFN5IONI E S S S U R F A C E P R F S S U R E 0 1 S T R I BUT I ON AT 9 . 0 0 OFGP EES I N T E R V A L 

0 . 5 2 6 4 E 0 4 0 . 6 5 7 5 F 0 3 - O . I 3 6 7 F 0 5 - 0 . 3 9 3 0 F 0 5 -0 .7o»46 1 5 - 0 . 1 4 1 4 F n6 - 0 . 7 3 6 4 E 0 6 - 0 . 3 B 7 8 * 06 - 0 . 6 4 R 6 F 06 - n . | i 4 7 F 17 
- 0 . 2 7 7 9 E 07 - 0 . 3 3 9 0 E 0 7 - 0 . 3 9 0 B 6 0 7 - 0 . 4 1 6 9 E 07 - 0 . 4 3 2 0 * 0 7 - 0 . 4 4 1 5 F 0 7 - 1 . 4 4 7 7 6 0 7 - 0 . 4 5 1 7 F 07 - 0 . 4 5 4 3 * 07 - 0 . 4 5 5 7 F 0 ' 

«-0.4562E*.07 . . . . 

S U R F A f f SHFAR S T R E S S I S P 0 S 1 T I V 6 E V 6 R Y H H F R E 
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Swarms of P r o l a t e S p h e r o i d s , H a p p e l ' s Model 

P R O L A T E S P H E R O I D H A P P E L • S MODEL 
* * * * * * * * * * * * * * * * * * j * * * * * * * * * * * * * * * * * * ' 

MARK- 5 3 1 9 

A . R . RE 
0 . 9 0 0 . 0 1 

C O N C E N T R A T I O N OH • X I 
0 . 1 0 0 6 3 1 9 E - 0 1 4 . 6 3 1 8 1 . 4 7 5 0 

X2 
2 . 9 9 0 0 

A 
0 . 0 3 7 9 

8 
0 . 0 9 8 2 

IN JH 
33 41 •< 

> 
D I M E N S I O N L E S S S U R F A C E 

0 . 0 0 . 2 6 4 4 E 
0 . 1 9 3 0 F 01 0 . 2 0 1 3 E 

V O R T I C I T Y D I S T R I B U T I O N AT 5 , 6 3 O E G R E E S I N T E R V A L 

0 0 0 . 5 2 2 0 E 0 0 0 . 7 6 7 9 E 0 0 0 . 9 9 7 B E 0 0 0 . 1 2 0 8 E 
0 1 0 . 2 0 7 8 E 01 0 . 2 1 2 7 E 0 1 0 . 2 1 6 0 E 0 1 0 . 2 1 8 0 E 

> 
D I M E N S I O N L E S S S U R F A C E 

0 . 0 0 . 2 6 4 4 E 
0 . 1 9 3 0 F 01 0 . 2 0 1 3 E 

V O R T I C I T Y D I S T R I B U T I O N AT 5 , 6 3 O E G R E E S I N T E R V A L 

0 0 0 . 5 2 2 0 E 0 0 0 . 7 6 7 9 E 0 0 0 . 9 9 7 B E 0 0 0 . 1 2 0 8 E 
0 1 0 . 2 0 7 8 E 01 0 . 2 1 2 7 E 0 1 0 . 2 1 6 0 E 0 1 0 . 2 1 8 0 E 

0 1 
0 1 

0 . 1 3 9 7 E OL 
0 . 2 1 B 6 E 0 1 
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F I V F P O I N T S L A G R A N G E O I F F F R F N T I A T I O N FORMULA SI"PSnN«S P. HI F FOP I N T E G R A T I O N 

COS COF COT C O S / C O F C O F / C D S K J K J 
0 . 3 B 1 7 1 6 0 4 0 . I 8 B 4 9 6 0 4 0 . 5 7 1 4 1 F 0 4 0 . 7 0 7 * 0 6 11 0.4«432E 00 0 . 7 5 1 7 7 * 1 7 1 . 4 5 7 7 4 * 01 

O I M r N S I O N L E S S S U R F A C E P R * S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 O F G R * * S I N T F R V A L 

0 . 1 D 7 6 E 04 0 . 1 0 3 7 6 0 4 0 . 9 2 1 7 6 0 3 0 . 7 4 9 1 E 0 3 0 . 5 3 8 4 * 03 0 . 3 0 8 4 6 03 1 . 6 1 1 5 6 0 2 - 0 . 1 B 6 9 F 0 3 - 0 . 4 3 9 4 * n 3 - 0 . 4 9 5 0 F n 3 
- 0 . 9 4 4 7 * Q3 - Q . 1 1 B B F Q4 - D . 1 4 7 7 F 0 4 - n , 1 4 3 4 F 0 4 - 0 . 1 8 0 6 6 04 - 0 . T 9 1 9 * 04 - 0 . 1 9 5 8 6 04  

S U R F A C E S H F A R S T R E S S I S P O S I T I V E E V E R Y H H F R * 

P R O L A T E S P H E R O I D K U W A B A R A • S M O n r i M A R K • 6 0 | 

A . R . RF C O N C E N T R A T I O N DM XI X ? A fl IM J M 

^ — 0 . 9 0 0 . 0 1 0 . 1 9 9 3 5 5 9 E 0 0 1 . 7 1 I 8 1 . 4 7 5 0 7 . 0 0 0 0 0 . 0 1 6 4 0 . n 9 R 7 33 33 

O I H F N S I O N L E S S S U R F A C E V O R T I C I T Y - D I S T R I B U T I O N AT 5 . 6 3 o * G R * * S I N T F R V A l . 

0.6 0 . 9 2 2 1 E 0 0 0 . 1 8 7 7 6 01 0 . 2 6 R 3 F 01 0 . 3 4 9 0 r n i n . 4 7 3 3 * n i 0 . 4 9 0 2 E 01 0 . 5 4 9 3 F 01 0 . 4 0 0 7 r m 0 . 6 4 4 5 F 0 | 
0 . 6 B 1 1 E 01 0 . 7 1 1 0 6 01 0 . 7 3 4 6 E 01 0 . 7 1 7 * * n i O . ^ o r H 0 . 7 7 ? 7 F 01 0 . 7 7 4 6 E 01 0 . 7 7 7 7 F Q1 0 . 7 6 4 8 * 01 0 . 7 S 7 4 F Ql 
0 . 7 3 4 4 F 01 0 . 7 1 0 8 E 01 0 . 6 R I 0 F 01 0 . 6 4 4 4 F 01 0 . 6 0 0 1 * 01 0 . 5 4 9 1 F 01 1 . 4 9 0 0 E 01 0 .4">37F 0 1 0 . 3 4 8 9 * 01 0 . 7 6 8 2 C 11 
0 . 1 8 2 1 6 01 0 . 9 2 1 9 E 0 0 0 . 1 7 9 8 E - 0 8 

T H R E E P O I N T S L A G R A N G E D 1 6 F F R F N T I AT I ON F O R M U L A S I M P S I N ' S " U L F FOR I N T E G R A T I O N 

C D S ' C D F COT r o s / C n F C O F / C D S K 1 ' ' ' K T 
0.75256F 0 * 0 . 7 4 7 4 7 6 0 4 0 . 1 7 0 0 0 E 0 5 0 . 1 2 7 4 4 T 01 1 . 7 8 4 7 0 6 0 0 n . f l 7 7 1 4 F 01 0 . 4 5 7 7 4 F 01 

i M N E ^ S t O H l E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 DF OR F F S I N T F R V A L 

0.16896 04 0.15536 04 0 . 1 1 5 7 6 04 0 . 5 3 8 B F 0 3 - 0 . 2 4 6 2 F 0 3 - 0 . 1 1 4 5 F Q4 - 0 . 2 1 1 B E 0 4 - 0 . 3 1 3 3 * 0 4 - 0 . 4 1 6 3 F 0 4 - 0 . 4 I 9 7 F 04 
-0.6214E 0* - D . 7 1 T 9 E 04 - O . 8 O B O 6 0 4 - 0 . 8 B 6 7 F 0 4 - 0 . 9 4 8 1 * 04 - 0 . 9 B 7 7 F OA - 0 . 1 0 0 1 E 0 5 ~ ™ 

f l ¥ f P O I N T S L A G R A N G E O I F F E R F N T I A T I ON F O R M U L A S I M P S n N ' S P U L F FOR I N T F G R A T I D N 

' C D S C D F COT C D S / C O F C D F / C D S K J KT 
j • • . 0.9M56E 0 4 0 . 7 4 7 4 5 E 0 4 0 . 1 7 0 0 0 6 0 5 0 . 1 7 7 4 4 F n i 0 . 7 8 4 6 B F 0 0 ~ 0 . 8 7 7 1 3 E 01 n . 4 5 7 7 4 6 0 | 

' j > f H i A t ! I QAM F S S S U R F A C E P R E S S U R E D f S T f t i e u r i O N AT 1 1 . 7 5 0 6 G R F F S I N T E R V A L 

.£»1664C 04' 0 , 1 5 4 9 6 0 4 0.11566 04 0 . 5 4 0 8 F 0 3 - 0 . 7 4 I 7 E 0 3 - O . I I 3 8 F 0 4 - 0 . 2 M 7 E 0 4 - 0 . 3 1 7 9 6 n 4 - 0 . 4 1 5 9 C 04 - 0 . 5 1 9 6 * 04 
. 'ifflfPHf, 04 -0.T1TBE 0 4 - 0 . 6 0 7 8 6 0 4 - Q . B B 5 B 6 0 4 - 0 . 9 4 7 3 6 0 4 - 0 . 9 S 6 T E 0 4 - 0 . 10OOE 0 5  

^ t S I C M S T H 6 S S I S P O S I T I V E E V E R Y W H E R E 

http://i1.l01.6E
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P R D L A T E spHrROTO K U W A B A R A ' S M O D F I 
* * * * * * * * * * * * * * * * * * * * * * * * * * ^ * * * * * * * * * * * * * * * * * * * * * * * * * 

0 . 0 1 

CONCENTRATION 
0 . 4 0 7 D 5 0 4 F 0 0 

X I 

1 . 4 7 5 0 

01 MENS IONL FSS SURFACE VORTICITY DISTRIBUTION AT 5.63 OEOprrs INTFPVAL 

0.0 
Q . I 7 U E o ? 

0.7314E 0! 
. 17RBF 

0 . 4 5 7 5 F 0 1 

0 . I 8 4 6 F 0 7 

0 . 6 7 4 0 F 0 1 

0 . 1 B 9 7 F 0 7 

O . S 7 6 8 r 0 1 
0 . I O 7 3 E 0 7 

0 . 1 0 6 4 E 07 
0 . 1 9 4 t r 0 7 

. 1 7 3 2 F 0 ? 
• l " 4 7r 0 2 

0 . 1 J R 1 F 0 7 
0 . 1 " 4 1 r 1 7 

n . 1 * 1 0 ^ 
o . 1 - ) ? 3 c 

0 . 1 R 4 6 F 07 
0 . 4 5 7 4 r 01 

0.1787F 07 
0.2314E 01 

0 . 1 7 1 7 F 07 
0 . 4 4 6 6 F - 0 8 

0 . 1 6 2 0 F 0 7 0 . 1 6 P 9 E 0 7 0 . 1 3 R 0 E 0 7 0 . 1 7 3 2 E 0 2 0 . 1 0 4 4 E 07 

THREF POINTS LAGRANGF DIFFERENTIATION FORMULA S I M P S O N ' S R O L F F O R I N T E G R A T I O N 

C O S 

0 . 7 3 9 4 4 E O S 

COF 
O.33012E 05 

C O T 
0 . 6 6 9 5 6 E n c 

cns/r . o F 
0 . 7 2 * 3 7 F O O 

C D C / C O S 
. 1 3 7 R 7 F 0 1 

K l 
0 . 6 n 6 9 8 ' ; 

D I M E N S I O N L E S S S U R F A C E P R F S S t J R E D I S T R I B U T I O N A T 1 1 . 7 5 O F G R " S I N T E R V A L 

0 . 2 6 O 1 E 0 4 0 . 7 O 3 2 E 0 4 Q . 3 7 5 3 E 0 7 - Q . 7 7 5 4 F 0 4 - 0 . 5 6 7 4 E 0 4 - 0 . 9 5 7 3 F 0 4 - 0 . 1 3 8 6 F 05 - 0 . 1 8 3 T o * - Q . 7 7 Q 7 E 0 5 

K 7 4 5774C 

- 0 . 7 7 6 4 r o ^ 
- 0 . 3 7 1 4 E 0 5 - 0 . 3 6 4 1 E 0 5 - 0 . 4 0 3 7 E 0 5 - 0 . 4 7 6 6 E O S - 0 . 4 f . 3 7 r 0 5 - 0 . 4 R O O E O S - 0 . 4 R 5 7 E 0 5 

FIVF POINTS LAGRANGF 01FrCRENTI AT ! ON FORMULA 

COS COF C.DT 

S I M P S O N ' S R U L C F O R I N T E G R A T I O N 

C r > S / C P r C O r / C D S 
0 . 2 3 9 4 4 F 0 5 0 . 3 2 9 9 R E 0 5 0 . 5 6 9 4 7 E O S O . T 7 5 M E 0 0 0 . 1 3 7 8 1 E 0 1 0 . 4 0 6 R 4 T 0 1 0 . 4 5 7 7 4 E 0 1 

0 I M E N 5 1 0 N L F S S S U R F A C E P R E S S U R E 0 I S T R I P U T I O N A T 1 1 . 7 5 D E G R E E S I N T E R V A L 

O.2590E 0 4 0.2O24F 0 4 0 . 3 7 6 0 S 03 - 0.2753r 0 4 - 0 . S 6 1 9 F 0 4 
-0.32I4F 0 5 - 0 . 3 6 3 9 F 0 5 - O . 4 0 3 0 E 05 - 0 . 4 3 A 3 E 0 5 - 0 . 4 6 3 n c 0 5 

- 0 . 9 5 1 4 F 04 - o . | 7 8 6 E 0 5 
- 0 . 4 7 9 8 E 0 " - 0 . 4 8 5 5 E 0 5 

- 0 . 1 R 4 O F 0 5 - 0 . 2 3 0 3 F 0 5 - 0 . 7 7 6 4 F 0"; 

S U R F A C E S H E A R S T R E S S I S P O S I T I V E E V F R Y W H E R E 

PROLATF SPHFROIO KUWABARA'S MODEL 
******************************************************* 

MARK = 603 

A.R. RE CONCENTRATION 
0 . 9 0 0.01 0.59O3171F 00 

OM 
I.I92I 

X I 

1.475.0 
X 7 

. 1.6450 
A 

0.0095 
8 

0.09R2 
IM J M 

33 21 

DIMFNSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5 . 6 3 DEGREES INTERVAL 

0.0 0.6100E 01 0. 1707E; 07 0. 177RF' 
0.4509E 07 0.4706E 07 0 . 4 R 6 7 F 02 0.4980r 

0 7 

0 2 

, 0.7313E 02 
0.5051 r 0 2 

0.2804E 
0.51I0F 

0 7 07 0.3247E 02 
0.5125E 02 

0.3638E 
0.5109E 

02 
02 

0.397RF 
0.5061F 

02 
0 7 

0.4768E 0 7 
0.40R0F 0 7 

0.4B67E 02 0.4706E 0? 0.4509? 02 0.476RF 
0.I707E 02 0.6101F 0 1 0.1162E - O 7 

0 7 0.3978F 0 7 0.363RE 0? 0.3747E 02 0.2804E 02 0.7313E 02 O.I778E 0 7 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 

COS CDF COT CDS/COF COF/COS Kl K2 
0.63055F 05 O.I5515E 06 0.71870F 06 0.40642F 00 0.24605E 01 0.5093RE 01 0.45274F 01 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.25 OEGREES INTFRVAL 

0.4115E 04 D.14B2E 04 -0.6774r 04 
-0.15HRE 06 -D.1789F 06 -0.1973F 06 

-0.1R35F OS -0.34D7E 05 -0.6236E 05 -0.7752E 05 -0.93R2E 05 -0.U56E 06 -0.1376F05 
-0.2130E 06 -0.2251F 06 -0.2328E 06 -0.7354E 06 

FIVE POINTS LAGRANGF DIFFERENTIATION FORMULA 

CDS CDF '_ ' CDT 

SIMPSON'S RULE FOR INTEGRATION 

COS/CPE COF/CDS K 7 
0.63055F 05 0.15616F 0 6 0 . 7 1 8 2 2 E 0 6 0 . 4 0 6 7 8 E 00 0.24608E 01 0.60942F 01 0.45774F 01 

DIMENSIONLESS SURFACE PRFSSURE DISTRIBUTION AT 11.75 DEGREES INTFRVAL 

0.4092E 04 0.1459E 04 -0.6748E 04 -0.1838E 06 -0.7403E 06 -0.523RE 05 -0.7755E 05 -0.93R4E 05 -0.I157E 06 -0.I375E 06 
-0.15RBF 06 -0.1790E 06 -0.I973E 06 -0.2130E 06 -0.226IE 06 -0.7328E 04 -0.7355E 06 

SURFACE SHEAR STRESS IS POSITIVE EVFRYWHERF 

http://-0.4f.37r
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P R O L A T E S P H E R O I D K U W A B A R A ' S MODEL 
•••••*••••»*•••••*•••**••*••***•**•»******************* 

C O N C E N T R A T I O N 
0 . 9 9 9 B 1 7 3 E - 0 2 

. D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 3 D E C R E E S I N T E R V A L 

- 0 . 0 
0 . H 3 6 E 0 1 

0 . 4 9 5 4 E 00 
0 . 1 4 0 4 E 01 

0 . 9 1 9 8 E 00 
0 . 1 3 7 7 E 01 

0 . 1 2 2 3 E 01 
0 . 1 3 5 6 E 0 1 

0 . 1 5 3 0 E 01 
0 . I 3 2 7 E 01 

0 . 1 5 Z 5 E 01 
0 . 1 3 30E 0 1 

0 . 1 S 0 1 E 01 
0 . 1 3 3 9 E 01 

0 . 1 4 6 9 E 01 
0 . 1 3 5 5 6 01 

0 . 1 3 T 6 E 01 
0 . 9 1 8 1 E 00 

0 . 1 4 0 3 E 01 
0 . 4 9 4 5 E 0 0 

0 . 1 4 3 4 E 01 
0 . 4 5 1 9 6 - 0 9 

0 . 1467E 01 0 . 1 4 9 9 E 01 0 . 1 5 2 2 E 01 0 . 1527fc 01 0 . 1 4 96E 01 0 . 1 4 0 4 E 01 0 . 1 2 2 & E 01 " 

THREE P O I N T S LAGRANGE D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

CDF 
0 . 7 2 2 9 3 E 0 3 

C O F / C D S 
0 . 2 0 6 0 6 E 0 0 

K l 
0 . 5 8 5 4 7 6 0 2 

D I M E N S I O N L E S S SURFACE P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 DEGREES I N T E R V A L 

0 . 1 0 6 6 E 0 4 0 . 9 4 1 0 E 0 3 0 . 7 2 4 2 6 0 3 0 . 5 0 B 6 E 0 3 0 . 3 5 3 6 E 0 3 0 . 2 4 6 9 E 0 3 0 . 1 7 0 2 E 0 3 0 . U D 1 E 0 3 0 . 

0 . 3 1 2 4 4 E 01 

0 . 4 6 9 2 E 01 
- 0 . 5 5 2 9 6 0 2 - 0 . 1 3 2 0 E 0 3 - 0 . 2 3 8 6 E 03 - 0 . 3 9 3 2 E 0 3 - 0 . 6 0 B 2 E 0 3 - 0 . B 4 4 4 E 0 3 - 0 - 9 5 1 0 E 0 3 

F I V E P O I N T S LAGRANGE D I F F E R E N T I A T I O N FORMULA 

CDS COF COT 

S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C 0 S / C D 6 C O F / C U S ' 
0 . 3 5 0 6 3 E 0 4 0 . 7 3 8 2 1 E 0 3 0 . 4 2 4 6 5 6 04 0 . 4 7 5 2 4 6 01 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 DEGREES I N T E R V A L 

0 . 2 1 0 4 2 E 0 0 0 . 5 8 7 5 9 E 02 0 . 3 1 2 4 4 ? O l 

0 . 1 0 4 6 E 0 4 0 . 9 3 6 6 E 0 3 
- 0 . 1 0 0 9 E 03 - 0 . 1 7 9 3 E 0 3 

0 . 6 9 4 5 E 0 3 0 . 4 7 5 0 E 0 3 0 . 3 1 7 4 E 03 0 . 2 0 8 7 E 0 3 0 . 1305E 0 3 
- 0 . 2 8 7 8 E 03 - 0 . 4 4 5 1 E 0 3 - 0 . 6 6 4 1 E 0 3 - 0 . 9 0 5 6 E 0 3 - 0 . 1 0 1 5 6 04 

0 . 6 8 6 9 E 0 2 0 . 1 4 6 9 E 02 - 0 . 3 9 4 0 6 07 

SURFACE SHEAR S T R E S S I S P O S I T I V E EVERYWHERE 

0 I M E N S I O N L E S S SURFACE V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 3 D E G R E E S I N T E R V A L 

0 . 0 
0 . 2 I 2 5 E 01 

0 . 7 1 0 4 E 00 
0 . 2 0 B 6 E 01 

0 . 1 3 2 1 F 01 
0 . 2 0 5 2 E 01 

0 . 1 7 M E 0 1 
0 . 2 0 2 5 E 01 

0 . 2 2 Z 7 E 01 0 . 2 2 Z 9 E 01 0 . 2 2 0 4 F 01 D . 2 1 & 6 E 01 

0 . 2 0 5 1 6 01 0 . 2 0 B 5 6 
0 . 1 3 2 0 E 01 0 . 7 0 9 9 6 

01 0 . 2 1 2 4 E 01 0 . 2 1 6 5 E 01 0 
0 0 0 . 6 3 2 0 E - 0 9 

2 2 0 2 E 01 0 . 2 2 2 7 E 01 0 . 2 2 2 4 t 01 0 . 2 1 7 D E 01 0 . 2 0 2 9 E 01 0 . 1 7 5 8 E Ot 

THREE P O I N T S LAGRANGE D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S RULE FOR I N T E G R A T I O N 

COS 
0 . 5 2 0 3 4 6 04 

CDF COT 
0 . 1 2 8 6 7 6 0 4 0 . 6 4 9 0 L E 0 4 

C O S / C D F 
0 . 4 0 4 3 9 E 01 

C O F / C O S 
0 . 2 4 7 2 9 E 0 0 

K I 
0 . 2 0 7 1 5 E 02 0 . 3 1 2 4 4 E 01 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 DEGREES I N T E R V A L 

0 . 13636 0 4 0 . 1 2 0 8 E 04 O . B 5 8 0 E 03 0 . 5 3 1 6 E 0 3 0 . 2 8 8 Z E 03 0 . 1 0 7 1 6 0 3 - 0 . 3 5 9 2 6 0 2 -0. 1574E ,03 - 0 . 2 6 8 7 E 0 3 - 0 . 3 B 0 9 E 03 
- 0 . 5 0 3 7 E 0 3 - 0 . 6 4 6 9 E 0 3 - 0 . B 2 8 3 E 03 - O . 1 0 7 3 E 0 4 - 0 . 1397E 04 - 0 . 1 7 4 4 E 04 - 0 . 1 9 0 0 E 04 

F I V E P O I N T S LAGRANGE D I F F E R E N T I A T I O N FORMULA S I M P S O N ' S RULE FOR I N T E G R A T I O N 

CDS CDF CDT C O S / C D F C O F / C U S K l K2 
0 . 5 2 0 3 4 E 0 4 0 . 1 2 9 7 2 E 04 0 . 6 5 0 0 & E 04 0 . 4 0 1 1 2 E 0.1- 0 . 2 4 9 3 0 E 0 0 0 . 2 0 7 4 8 6 oi 0 , M 2 4 4 F " O l 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I N T E R V A L 

0 . I 3 3 3 E 0 4 0 . 1 1 7 6 E 
- 0 . 5 5 0 2 E 03 - 0 . 6 9 4 8 E 

04 0 . B 2 2 1 E 03 0 . 4 9 2 7 E 0 3 0 . 
03 - 0 . 8 7 7 5 E 03 - 0 . 1 I 2 4 E 04 - 0 . 

2 4 B 3 E 03 0 . 6 6 2 5 E 
1450E 04 - 0 . 1 B O 0 E 

0 2 
04 

- 0 . 7 7 9 7 6 02 
- 0 . 1 9 5 B E 04 

- 0 . 2 0 0 6 6 0 3 - 0 . 3 1 2 7 E 0 3 - 0 . 4 2 5 9 6 03 

S U R F A C E SHEAR S T R E S S I S P O S I T I V E EVERYWHERE 

PBOLATF S P H F P O i n 

A . R . RE 
1 . 5 0 0 . 0 , 

K M W A B A P A ' S MnnFL 

D I M F N S I O N I F S S SURFACE VO»TICITY 11 STRI RUT I ON AT 5 . 4 3 n p w ^ T N T m v A L 

9 . 4 1 7 5 6 01 
9 . 3 1 6 7 F 01 

0 . 1 6 9 9 F o i 
D . 5 2 0 7 E 01 

1 . 5 4 4 R . F 01 C . 5 4 R T F 01 
n . 4 " T 9 F 01 o.4q«"ir " i 

0.S4S3* - n i 

THR FF P O I N T S LAGRANGF O l F F F ^ E N T I A T I ON FORMULA 

COS 
0 . 1 7 9 4 2 F 05 

O I M E N S I O N L F S S S U P F A C 6 P R E S S U R F D I S T R I B U T I O N AT I t . 

1 . 2 7 * 8 6 04 0 . 1 R 5 1 E Q4 1.«4P1F 03 - I . I R ^ S F 0> 

SH-PS^N'S R1ILF *E"J INTEGRATION 

C O P / C O S 
1.471596 00 

n r o P F ^ S I N T E R V A L 

. I 1 I T " 4 - O . 1 QQSE 
1 . 5 3 8 5 6 04 -0.611PC 04 . 4 9 7 4 r 1 4 - 0 . 7 8 6 1 F 04 

F I V F P O I N T S IAGRANC.F D I F F E R E N T I A T I O N FORMULA 

CDS CDF CfVT 
0 . 1 2 9 4 2 F 0 5 fl.61098c 04 0 . 1 1 1 * ? * 0 5 9 . 71 1 R">6 t l 

H M F N S 1 0 N L F S S S U R F A C E P«F5SUP6 01 S TP I PI IT 1 ON AT 1 1 . 7 5 n F G p r * 5 f ' T F P V A l 

n . ? 7?3E 04 1 . I 7976 04 0 . T fl 94F " 3 - 1 . ? s ? ? F 0 * - 1 . 1 1 6 l r 14 - O . t 9 7 1 
- O . 5 4 6 0 F 0 6 - 0 . 4 1 9 , ' F 14 - 0 . 4 9 9 B F "4 - O . T O ? a r "4 - p . q n ( . | F 04 - o . o q s s 

' . c 0 4 - 1 . 9 8 n o * 04 - 1 . 103 1 F 1)5 

S 1 M p S 1 N ' 1 "'.II r Fnp I N T F 0 I » A T I 0 N 

C i S / C Q E E n p / C O S 

n,r,Lit^e 01 0 . 13T7.E 

- 1 . 4 0 1 7 F "4 

*>HR F A C E SHFAR S T R E S S IS P 0 5 I T T V F F V E R Y W H F R c 
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P . «n r . l V - r M v r , A T | r i ' i o " v i v i 
n . s o I Or n I . -> 0 1 > 71" O ' i . 0 0 7 >•> 0 . •* n « 7 ->-. 

r ) I M F N ' S i 0 , , J L r S S S ' I P F 4 C r v n *> T 1 r 1 TV n 1 < 1 f u n - T 1 n ..1 ^ r <••.'-.•» o r (MI t • 7 - / A I 

0.4 '• 'inn 01 0 , f 70 7c 0 1 0 . 1 *^<- r n . 1 7 7 4'- 1 -1 7 T 0? . 1 1 1 F. . 1 4 1<JT 1 ? n l f . V * : „ 1 
0. 1 l * s ? f O ? 1 . 1 1 , T 1 r o-> 0. 1 1 1 7 * - m . 1 ->:,>'> r -)-> 0 <. r t ->7'ir . 1 7 7 !- I 7 7 O r •O 7 1 **«•>- 0 ~y n * 1 7-3<>r « T 
1. 11J 7F o ? O . 1 7 i 7 C 0 ? 0 . J 1 /; ? 1 0 . 1 1»A F 1 ? 0 . 1 '• ̂  7r > 0 . 1 '. I r. " ? O . 1 ) 1 r I T / V o t J 7 7 I f O-s O . 1 nnur ~? 

1 I 1 7 4 9 f -•'1*1 

T H O f f P O I N T S L ft <VJ « N ' ~ . R •1 f F r. r j> «-" I T I A T 1 C M nr '"II A i\! • S - " I f 1 " T " ' M I ! U N 

m s r f r> r ' n - / r n S " 1 v 7 
o. i i ' n i r 0 5 11 7^ .74 c 111 •10 1 . 71 0 1 • 1. 71 744 

r 
- 1 

n T M F N S I n M SIJO *- AT r no c S S I P P N ! <=T ?' I n U T I 4 r " A 1 

n . 3 7 7 6 F n * n . "> I ,*> ? P 0/. -0. 1 7*.ir. T i r. c 0/, -0 o r 14«**'- 0-", _ o . 1 ^ n i - 1«5 -o. ? 7/, 7 C OT - n . 7 / . 7 f\ r - K 1 
- O . 3 I Q ? E n s - 1 . 1 7 3 7*" I S / . 7 0 i *" MS . 4 4 7 0 ' : - 1 . e /, n .7 c ^ S - 0 . r ^ i t ? F 0 5 

L A<",n A N OF r c o c N T I AT 1 ni] F f .n " M L A C I y ' " M F C P . Ii 'T C ~- P A T I 

r.ns r r 0. r ' ><• / * - n r n o r / r i s "} V 7 

n . m o t e " S .̂ •»! 9 0 7 F O S 0 . U c. 1 0 * 1 - OS 1 > 7 ? " m R 4 O 7 1- 00 0.4 n i .̂ >\ 744 r 
n t M r N S i n M i r s s P R r S M P r p 1 S T B 1 P U T 1 ' IN A T M . 7 c 

Our ; r - V M 

0 . 1 S 9 3 F o«. 0.10° 7 f n t j 00/, r O A A , o40 1 f -•4 o . 1^ « ;>•- -0. t A O - - . 1 " O A F 05 -0. o s "4.S | r 0*; -0. 7 O C 
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0 . 4 H 3 F ' " i 

1 . 4 1 3 1 * . CO 
1 . 1 

T H R E E P O I N T S 1. AGP ANGE 0 I F F E »* NT I A TI ON FORMULA 

0„ M * 1 r 1 1 0 . 6 6 S O E 0 0 0 . 7 4 4 0 * 1 1 1 . 8 4 0 6 * 10 1 . 1 4 4 6T 0 1 

S I ' » P S 1 N * S O I I L * FOP TWT*C.PATION 

COS 
D . 7 I 6 H E 0 4 

ro* 
1 . 4 0 T 7 S * n i 

r . " s / c n c 

1 . 4 4 ? 1 7 * i t 

c n F / r . n s 
" . ? - > * 7 ( , F 0 0 

0 T ME N S I I N I E S S S U R F A C E P R F S S U " * D I S T R I B U T I O N A T 1 1 . 7 5 O F C , P * * S 1 N T F D V Al 

1 . 7 3 7 7 F 0 3 n . 4 9 3 7 f 0 7 - 0 . 7 1 3 1 F Q 7 - n . 4 i o n r 0 2 0 ? - n . 7 6 - * 
- 0 . 1 1 1 7 F 0 3 - 0 . 1 3 7 1 * 0 3 - 0 . 1 S R 8 * 03 - P . ? n i 4 F 0 ? - 0 . 7 Q 1 Q E n 3 - 0 . 5 l ^ i * 07 - O . ' P I I E 0 3 

F ( V * P O I N T S I AGR ANGE 0 TF ** 0 * NT I A T I ON F0PM(U.A 

EOS EOF C Et T 

S J W P S I N ' S °Ut_* FO 1* I NT* I P A T I ON 

r i s / r . n * C i * / C O S 
0 . 2 1 6 3 3 F 0 4 0 . 4 R 6 7 7 * 1 3 1 . 7 6 5 0 _ 1 F FT4 0 . 4 4 4 4 1 * n i 

O I M E N S i n N L E S S S U R F A C E P P F S 5 I J R * p I S T R 1 m i T I ON AT 11.?* n f r . R F . F S I N T C P y A l 

" . ? 7 6 1 ^ F OO 

D . 7 2 7 1 E 0 3 0 . 3 7 3 R E 0 3 1 . 1 2 6 1 F 0 3 
- 0 . 1 7 4 5 E 0 3 - 0 . 1 4 4 Q F 0 3 - 0 . 1 7 1 4 * 0 3 

0.3516E 0 ? - 1 . 6 4 8 0 c -
- 0 . 7 1 3 T F n-> -Q.3Q14* 

-0.317 7 * 1 ? - 0 . 4 T O 1 F 07 - 0 . 7 1 8 " * 1 ? 
- Q . S 4 1 5 * m - 0 . 1 0 1 * r 0 3 _, 

" 7 -1.1 n*>4 F n3 

S U R F A C F SHEAR S T R F S S I S P O S I T I V E F V F R Y W H F " * 
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FLOW ALONG MAJOR AXIS ELL. CYLINDER KUWifARA'S MODEL 
A****************************************************** 

M A R K * | ? 1 3 

C O N C F N T R A T I O N 

> — ~ * 

DlHEMSIOffLESS S U R F A C E VQllT.1CITV.PlSJl-ljlUTjgjU.t 5 _ _ 6 3 _ _ . J l 6 j y . E E S . . I . N T F R Y A J L , 

0 . 0 
0 . 1 6 5 T F ni 

0 . 2 7 7 5 6 
0 . 1 5 9 0 6 

0 1 0 . 3 0 0 7 6 01 . 0 . 2 9 0 7 6 0 1 0 . 2 6 3 O E 01 0 . 2 3 6 B E 
01 0 . 1 5 3 8 E 01 0 . 1 4 9 9 6 0 1 0 . 1 4 7 2 E 01 0.14«iTF 

0 1 
01 

0 . 2 1 5 3 6 0 1 
0 . 1 4 5 1 E 01 

0 . 1 9 8 3 E 
0 . 1 4 5 7 F 

01 
0 1 

0 
0 

. 1 8 4 9 E 

. 1 4 7 2 6 
01 
01 

0 . 1 7 4 2 F 
0 . 1 4 9 9 E 

01 
01 

0 . 1 5 3 8 6 0 1 
0 . 3 0 0 4 E 0 1 

0 . 1 5 8 9 6 
0 . 2 2 7 3 6 

0 1 0 . 1 6 5 7 6 01 0 . 1 7 4 2 E 0 1 0 . 1 8 4 8 6 0 1 0 . 1 9 8 3 6 
01 0 . 0 

01 0 . 2 1 5 2 E 0 1 0 . 2 3 6 6 F 0 1 0 . 7 6 2 8 E 01 0 . 2 9 0 5 F , 01 . 

T H R E E P O I N T S L A G R A N G E 0 I F F F R 6 N T I A T 1 0 N F O R M U L A 5 I M P S 0 N ' S R U L E FOR I N T E G R A T I O N 

C D S 
0 . 7 1 1 T 4 E 0 4 

C D F COT C O S / C O F 
0 . 2 R 7 3 3 E 0 4 0 . 9 9 9 0 6 6 0 4 0 . 2 4 7 7 1 E 01 

C O F / C O S 
0 . 4 0 3 7 0 E 0 0 

K l 
0 . 4 5 4 4 3 F 0 1 0 . 

K ? 
2 6 0 0 7 6 01 

D I M F N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 O E G R E 6 5 I N T E R V A L 

0 . 1 7 1 7 6 0 * 0 . 6 4 4 0 E 0 3 - 0 . 1 6 9 9 F 0 3 - 0 . 5 6 0 6 6 0 3 - 0 . 8 3 0 4 F 0 3 - 0 . 1 0 6 1 F 0 4 - 0 . 1 2 7 3 6 0 4 - 0 . 1 4 7 5 E 0 4 - 0 1 6 7 2 F 0 4 - 0 . 1 8 6 9 E 0 4 
- 0 . 2 D 7 0 E 0 * - 0 . 2 2 8 IF. 0 4 - 0 . 2 5 1 2 F 0 4 - D . 2 7 B 3 E 0 4 - 0 . 3 1 7 6 6 0 4 - 0 . 3 9 9 0 6 0 4 - 0 . 5 0 5 6 6 0 4 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N FORMULA" S I M P S O N ' S R U L F F O R " I N T 6 G R A T 1 0 N 

COS CDF COT C D S / C O F C D F / C D S K l K 2 
0 . 7 1 1 T 4 E 0 4 0 . 2 B 7 3 1 E 0 4 0 . 9 9 9 0 4 6 0 4 0 . 2 4 7 7 3 6 01 0 . 4 0 3 6 7 6 0 0 0 . 4 5 4 4 2 E 0 1 0 . 2 5 0 0 2 F 0 1 

. D I M E N S I O H L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 O E G R E F S I N T E R V A L . 

0 . 1 7 0 6 6 0 4 
- 0 . 2 0 8 2 F 0 4 

0 . 6 3 0 1 E 
- 0 . 2 2 9 3 6 

0 3 - 0 . 1 B 2 B F 0 3 - 0 . 5 7 2 3 E 0 3 - 0 . 8 4 1 5 6 0 3 - 0 . 1 0 7 3 E 
0 4 - 0 . 7 5 7 4 F 0 4 - 0 . 7 7 9 5 F 0 4 - 0 . 3 1 B T E 0 4 - 0 . 4 0 0 1 F 

04 
f -4 

- 0 . 1 2 6 5 6 0 4 
- 0 . 5 0 7 5 E 0 4 

- 0 . 1 4 8 7 E 0 4 - 0 I 6 B 4 F 0 4 - 0 . 1 8 * 1 6 0 4 

S U R F A C E S H E A R S T R E S S I S P O S I T I V E E V E R Y W H E R E 

- -

FLOW A L O N G MAJOR A X I S F L L . C Y L I N D E R K U W A B A R A ' S MOOFL 
* « * • * • » * » * * * * * • * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

MARK « 1 2 1 4 

A . R . R F 
, 0 . 2 0 0 . 0 

C O N C E N T R A T I O N DM XI 
0 . 4 0 6 7 S 8 4 F 0 0 1 . 5 6 B 9 0 . ? 0 ? 9 

X 2 
0 . 4 5O0 0 

A 
0 0 B 8 

B 
O . 0 9 8 7 

IM . J M 
33 ; 7 9 

> : 
0 I H 6 N S I 0 N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT . . 5 . 6 3 . . D E G R E E S I N T E R V A L 

- — ~ S 

0 . 0 0 . 6 B 4 0 F 
0 . 5 0 1 4 F 01 0 . 4 7 B 1 F 

0 1 0 . 9 1 4 8 E 01 0 . R 9 6 1 E 01 O . f l l R l E 01 0 . 7 3 8 6 E 
01 0 . 4 6 0 I F 01 0 . 4 4 6 8 F 0 1 0 . 4 3 7 6 F 01 0 . 4 3 2 3 F 

0 1 
n l 

0 . 6 7 0 2 E 01 
0 . 4 3 0 5 F 01 

0 . 
0 . 

6 1 3 7 F 01 
4 3 2 3 f 01 

0 . 5 6 7 R T 
0 . 4 3 T 7 F 

01 
01 

0 . 5 3 0 9 F 
0 . 4 4 6 R F 

"1 
01 

0 . 4 6 0 2 6 01 0 . 4 7 8 1 6 
0 . 9 1 4 5 F 0 1 0 . 6 R 3 7 6 

01 0 . 5 0 1 4 F 0 1 0 . 5 3 0 9 F 01 0 . 5 6 7 O F 01 0 . 6 1 3 7 F 
0 1 0 . 0 

01 0 . 6 7 0 1 6 01 0 . 7 3 8 6 F 01 O . f l l A O E 01 0 . 8 9 6 0 F o i 

T H R E E P O I N T S L A G R A N G F D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E r o R I N T E G R A T I O N 

COS 
0 . 2 1 6 0 9 F 0 5 

COF CDT C D S / C O F 
0 . 1 T 7 6 6 F 0 5 0 . 3 9 3 7 5 6 0 5 0 . 1 7 1 6 3 F 01 , 

C O F / C D S 
0 . R 2 7 1 4 E 0 0 

K l 
0 . 3 M 2 1 F 01 0 . 

K 7 
?f>0f>?F 01 

D T M 6 N S I D N L E S S S U R F A C F P R F S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I N T E R V A L 

0 . 3 4 R 4 F 04 - O . U O O F 0 3 - 0 . 3 5 6 1 6 0 4 - 0 . 5 9 0 2 E 0 4 - 0 . 7 7 9 4 E 0 4 - 0 . 9 4 3 6 F 0 4 - 0 . 1 0 9 2 6 0 5 1 2 3 1 F 0 5 - 0 . H 6 6 F 0 5 - O . l S n i F 
- 0 . 1 6 4 1 F 0 5 - 0 . 1 7 0 0 F 0 5 - 0 . 1 9 5 4 6 * 0 5 - 0 . 7 I 4 3 F 0 5 - 0 . 2 3 7 B F 0 5 - 0 . 2 7 2 3 F 0 5 - > . 3 0 8 2 F 0 5 

F I V E P O I N T S L A G R A N G E O I F F F R F N T I A T I ON FORMULA S I M P S O N ' S R U L E FOR T N T r G R A T I O N 

COS COF CDT C O S / C O F C D F / C O S K l «? 
0 . 2 1 6 0 9 F 0 5 0 . 1 7 7 6 5 F 0 5 0 . 3 9 3 7 4 F 0 5 0 . 1 2 1 6 4 F 0 1 0 . R 7 2 0 8 E 0 0 n . 3 6 1 2 0 6 0 . 7 6 0 0 7 F «1 

D I M E N S I O N L E S S S U R F A C F P R F S S U R F n i S T R I B U T J O N AT 1 1 . 2 5 O T G R F E S I N T F P V A L 

0 . 3 5 4 1 E 0 4 - 0 . 6 I 6 7 E 
- 0 . I 6 3 5 F 0 5 - 0 . 1 7 B 4 F 

0 ? - 0 . 3 5 1 0 E 0 4 - 0 . 5 8 4 9 F 0 4 - 0 . 7 7 4 0 c 04 - n . q i f t i r 
0 5 - 0 . 1 9 4 9 ^ 0 5 - 0 . 7 I 3 0 E 0"! -0.2"»7?r 0 5 -0 .?71'»F 

04 
0 5 

- 0 . 1 0 , 7 6 0 5 
- n . 3 0 7 r . E 0 5 

- 0 . 1 7 2 6 E 0 5 - 0 . 1 361 F O r- - 0 . 14«6C 

S U R F A C E SHEAR S T R E S S I S P O S I T I V E F V F R v w H E R e 

F l nw A j D N G MAJOR A X I S PL L . C Y L I N D E R K U W A B A R A ' S MODEL M A R K * l 2 J f 

RE 
0 . 0 1 

C O N C E N T H A T I O N 
0.50B5 7Q4F n n 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 6 3 D r C P F F S I N T C n y A L 

0 . 1 3 T 7 F 0 ? 
0 . 2 9 0 4 F 07 

0 . 7 1 7 I E 0 ? 
0 . 1 4 3 4 F 0 7 
0 . I 4 3 4 F 0 ? 
0 . 7 I 7 1 E 07 

. 2 9 0 4 F 0 2 
t p 7 7 E 02 

0 . 7 B 7 6 F 
, M - * 5 E 0 ? 

0 . 7 5 6 P F 
n . i ->07c 

O . I 5 f i q F 0 2 O. 1 6 0 3 F 0 ? 0 . 1 7 7 3 c o ? 

0 . 7 7 9 C . F n ? 0 . ? 0 . , 3 F 0 2 0 . 1 P 7 4 F 07 
n . 17M4F 0 2 Q2 
n.?0(S3F 0 2 n^PCF 0 2 

, 1 7 ? i c 07 
, l * 0 7 r " 7 

THR 66 P O I N T S L AGP ANC.F 0 IF FF.P e NT 1 A T I ON FOR Mil l A M ^ ^ N ' * °MIF F P n 1N T r r,n a T I ON 

ens r n r C O T c n s / r o r c n c / r . n s K l 

0 . 6 5 6 B 3 F 0 5 0 . 1 0 7 9 O F 0 5 0 . 1 7 3 5 9 * OA 0 . 6 O R 7 7 F 0 0 n.l<,4?riF 01 n . 3 3 4 1 ? r 

O I M E N S I O N I T S S S U R F A C F P R E S S I I P T D I S T R I B U T I O N AT 1 1 . 7 * D F O P T F S I N T F P V A l 

0 . 6 5 4 9 6 0 4 - 0 . 9 1 0 7 T 0 4 - 0 . 7 P 1 0 F 0 5 _ n . . f c ? 5 3 _ Of, - 0 . 5 4 W 1 F Q5 - n , / . ^ r , f . . - Q . 7 4 7 4 h 0 5 - o . H - > 
- O . 1 0 7 9 F 0 6 - 0 . 1 1 7 i r ' OA -ri. I 7 7 3 F 0 6 - 0 . [ 3 < n r 0 6 ^ n T l l l o r o*, - o . " ( 7 i o r n<, _ r , , | O B / r OrS 

F I V F P O I N T S L A G R A N G F 0 IF FF PT NT I AT 1 ON FOP Mi l l A M M ^ S O N ' S 0 "I F r o o ( N T r r . p I ON 

cos r n r COT c o w n r r o t / c o s KJ « ' 

0 . 6 5 6 R 3 F 0 5 0 . 1 0 7 9 0 F 0 6 0 . 1 7 3 5 9 E Of. O .n0P74F. 00 " .\>•><•? 1 k 01 n . 3 ' 4 1 1 ' 01 *.7t,nn.?e n 0 1 M F N S I 0 N 1 6 S S S U R F A C F P P F R S U P F D I S T R I R U T i n N AT 1 1 . 7 5 n r n p P F S T N T F P V A l . 0 . 6 B 5 ^ F 0 4 - 0 . R R 1 4 E 0 4 - 0 . 7 7 R 0 F 0 5 - n . 4 7 5 4 r n s - n . 5 4 5 f n . -0 .647rS<" f>. - 0 . 7 3 9 5 T OR, - ' ) , » " l r n5 - o . o O T - i - o c . « . n . - " - 0 . 1 0 7 A F Oft - 0 . U 6 B E 0 6 - 0 . 1 7 7 0 F nh - f 1 T l 1 9 0 r O f - n . l ' i t T 0 * - 0 . 1 7 7 7 F n<, - 1 . I P I I 4 E 0 6 — 

S U R F A C F S H E A R S T R E S S I S P O S I T I V F E V E R Y W H E R E 

http://5__63__.Jl6jy.EES
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C l u s t e r s of E l l i p t i c a l C y l i n d e r s w i t h O.R.< 1,Happel's Model 

rtnw Ai'iNf •*(NnP A X I S F I I . F Y I I N O F P H A ^ P F L ' 

A .o . 
1 . n n o . 0 1 

f n N C F N T P A T T ON 
0 . 2 n ? n r - 7 RE - 0 7 

* 7 
7 . 1 n p p 

I N 
3 1 

J M 
4 1 

D I M E N S I P N L F S S S U R I " A C E V n R T I C I T Y D 1 S T R I B U T I C N . AT 5 . 6 3 . C E G R E E S . . I N T E R V A I . . .. 

0 . 0 0 . 7 f t 0 5 F _ o i 9 . 1 5 1 4 F n o 0 . ? ? 5 ? r o o 0 . 7 9 5 R E OO 0 . l n 5 5 F 0 0 0 . 4 1 0 R E 0 0 0 . 4 9 I R E 0 0 0 . 5 4 8 0 E 0 0 0 . 5 9 R 9 F 0 0 
O . f r 4 1 o r 0 0 n.ftô/c 0 0 0 . 7 1 4 9 F 0 0 0 . 7 4 0 1 F o n P . 7 F R 1 F O P 0 . 7 6 P 1 F 0 0 0 . 7 7 7 I C 0 0 0 . 7 6 7 9 E 0 0 0 . 7 5 f t 1 E 0 0 0 . 7 3 7 4 F 

0 . 7 1 1 5 F O O 

0 . 1 4 9 5 E o o 

0 . 6 7 R 7 F 0 0 
0 . 7 5 1 K - 0 1 

n . M ^ F n o 

0 . 0 

0 . 5 9 4 1 E n o 0 . 5 4 1 1 F n o 0 . 4 R 7 0 F n o O . ' ^ I E 0 0 O . I M n F 0 0 O . J I H F 0 0 0 . 2 2 7 5 F 0 0 

T H R E E P O I N T * ; L A G R A N G E 0 1 F E E R E N T I A T I ON E O P M U L A S ! " P S P N ' S p u l r : F O R I N T E G R A T I O N 

r o s 
0 . 4 A 4 f r ? F 0 1 

E O F 
0 , * « 1 « E 0 3 

r.OT 
0 . 9 6 R 2 5 E 

C O S / C P F 

0 . I 0 0 2 1 E 0 1 

0 I M E N S T F 1 N I F S S S U R F A C E P R T S S I I R F D I S T P I FHIT T O N AT 1 1 . 2 5 0 F G F F F s I N T F P V A l 

0 . 2 9 f . 4 C 0 1 0 . 2 9 P 4 F 0 1 0 . 2 7 7 8 F 0 1 0 . 2 4 ' . 0 E 0 ? 0 . 2 O 5 4 E 0"* Q . 1 F R / . F ror/cos 
0 . ' > 9 7 0 4 t 0 0 

0 . 1 0 4 9 E 0 3 0 . 4 6 9 4 E 0 2 - 0 . 1 3 3 R F 0 2 - Q . 7 3 4 5 E 0 ? 
- 0 . 1 M 0 F 0 1 - O . l f l l R ^ 0 1 - 0 . 2 1 0 2 F 0 1 - 0 . 7 6 R 0 E n i - 0 . 2 ° 5 0 F n-> - o . n i l r o i 

F I V E P O I N T S I A G P A N G E 0 I F F F R F N T I A T I ON F p R M l J I A 

r _ _ C O F G O T 

S l " P S r N ' s " U t E EOP T N T F O D A T I n N 

r n s / G P F F P F / C O S 
0 . 4 f t 4 / . ? F 0 1 0 . 4 R 4 5 5 E 0 1 0 . * > 5 a ? o r . 0 1 

D I M F N S I O N L E S S S U R F A C E P R E S S U R E . 0 1 S T R I P U T I ON A T . 1 1 . 2 5 D E G R E E S I N T E R V A l 

0 . 2 R 5 5 F 0 1 0 . 2 f l Q 5 E 0 3 0 . 2 7 1 R F 0 1 0 . 2 4 1 O F 0 1 0 . 2 O 4 1 F 0 1 0 . 1 5 7 2 E 0 1 0 . 1 0 1 6 E 0 3 0 . 4 5 4 1 E 0 2 - 0 . 1 4 9 2 F 0 2 - D . 7 5 I 2 E o ? 
- 0 . 1 1 2 R E 0 1 - 0 . 1 R 5 R F 0 1 - 0 . 2 1 2 1 E 0 1 - 0 . 7 7 Q Q E 0 1 - 0 . 2 9 R 1 E 0 1 - 0 . H 5 A E 0 1 - 0 . 1 7 1 2 E 0 3  

S U R F A C E S H F A R S T R E S S I S P O S I T I V E E V E R Y W H E R E 

F L O W A I O N G M I N O R A X I S F L L . 

**********..*****.**»»******* 
C Y L I N D E R H A P P F 1 ' S M O D F l . M A R K a 1 5 1 5 

1 . 0 0 
C O N C E N T R A T T O N 
0 . 1 Q O 5 7 0 R F - Q 1 

OM 
9 . 9 7 4 1 

B 
O . 0 O R 2 

I M 
3 1 

D . I M E . N 5 I 0 N L E S S . S U R F A C E . V O R T I C I T Y . n i S T R l f l U t i n j L A I . 5 _ A 3 O F G R E E S I N T F R V A I _ . . 

0 . 0 0 . 1 0 9 / . F 0 0 0 . 2 I R 1 F 0 0 0 . 3 7 4 n F 0 0 0 . 4 2 7 9 E 0 0 0 . 5 7 7 0 F 0 0 0 . 6 2 1 1 - 0 0 0 . 7 0 9 I E 0 0 0 . 7 9 0 1 F 0 0 0 . R 6 1 R F 0 0 
0 . 9 7 R 9 F 0 0 0 . 9 H 5 O F 0 0 0 . I O 1 2 E 0 1 0 . 1 0 6 R E 0 1 0 . 1 0 9 4 F 0 1 0 . 1 1 1 OF Q l Q . 1 1 1 5 6 0 1 O . U 0 9 E 0 | 0 . 1 P 9 3 E 0 1 0 . 1 0 6 5 F 0 1 
0 . 1 0 2 H F 0 1 0 . 9 R 1 0 E 0 0 0 . 9 2 4 4 E 0 0 0 . R 5 9 O E 0 0 0 . 7 B 5 5 E 0 0 0 . 7 0 4 4 F 0 0 0 . 6 1 6 7 E 0 0 0 . 5 7 3 1 F 0 0 0 . 4 2 4 5 E 0 0 0 . 3 2 I 9 F 0 0 
0 . 7 1 6 1 E 0 0 0 . I 0 9 7 F 0 0 0 . 0 

T H R E F P F I I N T S L A G R A N G F D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E F O R I N T E G R A T I O N 

C O S 
P . 6 9 9 R 4 F 0 1 

C O F 
0 . 5 9 9 4 7 E 0 1 

C O T 
0 . 1 3 9 0 1 F 0* . 

C O S / C O F 
0 . 1 0 0 0 5 E 0 1 

C D F / C D S 
0 . O 9 9 4 7 E 0 0 

K l 
0 . 5 1 7 3 5 E 0 2 

K 2 
0 . 5 D 0 1 4 E 0 1 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E nisTRI B U T I O N AT 1 1 . 2 5 O E G R E E S I N T E R V A L 

0 . 4 0 I 9 F 0 1 0 . 1 9 3 4 E 0 1 0 . 3 6 7 9 F 0 1 0 . 3 2 6 5 E 0 1 0 . 2 T 0 8 F 0 3 0 . 2 0 2 9 E 0 3 
0 . 1 2 5 5 E 0 3 0 . 4 1 5 5 E 0 2 - 0 . 4 5 5 4 E 0 ? - 0 . I 1 2 4 E 0 1 

- 0 . 2 1 5 7 E 0 1 - 0 . 2 9 2 1 E 0 1 - 0 . 3 5 9 J F 0 3 - 0 . 4 I 4 1 F 0 1 - 0 . 4 5 4 8 F . 0 3 - 0 . 4 7 9 R E 0 3 - 0 . 4 H 8 3 E 0 3 

F I V E P O I N T S L A G R A N G E 0 I F F E R E N T I A T I O N F O R M U L A 

C O S C_OF C O T 

S I M P S O N ' S R U L E ECIR I N T E G R A T I O N 

C O S / C O F C O F / C O S K 7 
0 . 6 9 9 8 4 E 0 3 0 . 7 0 0 6 9 F 0 3 0 . 1 4 0 0 5 F 0 4 0 . 9 9 R 7 9 F 0 0 

DIMENSiaNLESS_S_irtFACE_J?R£SSURF..DISTfiIBU.TjnN_AT 1 1 . 2 5 _ _ _ n E E R E E S _ I N TERVAL_ 

0 . 1 0 0 1 2 E 0 1 0 . 5 1 7 S 2 E 0 2 0 . 5 0 0 3 4 E 0 1 

0 . 4 0 0 . E 0 1 0 . 3 9 2 I E 0 3 
- 0 . 2 I R I E 0 3 - 0 . 7 9 4 R F 0 3 

0 . 3 6 6 6 E 0 3 0 . 3 7 5 2 F 0 1 
- 0 . 1 6 I 8 E 0 3 - 0 . 4 1 6 7 F 0 1 

0 . 2 6 9 4 E 0 3 0 . 2 0 1 3 F 0 3 0 . 1 2 3 7 E 0 3 
- 0 . 4 5 7 5 E 0 3 - 0 . 4 8 2 6 E 0 1 - 0 . 4 9 1 0 E 0 3 

0 . 3 9 6 1 E 0 2 - 0 . 4 7 f . 6 E 0 2 - 0 . I 3 4 7 F 0 1 

S U R F A C F S H E A R S T R E S S I S P O S I T I V E E V E R Y W H F R F 
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FLOW A I O N G M l NOP A X I S E L L . C Y I I M O F R H A P P F L ' S M O O F l M A R K •» 1 5 7 8 

s 
A . R . 0 6 
n . i n n . n i 

C O N C P N T R A T i n H O M V\ 
0 . ? 0 0 1 f l 4 2 F - 0 ? 2 ? . 1 1 0 ? 1 . 4 " " i 0 

Y? 
4 .5«00 

A 
0 . 0 7 7 6 

B 
0 . 0 9 R 2 

I M J M 
33 4 1 

>— 

D T M E N S l O N L f c S S S U R F A C E V O R T I C I T Y . D l S T R i n u T I D N . _ A T . . . 5 . 6 3 D E G R F F S I N T E R V A L 

n . n O . < * - 9 H F -
0 . 6 T ? " F n o 1 . 7 ? H K 

n i 0 . 1 1 8 7 F 0 0 0 .?Of l - >F On 0 . 7 . 7 7 ^ 0 0 0 . 1 4 7 0 F 
n n n . 7 7 / , 0 F n o n . m _ 5 F O R 0.«411P n o 0 , R 5 I ' 5 r 

0 0 
0 0 

0 . 4 1 5 9 F 0 0 
0 . R 6 4 1 F 0 0 

0 . 4 B 1 P F 
0 . 8 S 7 S F 

0 0 
n o 

0 . 5 5 P 0 F 
O . R 3 n O F 

o n 
0 0 

0 . 6 1 3 4 6 
0 . 9 0 9 5 F 

00 
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£ ^ O . T 0 9 4 P O T - 0 . 7 4 9 B F 

0 4 - 0 . 4 6 9 6 6 0 5 - 0 . 1 2 2 1 E 0 6 - 0 . 2 5 0 B E 0 6 - 0 . 4 7 1 9 E 
0 7 - 0 . 7 7 1 9 6 0 7 - 0 . 7 9 4 8 E 0 7 - 0 . 7 9 2 3 E 0 7 - 0 . 7 9 6 2 E 

0 6 
0 7 

- 0 . B 7 7 0 E 0 6 
- 0 . 7 9 7 5 E 0 7 

- 0 . I 7 4 7 E d 7 - 0 . 3 9 B T E 0 7 - 0 . 6 2 2 5 E 

, 1£f4WiCf SHEAR. S T R E S S I S P O S I T I V E EVERYWHERE 
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C l u s t e r s of E l l i p t i c a l C y l i n d e r s w i t h O.R.< 1,Kuwabara's Model 

F L O W A L O N G M f N O R A X I S E L I . C Y L I N D E R K U W A B A R A ' S V P O T L M A P K = 1 7 8 0 

A . P . R T C O N C E N T R A T I O N P K x | X 2 « R I M J M 

I .no o.oi n. 7 P ? 9 ' I 7 9 F - O ? ??. i 9 7 4 4 . 0 0 0 0 7 , i ooo 0 . 0 7 7 s o.oofl? 3 3 41 

OIHSNSIONtess S U R F A C E V O R T T C I T Y n I s i j I 3 U T I P _ M _ A T 5 . 6 1 . . . D E G R E E S . I N T E R V A l . 

0 . 0 O . R 3 f c f . F - 0 t O . l ^ f i S E 0 0 P . 7 4 7 7 F 0 0 P . 3 7 6 6 F 0 0 0 . 4 0 7 2 F 0 0 0 . 4 7 4 0 E 0 0 0 . 5 4 1 1 E 0 0 0 . 6 0 3 0 E 0 0 0 . 6 5 9 0 F 0 0 
0 . 7 0 f l i s r 0 0 n . T ^ n r 0 0 0 . 7 q ^ 7 F 0 0 P . P l ' . ^ F 0 0 P . R 3 ' . 4 F Q Q O . R 4 f t ? r 0 0 Q . ° 4 9 B F 0 0 0 . 8 4 5 ? r p p 0 . 8 3 7 5 C - 0 0 O . f l U T r 0 0 
P . 7 R 3 2 F 0 0 0 . 7 4 7 7 E OO D . 7 D 4 I F p p 0 . * 5 4 7 F p p P . 5 0 R I E 0 0 0 . 5 3 6 3 E 0 0 0 . 4 6 9 5 E 0 0 0 . 3 O R 7 E 0 0 0 . 3 7 3 7 E 0 0 0 . 7 4 5 1 F P O 
0 . 1 f t 4 7 E OO 0 . R 2 7 ^ E - D I 0 . 0 

T MR F r P O I N T S L A G P A N 0 F D I F F E R E N T I A T I O N F OR M U L A S I M P S O N ' S R U L E F FIR I N T E G P A T I O N 

cos F P F C O T cos/cor C O F / C D S 

0 . 5 3 3 4 2 F 0 3 0 . 5 3 7 7 5 F 0 3 D . I O ' . ^ E 0 4 0 . 1 0 0 1 3 E o ] 0 . 9 9 R 7 5 E 0 0 

0 1 M E N S I O N I F S S S U R F A C E P R F S S U R F 0 I S T R I R U T IF1N AT 1 1 . 7 5 D E G R E E S I N T F R V A I " 

P . 3 1 7 6 E P 3 0 . 3 0 f r P F 0 1 P . 7 . R h s r P 3 0 . 2 S 4 R F 0 3 0 . 7 I 2 2 F P 3 O . I f t P 4 F P 3 P . I 0 1 3 E 0 3 0 . 3 7 4 1 F Q 2 - 0 . 7 8 9 Q F 0 2 - 0 . 9 5 0 . 3 F 0 ? 
- P . 1 5 8 4 F 0 3 - 0 . 7 1 f - 7 F P 3 - P . ? . ^ 7 ' . F 0 3 - 0 . 3 0 Q 7 F 0 3 - 0 . 3 4 0 1 E " 3 - 0 . 3 5 9 I F P 3 - 0 . 3 6 5 6 E 0 3 

F I V F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A . S I M P S O N ' S R U I F F O P I NT F OP A T I O N 

cos C P F cor C O S / C D E C O F / C D S  

0 . 5 3 3 4 2 F 0 3 0 . 5 3 3 4 7 E P 3 0 . 1 0 6 * 9 F 0 4 0 . 9 9 9 9 0 E P O 0 . 1 0 P P 1 E 0 1 

D I M E N S I O N L E S S S U R F A C F P R E S S U R E Q I S T R I P U T . I P N _ A T 1 . 1 . 7 5 O E G P E E S . . . I N T f R V A l 

P . M l f r F 0 3 0 . 3 0 5 P r P 3 0 . 2 R 5 4 E 0 3 0.7537r : 0 3 0 . 7 1 1 I E 0 3 0 . 1 5 0 2 E o ? 0 . 1 0 0 0 F - 0 3 0 . . 3 5 9 9 F 0 ? - 0 . 3 0 4 2 F 07. - 0 . 9 f . 6 3 E P ? 
- P . 1 ^ 0 1 c P 3 -0.71R4F 0 3 . - 0 . ' ^ 9 4 F P 3 - P . 3 1 1 1 F 0 3 - 0 . 3 4 7 0 E 0 3 - 0 . 3 M 1 F 0 3 - 0 . 3 6 7 5 E 0 3  

S U P F A C F S H F A R S T R E S S I S P O S I T I V F F V E R Y W H E R E 

FLOW A1 ONO MINPR AXIS FLL. CYLINDER KUWABARA'S MODEL H A R K = 1776 

A.R. Pr CONCENTRATION DM XI X7 A R IM JM 
I .00 0.01 P. 1 00520RE-01 9.9741 4.0000 6.3000 0.0719 0.09R.2 33 33_ 

0 1 M F N S I 0 N L F S S S U R F A C F V O R T I C I T Y 0 I S TR I R I I T I O N A T 5 . 6 3 O F C i R F F S I N T F R V A I " . 

0 . 0 0 . 1 2 4 9 F 0 0 0 . 2 4 8 5 E 0 0 0 . 3 6 9 8 F 0 0 0 . 4 R 7 4 E 0 0 0 . 6 0 0 4 F 0 0 0 . 7 0 7 5 E 0 0 0 . 8 0 7 8 F 0 0 0 . 9 0 0 3 E 0 0 0 . 9 8 4 1 E 0 0 
O . 1 0 5 8 E 0 1 0 . 1 I 7 7 F 0 1 O . I 1 7 5 E 0 1 0 . 1 7 1 7 E 0 1 0 . 1 2 4 7 E 0 1 0 . 1 2 6 5 F 0 1 O . I 2 7 0 E 0 1 0 . 1 7 6 4 F 0 1 0 . 1 2 4 5 E 0 1 0 . 1 7 I 4 F 01 
0 . I 1 7 2 E 01 0 . I I I R E 0 1 0 . 1 0 S 3 E 0 1 P . 9 7 9 0 F 0 0 D . R 9 5 I E 0 0 O . 8 0 7 R E 0 0 0 . 7 0 2 8 E 0 0 0 . 5 9 6 1 F 0 0 0 . 4 8 3 8 F 0 0 0 . 3 6 6 9 E 0 0 
0 . 7 4 6 6 F 0 0 0 . 1 7 3 9 F 0 0 0 . 0 

T H R f E POINTS LAGRANGF 01 FFF RF NT 1 A T l ON FORMULA SIMPSON'S RUIF. FOP INTEGRATION 

COl ] COT" COT COS/COF CDF /CDS K l K2 
0.79747E 01 0.RI272E 03 0.1610IF 04 0.9811 7F 00 0.10197E 01 0.61831E 02 0.50034F. 01 

o T H F N M O N r F S S " SURFACE"PPESSURE DISTRIBUTION AT 11.25 DEGREES INTFRVAL 

Q.4176E 03 0.4O76E 03 0.378PE 03 0.3799F. 03 0.2651E 03 O.I867F 03 0.9621E 02 -0.1749F 01 -0. 1024E 03 -0.7033E 03 
-0.3001F 03 -0.3R90F 03 -0.4669F 03 -0.5306E 03 -0.5779E 03 -0.6070F 03 -0.6168E 03 

F I V E POINTS LAGRA^GE" D I F F E R E N T I A T I O N FORMULA SIMPSON 1 S RULE FOR INTEGRATION 

cos cot; c o r COS/CQF CPF / co s K J K T 
0 . 7 9 7 4 2 F 0 3 O . R 1 4 7 4 F 0 3 0 . 1 M 1 7 F 0 4 0 . 9 7 9 3 4 F 0 0 0 . 1 0 7 . 1 IR 0 1 0 . 6 I 8 R 9 E 07 0 . 5 0 0 3 4 F 0 1 

...01 MENS I ONI F$S. SURFACE. PRESSURE O.IS.TR!BUnDMJtr 1.1.25 __DEGR.E£S_IKTEPV.6L 

0 . 4 1 6 3 E 03 0 . 4 0 I S 3 F . 0 3 0 . 3 7 6 6 E 0 3 0 . 3 2 8 4 F 0 3 0 . 7 6 3 5 F 03 0.1B44E 0 3 0.9418E 02 - 0 . 3 4 9 5 E 01 - 0 . I 0 4 8 E 03 - 0 . 7 0 5 9 F P 3 
- P . 3 P 7 8 F P3 - P . 3 9 1 9 F 0 3 - 0 . 4 f t 9 9 E 0 3 - 0 . 5 3 3 7 F 0 3 - 0 . 5 8 1 I F 0 3 - 0 . 6 I 0 7 F 0 3 - 0 . 6 2 0 0 E 03  

SURFACF SHEAR STRFSS I S P O S I T I V E EVERYWHERE 
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FL OW ALONG M J N O R A X I S F ( _ L . C Y L I N D E R KUWAfl ARA * S M o n p i MARK - 1 2 7 9 

>— 
A . R . n r 

0 . 9 0 n . o 
CONC E N T ^ AT TON 0 " XI 
0 . ? n 0 3 R 4 2 F - 9 ? 7 2 . 1 3 0 ? 1 . 4 7 5 0 

X 7 
4 . * 8 0 0 A 

0 . 0 7 7 4 

R 
0 . 0 9 B ? 

IM J M 
3 3 4 1 

- D I W E N S I O N L E S S S U R F A C E V O R T I C I T Y DISTRIBUTIC_1_AT.™5___L _ D E C _ _ E . S _ _ . J N T E R . V A L 

0 . 0 0 . 7 6 3 O F -
0 . 7 4 0 5 * n o 0 . 8 0 0 9 F 

01 0 . 1 5 7 7 6 0 0 0 . 2 2 0 1 F n o 0 . 3 0 5 6 6 0 0 0 . 3 8 1 9 6 
0 0 O . S S I f l F 0 0 0 . B 0 4 ? * 0 " 0.n?«.6F 0 0 o . n 4 4 R * 

no 
no 

0 . 4 5 7 8 6 0 0 
0 . 9 5 0 9 E 0 0 

0 . 5 3 2 5 F 
0 . 9 4 3 7 * 

0 0 
n o 

0 . 6 0 5 3 F 
0 . 9 2 3 4 E 

0 0 

00 
0 . 6 7 5 I F 
0 . B 9 1 0 E 

OO 
o n 

0 . R 4 7 8 F O O 0 . 7 9 S . 3 E 
o . i s o f l F r o n . ? 1 : - ! ? * -

0 0 n . 7 3 5 * F 0 0 0 .661»f . on n 
01 0 . 0 

4 0 0 n F o n 0 . 5 2 7 4 F 0 1 0 . 4 5 3 1 6 0 0 0 . 3 7 7 B E D O 0 . 3 0 2 1 E 0 0 0 . 7 7 6 4 F 00 • 

T H R E E P O I N T S L A G R A N G E n i r r F R ^ N T i a r i o N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S 

0 . 5 I O O R F 0 3 
COF C O T 

0 . 5 6 6 7 0 F 0 3 . 0 . 1 0 7 6 8 F 0 4 
C O S / C O F 

0 . 9 0 1 0 R F no 
C O F / C O S 

0.11 1 1 0 E 0 1 

O I M E N S I O N L F S S S U O F A C F PRrSSI. 'RF D I S T R I B U T I O N AT l l . 2 4 D F G R E E S I N T E R V A L 

n.H'̂ E 0 3 0 . 3 0 9 1 F 
0 3 0 . 2 * 5 8 6 03 0 . 2 7 2 I F 0 3 0 ? 1 4 4 * 0 3 0 . 1 8 7 I F n 3 n . l 2 4 0 E 0 3 0 . 4 9 2 3 6 0 2 - 0 . 3 2 2 4 F 0 7 - 0 . 1 1 3 5 6 0 3 

- 0 . I 8 7 7 T 0 3 ' - n . 2 5 0 0 6 0 3 - 0 . 7 9 8 4 * 0 3 - 0 . 3 3 3 7 6 0 3 - 0 3 5 6 7 F 01 - 0 . 1 6 9 1 6 0 3 - 0 . 3 7 3 2 E 0 3 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L F FOR I N T E G R A T I O N 

r o s C OF CDT cos/cor C O F / C O S 
0 . 5 1 0 0 B 6 0 3 0 . 5 6 7 4 8 F 0 3 0 . I 0 7 7 8 F 0 4 0 . 8 9 B 5 3 E 00 0 . I 1 1 7 9 E 01 

_ . . D I H E N 5 I 0 N L E S S S U R F A C E - P R E S S U R E D I S T R I B U T I O N . A T . - 1 1 . 2 5 . . D 6 G P 6 E . S . I N t E R . Y A L . - _ 

0 . 3 1 2 8 F 03 0 . 3 Q 8 5 6 
- 0 . 1 R 9 7 F 0 3 - 0 . 2 5 1 6 F 

0 3 0 . 2 9 5 . 3 F 0 3 0 . 2 7 1 7 F 0 3 0 
0 3 - 0 . 3 0 0 0 F 0 3 - 0 . 3 3 4 " F 0 3 - 0 

2 3 6 0 F 0 3 0 . 1 8 6 7 * 
3 5 7 7 F 0 3 - O . 3 7 0 5 F 

0 3 
0 3 

0 . 1 2 3 5 E 0 3 
- 0 . 3 7 4 6 E 0 3 

0 . 4 8 4 3 6 0 ? - 0 . 3 3 2 3 E 0 2 - 0 . 1 1 4 B E 0 3 

S U R F A C E S H F A R S T R E S S I S P O S I T I V E E V E R Y W H E R E 

M A R K * 1 2 7 5 

C O N C E N T R A T I O N 
0 . 9 9 2 4 6 9 1 S F - 0 ? 

IM 
33 

J_S£_SURFACE-.-VntUJiLLTlY O I S T R I f l t l T f O N AT 5 . 6 3 OFGRFFS_tt_J£RVAL, 

0 . 0 
0 - 1 1 1 0 6 01 
0 . 1 7 7 3 T 01 
0 . 2 2 7 1 E DO 

0 . U 4 4 E 0 0 
o - t ? n o r Q l 
0 . 1 1 9 5 * 01 
0 . 1 1 . 3 5 * 0 0 

0 . 7 7 3 9 * 0 0 
0 . 1 2 7 7 F 01 
0 . 1 1 0 5 F 01 
0 . 0 

0 . 3 4 3 6 F 0 0 
. 1 3 4 1 F 01 

0 . 4 5 R 3 F DO 
Q . 1 3 8 B P Q l 

0 . 5 7 2 8 F 0 0 
, 0 . 1 4 1 7 6 01 

0 . 6 R 6 4 E 0 0 
0 . 1 4 2 T I . 0 1 

0 . 7 9 B 5 F 0 0 
0 . 1 4 1 6 F D l 

0 . 9 0 7 6 F 0 0 
0 . 1 3 B 6 F " 1 

0 . 1 0 1 2 E 01 
0 . 1 3 3 B F 01 

0 . 1 0 0 7 E n i 0 . 9 0 2 3 F n n 0 . 7 9 3 4 E 0 0 0 . 6 8 1 8 E 0 0 0 . 5 6 8 6 6 0 0 0 . 4 5 4 8 E 0 0 0 . 3 4 0 9 E 0 0 

T H R E E P O I N T S L A G R A N G F O I F F F R E N T I A T I O N FORMULA S I M P S O N ' S R U L F FOR I N T E G R A T I O N 

COS 
0 . 7 6 5 6 2 F 0 3 

COF 
0 . B 6 5 5 0 E 0 3 

COT 
0 . 1 6 3 1 1 6 0 4 

C O S / C O F 
0 . 8 8 4 6 0 6 0 0 

C D F / C O S 
0 . 1 1 3 0 5 E , 0 1 0 . 6 3 2 0 4 6 0 2 0 . 5 3 8 2 8 6 0 1 

O I H F N S I O N L E S S S U R F A C 6 P R E S S U R E D I S T R I B U T I O N AT. 1 1 . 7 5 D 6 G R 6 F S I N T F R V A L 

0 . 4 1 8 1 F 0 3 0 . 4 ) 1 5 6 0 3 0 . 3 9 1 0 6 0 3 0 . 3 5 4 7 6 0 3 0 , 3 0 0 1 6 0 3 0 . 2 2 4 8 6 0 3 0 . 1 2 8 7 E 0 3 0 . 1 4 8 3 6 0 2 - 0 . 1 0 9 2 6 0 3 - 0 . 2 3 3 1 6 0 3 
- 0 . 3 4 6 3 F 0 3 - 0 . 4 4 ) 6 6 0 3 - 0 . 5 t 5 9 p 0 3 - 0 . 5 6 9 6 6 0 3 - 0 . 6 O 5 2 F 0 3 - 0 . 6 2 5 7 6 0 3 - 0 . 6 3 1 6 6 0 3 

F I V E P O I N T S L A G R A N G 6 O I F F F R F N T I A T I O N F O R M U L A 

C D S CJ_F CDT 

S I M P S O N ' 5 R U L F FOR I N T E G R A T I O N 

0 . 7 6 5 6 2 E 0 3 0 . 8 6 6 9 2 E 0 3 0 . 1 6 3 2 5 6 0 4 0 . B 8 3 1 5 E 0 0 

_ _ D I .MENS m m F S S S I I R F A C F P R F S S I I R F D I S T R I R I I T I O N A T _LL_2_5 n F G R F F S It t lFRVAl 

0 . I I S 7 3 E 0 1 0 . 6 3 2 5 9 F 0 2 0 . 5 5 B 2 8 6 0 1 

0 . 4 1 7 4 E 0 3 0 . 4 1 0 9 F 0 3 0 . 3 9 0 4 F 0 3 0 . 3 5 4 2 E 0 3 0 . 2 9 9 6 E 0 3 0 . 2 2 4 4 6 0 3 0 . 1 7 B 1 E 0 3 0 . 1 3 9 2 E 0 2 - 0 . 1 1 0 6 E 0 3 - 0 . 2 3 4 8 F 0 3 
- 0 . 3 4 8 4 6 0 3 - 0 . 4 4 3 8 F 0 3 - 0 . 5 1 B I 6 0 3 - 0 . 3 7 1 7 6 0 3 - 0 , 6 0 7 1 6 0 3 - 0 . 6 2 7 1 6 0 3 - 0 . 4 3 3 ) 5 6 0 3  

S U R F A C E S H E A R S T R F S S I S P O S I T I V E E V E R Y W H E R E 

FLOW A L O N G MINOR A X I S E L L . C Y L I N D E R K U W A B A R A * S MODEL MARK - 1 2 0 1 

A . R . R E C O N C E N T R A T I O N OM K l 
> 0 . 9 D 0 . 0 1 0 . 4 0 7 4 6 5 6 F - 0 1 4 . 9 8 4 7 1 . 4 7 5 0 

K ? 
3 . 0 8 0 0 

A 
0 . 0 4 0 1 

8 
0 . 0 9 8 ? 

1H J M 
3 3 4 1 

n T N H ( f $ l l i N I F ! . _ S U R F A C F V O R T I C I T Y 0 I S T R TAUT I O N AT 5 . 6 3 O F G R E E S I N T F R V A I . 

0 . 0 0 ,19586 0 0 0 . 3 9 1 & E 0 0 0 . 5 8 7 6 E 0 0 0 . 7 8 3 6 E 0 0 0 . 9 7 9 1 6 
0 .1896F 0 1 0 . 2 0 4 8 E 0 1 0 . 2 1 B 1 F 01 0 . 2 7 9 0 F 01 0 . 7 3 7 0 E 01 0 . 2 4 7 0 E 

0 0 

OT 
0 . U T 3 E 0 1 
0 . 7 4 3 7 E 0 1 

0 . 1 3 6 5 F 0 1 
0 . 2 4 I 9 E 01 

0 . 1 5 5 1 E 
0 . 7 3 6 8 F 

01 

"1 

D . 1 7 2 9 F 
0 . 2 7 B 7 E 

D l 
01 

0 .2177E 0 1 0 . 7 0 4 4 E 0 1 0 . 1 8 9 2 E 01 0 . 1 7 2 4 6 0 1 0 . 1 5 4 6 E 01 0 . I 3 6 0 E 
0 . 3 8 9 8 E 00 0 .19486 0 0 0 . 0 

01 0 . H 6 9 E 0 1 0 . 9 7 5 3 E 0 0 0 . 7 8 0 4 6 00 0 . 5 B 5 0 F 0 0 

T H R E F P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F OR M U l A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

, COS C D F COT C O S / C O F 
0 . 1 3 0 8 6 E 0 4 0 . 1 5 7 9 9 E 0 4 0 . 2 8 8 B 5 F 0 4 0 . 8 2 8 3 3 E 0 0 

C D F / C O S 
0 . 1 2 0 7 3 E 01 

K l 
0 . 2 5 1 4 2 E 0 2 0. K 2 

3 5 8 2 8 E 0 1 

O I H F N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 D E G R E E S I N T E R V A L 

0 . 4 T 3 9 E 03 0 . 5 6 1 3 6 0 3 0 . 5 2 2 6 E 03 0 . 4 5 4 8 E 0 3 0 . 3 5 3 3 6 0 3 0 . 2 1 3 0 E 0 3 0 . 3 9 6 4 F 0 7 -0 . I662E 0 3 - 0 . 3 9 0 1 F 0 3 -0 .6141E 0 3 
- 0 . 8 1 9 7 E 0 3 - 0 . 9 9 4 0 E 0 3 - 0 . 1 1 3 1 E 0 4 - 0 . 1 2 3 2 6 0 4 - 0 . 1 2 9 9 E 0 4 - 0 . 1 3 3 7 6 0 4 - 0 . 1 3 5 0 E 0 4 

F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C O S C O F COT C O S / C D F C D F / C O S K l K 7 

0 .130B6E 0 4 0 . 1 5 B 0 1 E 0 4 0 . 2 8 8 8 7 E 0 4 0 . 8 2 8 7 7 6 0 0 0 . 1 2 0 7 4 6 0 1 0 . Z 5 1 4 4 F 0 ? 0 . 5 5 8 2 8 E 0 1 

O I H F H * . I O N I E S S 5 " R F A C F P R F S S i f R F D I S T R I M I T I O N A T 1 1 . n F G R F f S I N T F R V A I 

0.9T30E 03 0.5605E- 0 3 0 . 5 2 1 9 1 . 0 3 0 . 4 5 4 2 E 0 3 0 . 3 5 2 8 E 0 3 0 . 2 1 4 4 6 
- f l . 8 ? 0 f t F 0 3 - 0 . 9 9 4 9 F 0 3 - 0 . 1 1 3 7 F 0 4 - 0 . 1 7 3 2 E 0 4 - 0 . 1 3 0 0 F 0 4 - 0 . 1 3 3 8 E 

0 3 
0 4 

0 . 3 9 0 0 E 0 2 
- 0 . I 3 5 0 E 0 4 

- 0 . 1 6 6 8 E 0 3 -0 .3907E 0 3 -0 .6149E 03 

5 I I R F A C 6 SHEAR S T R E S S I S P O S I T I V E F V E R Y W H F R F 
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E L L . C V L I N D F R K U W A B A R A ' S MDDFI MARK = 1 2 0 7 

C O N C E N T R A T I O N 
O . 1 9 9 3 6 4 T F n o 

D I M E N S I O N L E S S S U R F A C E V D P T 1 C 1 TV O I S T R I 8 U T TON AT 5 . 6 3 O F O R E ^ S I N T E R V A L 

0 . 6 7 6 1 E Ot 
0 . 1 2 2 B E O l 

0 . 6 1 5 3 6 OO 
0 . 6 3 6 ' F 01 
0 . 6 3 5 7 E 01 
0 . 6 K 7 F 0 0 

0 . 1 2 3 0 6 01 
0 . 6 7 6 6 6 O t 
0 . 5 8 9 3 E 01 
0 . 0 

0 . 1 R 4 5 6 0 1 
o . 7 0 9 6 r n t 
0 . 5 3 8 0 E 0 1 

0 . 7 4 = R E 0 1 
0 . 7 3 4 7 E n ] 
O . ^ R i p r 0 1 

D . 3 n & s r o i 
0 . 7 4 9 4 ' 7 0 1 

0 . 3 6 7 1 E 0 1 
0 . 7 5 4 4 6 0 1 

0 . 4 7 6 3 F 01 
0 . 7 4 9 7 F 01 

0 . 4 R 1 6 F 01 
0 . 7 1 T 1 F 01 

0 . 5 3 8 6 F 01 
0 . 7 n q ? F 01 

0 . 4 7 5 S T 01 0 . 3 6 6 6 E 0 1 0 . 3 0 6 4 6 n? 0 . 7 4 5 5 F Ot 0 . 1 R 4 7 F 0 ! 

T H R E E P O I N T S L A G R A N G E 0 1 F F 6 P F N T 1 A T I ON F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C O S 
0 . 4 0 6 B I F 0 4 

COF 
0 . 6 7 7 8 4 E 0 4 

C O S / C D F 
0 . 6 0 0 1 5 F 0 0 

C D F / C O S 
0 . 1 6 6 6 7 E 0 1 

K l 

0 . H 0 6 4 E n ? 0 . 5 5 8 2 8 E *l 

D I M F N S I ONI.F S S S U R F A C F P R F S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 OEGR F F $ I N T F P V A l 

0 . 9 9 4 5 6 0 3 0 . 9 3 1 7 E 0 3 0 . 7 3 9 7 6 Q3 0 . 4 1 4 3 F 0 3 - 0 . 5 3 6 5 E 0 2 - 0 . 6 6 7 3 c 0 3 - 0 . 1 4 1 6 F 0 4 - 0 . 2 7 7 5 F 0 4 - 0 . 3 1 9 8 6 04 - 0 . 4 1 2 I E 0 4 
- 0 . 4 9 7 9 E 0 4 - 0 . 5 7 7 7 E 0 4 - 0 . 6 3 3 7 6 0 4 - 0 . 6 8 O 2 E 0 4 - 0 . 7 1 2 7 r 0 4 - 0 . 7 3 1 7 F 0 4 - 0 . 7 3 8 0 E 0 4 

F I V E P O I N T S L A G R A N G F 0 I F T F 9 6 N T I AT I ON F O R M U L A 

COS C D F COT 

S I M o s n N ' S R U L E FOR I N T F R R A . T I O N 

C 0 5 / C 0 r C O F / C O S 
0 . 4 0 6 8 1 E 0 4 0 . 6 7 8 1 7 E 0 4 0 . 1 0 R 5 0 F OS 0 . 5 9 0 8 6 6 On 

O I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 7 5 O F G R F F S I N T E R V A L 

0 . I 6 6 7 1 F 0 1 0 . 1 I 0 6 B F 0 7 0 . 5 5 B 7 R E 0 1 

0 . 9 9 3 7 E 0 3 
- 0 . 4 9 8 3 E 0 4 

0 . 9 3 O 3 F 0 3 0 . 7 3 B 7 E 0 1 0 . 4 1 3 4 F 0 3 - 0 . 5 5 1 7 6 0 2 - 0 . 4 6 9 < > F 0 3 - 0 . 1 4 1 9 E 0 4 - 0 . 7 7 7 7 F 0 4 - 0 . 3 7 0 1 E 0 4 - 0 . 4 1 7 5 F 04 
- 0 . 5 T 3 I F 0 4 - 0 . 6 3 4 7 F 0 4 - 0 . 6 B Q 7 F n 4 - 0 . 7 1 3 2 F 04 - Q . 7 3 7 7 F 0 4 - Q . 7 3 8 5 E 0 4  

S U R F A C F S H E A R S T R F S S I S P O S I T I V E F V F R Y W H F R 6 

F L n w A L O N G MINOR A X I S F l 1. . C Y l t N O F R K U W A B A R A ' S MPOFL M A R K " 1 2 0 3 

A . R . RF C O N C E N T R A T I O N OM XI 
0 . 9 0 0 . 0 1 0 . 4 0 1 6 0 T 4 E 0 0 J . 5 7 8 0 1 . 4 7 5 0 

X 2 
1 . 9 3 0 0 

A 
0 . 0 1 6 3 

fl 
0 . 0 9 8 ? 

IH J M 
3 3 I 7 9 

. . D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N A T . 5 . 6 3 O E G R E E S . I N T E R V A L 

0 . 0 0 . 1 7 U 6 0 1 0 . 3 4 7 1 F 01 0 . 5 1 3 0 F 01 0 . 6 B 3 5 F 01 0 . B 5 3 0 F 
0 . 1 A 3 9 F 07 0 . 1 7 6 7 F 0 2 0 . 1 B 7 9 F 0 ? 0 . 1 9 7 1 6 0 7 0 . 7 0 3 9 E 0 7 0 . 2 0 A I F 

01 
0 7 

0 . 1 0 2 1 E 0 2 
O . 7 0 9 5 F 0 2 

0 . 1 1 8 5 6 0 2 
0 . 7 0 B 1 F 0 7 

0 . 1 3 4 4 F 
0 . 2 0 1 8 6 

0 ? 

12 
0 . 1 4 9 7 6 
0 . 1 9 7 0 F 

07 
n? 

0 . 1 8 7 9 E 0 2 0 . 1 7 6 7 E 0 ? 0 . 1 6 3 8 E 0 2 0 . 1 4 9 6 E 0 2 0 . 1 3 4 4 6 0 7 0 . 1 1 8 4 6 
0 , 3 4 1 9 6 01 0 . 1 7 1 0 6 01 0 . 0 

0 7 0 . I 0 2 O E 0 2 0 . B 5 2 5 E 0 1 0 . 6 R 3 t r 01 0 . 5 1 2 7 F 01 

T H R E E P O I N T S L A G R A N G F ' O T F F F R F N T I A T I ON F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S COF COT C O S / C O F 
0 . 1 L 3 0 3 E 0 5 0 . 7 9 4 5 7 E 0 5 0 . 4 0 7 6 0 F 0 5 0 . 3 B 3 7 1 E 0 0 

C O F / C D S 
0 . 2 6 0 6 2 6 0 1 

K l 
0 . B 6 1 7 1 E o r 0 . 

K 2 
5 5 8 7 8 F 01 

D I M E N S I O N L E S S S U R F A C E P R F S S U R E D I S T R I B U T I O N AT i 1 . 2 5 . D E G R F F S I N T E R V A L 

0 . 1 5 R 4 E 0 4 0 . 1 7 B 6 F 0 4 0 . 3 9 0 0 F 0 3 - 0 . 1 1 1 * 6 0 * - 0 . 3 7 3 4 E 0 4 - D . 5 9 4 B F 0 4 - 0 . 9 7 0 3 6 0 4 - 0 . 1 7 B 8 F 0 5 - 0 . 1 6 7 B F 0 5 - 0 . 7 0 6 9 F 0 5 
- 0 . 7 4 3 6 E 0 5 - 0 . 2 7 6 1 E 0 5 - 0 . 3 0 3 2 F 0 5 - 0 . 3 2 4 3 F 0 5 - 0 . H 9 3 F 0 5 - 0 . 3 4 8 3 F 0 5 - 0 . 3 5 1 2 6 0 5 

F I V F P O I N T S L A G R A N G E 0 1 F F E R F N T I A T I O N F O R M U L A S I M P S O N ' S R U L F 

C D S C OF COT C O S / C D ^ 

FOR I N T E G R A T I O N 

C O F / C O S K l K 2 
0 . 1 1 3 0 3 6 0 5 0 . 7 9 4 5 3 6 0 5 0 . 4 0 7 5 6 F 0 5 0 . 3 8 3 7 6 F 0 0 0 . 7 6 0 5 8 6 0 1 0 . 8 6 1 6 2 E 0 1 0 . 5 5 B 7 9 F 01 

. D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N A T . . 1 1 . 2 5 . . D F G R E F S I N T E R V A L 

0 . 1 5 R 3 F 0 4 0 . 1 7 8 6 6 0 4 0 . 3 B 9 7 E 0 3 - 0 . 1 1 1 6 E 0 4 - 0 . 3 2 3 6 F 0 4 - 0 . 5 9 5 0 E 
- 0 . 2 4 3 6 6 0 5 - 0 . 2 7 6 1 F 0 5 - 0 . 3 0 3 1 6 0 5 - D . 3 7 4 3 E 0 5 - 0 . 3 3 9 3 F 0 5 - 0 . 3 4 B 2 E 

0 4 
0 5 

- 0 . 9 7 0 6 E 0 4 
- 0 . 3 5 1 2 E 0 5 

• - 0 . 1 2 8 B E 0 5 - 0 . 1 6 7 8 F 0 5 - 0 . 7 0 6 9 E 0 5 

S U R F A C E S H F A R S T R E S S I S P O S I T I V E E V E R Y W H E R E 

FLOW A L O N G MINOR A X I S E L L . C Y L I N 0 6 R K U W A B A R A ' S MODEL 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

M A R K " 1 2 0 4 

y. 

A . R . R E C O N C F N T R A T I O N OM XI 
0 . 9 0 0 . 0 1 0 . 5 9 9 4 5 0 5 E 0 0 1 . 2 9 1 6 1 . 4 7 5 0 

X 7 
t . 7 3 0 0 

A 
0 . 0 1 2 B 

B 
0 . 0 9 9 7 

IM J M 
3 3 21 

. . . D I M E N S I O N L E S S S U R F A C E v n R T l C l T Y D I S T R I B U T I O N AT ? , 6 3 O E G R E F S I N T E R V A L — — < 

0 . 0 0 . 5 0 4 B F 0 1 0 . 1 0 1 0 6 0 2 0 . 1 5 I 4 E 0 7 0 . 7 0 I R E 0 7 0 . 2 5 2 0 F 
0 . 4 B 5 5 E 0 7 0 . 5 7 3 9 E 0 7 0 . 5 5 7 3 6 0 7 0 . 5 8 4 6 E 0 2 0 . 6 0 5 0 E 0 ? 0 . 6 1 7 5 E 

0 7 
0 7 

0 . 3 0 1 7 6 0 2 
0 . 6 2 1 8 E 0 2 

0 . 3 5 0 5 E 0 2 
0 . 6 1 7 5 E 0 2 

0 . 3 9 7 9 F 
0 . 6 0 4 9 E 

0 2 
0 2 

0 . 4 4 3 2 F 
0 . 5 8 4 6 6 

0 2 
o ? • 

0 . 5 5 7 2 E 0 7 0 . 5 2 3 B E 0 7 0 . 4 B 5 4 E 0 7 0 . 4 4 3 1 F 0 ? 0 . 3 9 7 8 E 0 2 0 . 3 5 0 4 E 
0 . 1 0 0 9 6 0 2 0 . 5 0 4 7 6 0 1 0 . 0 

0 2 0 . 3 0 1 6 E 0 2 0 . 2 5 2 0 E 0 2 O . 2 0 1 8 F 0 2 0 . 1 5 1 4 F 0 2 

T H R E E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S C D F CDT C D 5 / C 0 F 
0 . 3 3 5 0 4 6 0 5 0 . 1 4 9 0 5 F 0 6 0 . 1 8 7 5 5 E 0 6 0 . 2 2 4 7 8 6 0 0 

C D F / C D S 
0 . 4 4 4 B B E o t 

k i 

0 . 7 7 5 5 0 F 0 1 0 . 
K 2 

5 5 8 7 8 F 0 1 

D I M E N S I O N L E S S S U R F A C E P R E S S U R 6 D I S T R I B U T I O N AT i f . 25 O F G R E E S I N T E R V A L 

0 . 2 6 2 3 E 0 4 0 . 1 0 6 7 6 0 4 - 0 . 3 6 0 9 F 0 4 - 0 . 1 1 4 1 F 0 5 - 0 . 7 2 3 1 6 0 5 - 0 . 3 6 1 6 F 0 5 - 0 . 5 2 6 7 E 0 5 - 0 . 7 1 0 7 6 0 5 - 0 . 9 0 6 1 6 0 5 - 0 . 1 1 0 1 E 0 6 
- B . 1 2 8 6 E 0 6 - 0 . 1 4 5 0 E 0 6 - 0 . 1 5 B 9 E 0 6 - 0 . 1 6 9 B E 0 6 - 0 . 1 7 7 6 6 0 6 - 0 . 1 8 2 2 F 0 6 - 0 . 1 8 3 8 6 0 6 

^ F I V E P O I N T S L A G R A N G E D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOR I N T F G R A T I O N 

COS C O F CDT C O S / C D F C D F / C D S K l K 2 
0 . 3 3 5 0 4 E 0 5 0 . 1 4 9 0 6 E 0 6 0 . 1 8 7 5 6 6 0 6 0 . 2 2 4 7 7 6 0 0 0 . 4 4 4 9 0 6 0 1 0 . 7 7 5 5 3 E o l 0 . 5 5 B 2 9 E 0 1 

D L M E N S I O N L E S S S U R F A C E . P R E S S U R E D | $ T R | 8 U T J 0 N . . A T 1 J . ? 5 O E G R E F S I N T E R V A L 

0 . 2 6 2 3 E 0 4 0 . 1 0 6 7 6 0 4 - 0 . 3 6 0 B E 0 4 - 0 . U 4 I E 0 5 - 0 . 2 7 3 1 E 0 5 - 0 . 3 6 1 6 E 
- D . 1 M 6 E 0 6 - 0 . 1 4 5 0 E 0 6 - 0 . 1 5 8 9 E 0 6 - D . 1 6 9 8 F 0 6 - 0 . I 7 T 6 F 0 6 - 0 . 1 B 7 7 F 

0 5 
0 6 

- 0 . 5 2 6 2 E 0 5 
T - D . 1 B 3 B E 0 6 

- 0 . 7 1 0 7 E 0 5 - 0 . 9 0 6 2 F 0 5 - 0 . 1 1 0 2 6 0 6 

S U R F A C E S H E A R S T R E S S I S P O S I T I V E E V 6 R Y W H 6 R F 
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FLOW ALONG H1N0R AXIS ELL. CYLINDER KUWABARA'S MODEL MARK- 127B 

A.R. RE CONCENTRATION OM XI X2 A 8 IM JN 
Q.5Q 0.01 0.20093)786-02. • 22.3084- 0.5490 3.5950 0.0761 0.098? 33 41 

DIMFNSIONI ESS SURFACF VORTICITY DISTRIBUTION AT 5.61 OFGPFFK INTFRVAI • „_ 

0.0 0.4671E-01 0.9499E-01 0.1465E 00 0.2032E 00 0.2672E 
0.B122E 00 0.9943E 00 0.1204E 01 0.1430F 01 0.I646E 01 0.1804E 

00 
0| 

0.3412E 00 
Ot.B&JE, Oi 

0.42866 
0.1S02E 

00 
01 

0.53326 
0.16416 

00 
01 

0.65966 
0.14256 

00 • 
01 

0.119BE 01 0.9881E 00 0.B062E 00 0.6S40E 00 0.5281E 00 0.4241E 
0.9370E-01 0.4606E-0I 0.0 

00 0.3374E 00 0.26406 00 0.20066 00 0.1446E 00 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FOR INTEGRATION 

COS COP COT COS/COF 
0.39132E 03 0.76503E 03 0.UT646 0* 0.49848E 00 

CDF/COS 
0.20061E 01 

DIMENSI0N1ESS SURFACE PRESSURE DISTRIBUTION AT 11.25 DEGREES INTERVAL 

0.3297F 03 0.33266 03 0.3478F 03 0.3583E 03 0.3751E 03 0.3802E 03 0.3413E 03 0.2030E 03 -0.50736 o. -0.3039F 01 
-0.4410E 03 -0.4787E 03 -0.4727E 03 -0.4552E 03 -0.4392E 03 -0.4288E 03 -0.4253E 03 

F.lfIS POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE 

COS COF CDT COS/CDF 

FOR INTEGRATION 

CDF/CDS 
0.39132E 03 0.78677E 03 0.11781E 0* 0.49738E 00 0.20105E 01 

PIHFNSTONIFSS SURFACF PRFSSURF DISTRIBUTION AT 11.25 DEGRFFS INTFRVAI 

0.3299F 03 0.3334E 03 0.3436E 03 0.3594E 03 0.3768E OJ 0.3832E 
-0.44A4E 03 -0.4R01F 03 -0.4727F 03 -0.4546E 03 -0.43B4E 03 -0.4279E 

03 
03 

0.3463E 03 
-0.4244E 03 

0.20836 03 -0.499IF 02 -0.3076E 03 

SURFACE SHEAR STRESS IS POSITIVE EVERYWHERE 

FLDW ALONG MINOR AXIS FLL. CYLINDER KUWABARA'S MODEL 
••***•-»»»*•••**•*********»*****»*•«**»*•.****«*******• MARK » 1274 

A.R. RE CONCFNTRATION OM XI 
\ 0.50 0.01 0.9853933F-02 10.0738 0.5*90 

X2 
2.8000 

A 
0.0703 

B 
0.0962 

IM JN 
33 33 • < 

.DIMENSIONLESS SURFACE VORTICITY DISTRIBUTION AT 5.63 DFGRFFS INTFRVAI 

0 . 0 0.7371E-01 O.I498F.O0 0.2310E 00 0.3200F 00 0.4203E 
0.I268E 01 0.1551E 01 0.1876E 01 0.2227F 01 0.2559E 01 0.2807F 

00 
01 

O.5360E 00 
0.7898E 01 

0.6723E 
0.2804E 

00 
01 

0.B351E 
0.2555E 

00 
01 

0.10316 
0.2221E 

01 
01 

0.1870E 01 0.1544E 01 . 0.1262E 01 0.1026E 01 0.R799E OO 0.6676F 
0.1485F 00 0.7304E-01 0 . 0 

0 0 0.5320E 00 0.4169E 00 0.3173E 00 0.2290F 00 

THREE POINTS LAGRANGE DIFFERENTIATION FORMULA SIMPSON'S RULE FDR INTEGRATION 

CDS COF CDT COS/COF 
0.61046E 03 0.12465E 04 0.1B570E 04 0.48972F 0 0 

COF/COS 
0.20420E 01 

Kl 
0.61214F 02 

K2 
0.12509E 02 

DIMENSIONLESS SURFACE PRESSURE DISTRIBUTION AT 11.75 DFGRFES INTERVAL 

0.4370F 03 0.4420F 03 0.4565E 03 0.4789E 03 0.5026F 03 0.50B0F 03 0.445IE 03 0.2776E 03 -0.169BE 03 -0.5665E 03 -0.7B26E 03 -0.8441E 03 -0.B377E 03 -0.R133E 03 -0.7905E 03 -0.7756E 03 -0.7706E 03 

FIVF POINTS LAGRANGF DIFFERENTIATION FORMULA SIMPSON'S RUIE FOR INTEGRATION 

CDS CDF CDT COS/COF COF/COS Kl K2 
0.61046E 03 0.12485E 04 0.1B590E 04 0.46896E 0 0 

DIMENSIONLESS SURFACF PRFSSURF DISTRIBUTION AT 11.75 DFGRFFS INTFRVAI 

0.70452E 01 0.6127SE 02 0.12509E 02 

0.4384E 03 0.4434E 03 0.4380E 03 0.4B07E 03 0.5053E 03 0.5125E 
-0.7B64F 03 -0.R452E03 -0.8369F03 -0.B117E03 -0.7885E03 -0.7736F 

03 
03 

0.4524E 03 
-0.7685E 03 

0.2355E 03 -0.I681E 03 -0.57106 03 

SURFACE SHEAR STRESS IS POSITIVE EVERYWHERE 

F L O W A L O N G M I N O R A X I S E L L . C . Y I 1 N D E R . K U W A B A R A ' S M O D E L M A R K - 1 2 0 7 

A . R . R E 
0 . 5 0 0.0 

C O N C F N T R A T I O N 

0 . 7 9 6 0 6 1 4 E - 0 1 
O M X I 

5 . 6 1 1 8 0 . 5 4 9 0 
X ? 

2 . 7 5 0 0 It 
A 

0 4 7 5 
B 

0 . 0 9 8 7 
I H J M 
3 3 4 1 

D I M E N S I O N L E S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N . A T . _ 5 . 6 3 _ - D E C R E E S . I N T E R V A L -

0.0 O . U 8 8 E 
0 . 1 9 9 B E 0 1 0 . 7 4 3 5 F 

00 0 . 2 4 1 3 F no 0 . 3 7 1 3 E 

0 1 0 . ? 9 3 9 F . 0 1 0 . 3 4 R 1 E 

00 0. 
0 1 0. 

5 1 3 4 F 00 0 . 6 7 2 6 E 
3 9 9 & E D l 0 . 4 3 7 9 E 

00 
0 1 

0 . 8 5 5 3 E 00 
0 . 4 5 2 1 E 0 1 

0 . 

0 . 

1 0 6 9 F 0 1 

4 3 7 6 E 0 1 
0 . 1 3 7 4 E 
0 . 3 9 9 I F 

0 1 

» 1 

0 . 1 A 3 0 F 

0 . 3 4 7 5 E 
01 
0 1 

0 . 7 9 3 7 E 0 1 0 . 7 4 7 8 E 
0 . 7 3 9 9 E 00 0 . I 1 8 1 E 

0 1 0 . I 9 9 1 F 01 0 . 1 6 2 3 E 
00 0 . 0 

0 1 0. 1 3 1 R E 0 1 0 . 1 0 6 4 E 0 1 0 . R 5 1 1 E 00 0 . 6 6 9 1 E 0 0 0 . 5 I 0 6 E 0 0 0 . 3 6 9 7 E 0 0 

T H R E F P O I N T S L A G R A N G F D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E F O R I N T E G R A T I O N 

C O S 
0 . 9 5 T 6 5 E 0 3 

C D F C D T 
0 . 2 0 4 O 3 F 0 4 0 . 2 9 9 . O F 0 4 

C D S / C O F 
0 . 4 6 9 1 7 E 00 

C O F / C D S 
0 . 7 1 1 0 5 E 0 1 

K l 
0 . 3 0 9 6 2 F 0 ? 0 . 

K 7 
1 7 5 0 9 F 0 7 

D I M E N S I O N L E S S S U R F A C E P R F S S U R E D I S T R I B U T I O N A T 1 1 . 2 5 O E G R E F S I N T E R V A L " 

0 . 5 5 0 7 E 0 3 0 . 5 5 7 0 E 0 1 0 . 5 7 5 I F 0 3 0 . 6 . 2 7 F 03 0. 6 3 0 R F 03 O . 6 3 0 D F 0 1 0 . 5 2 3 3 F 0 3 a. 1 7 5 8 F 0 3 - 0 . 4 5 8 9 F 03 - 0 . 1 0 9 2 E 0 4 

- 0 . 1 4 3 7 E 0 4 - 0 . 1 5 4 2 E 0 4 - 0 . I 5 4 1 F 0 4 - 0 . 1 5 1 2 F 0 4 - 0 . I 4 8 4 R 0 4 - 0 . 1 4 6 6 F 0« - 0 . 1 4 6 0 E 0 4 

... 
F I V F P O I N T S L A G R A N G F D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E F D R I N T E G R A T I O N 

....... 

C O S C O F C O T C D S / C D F C D F / C D S K l K 7 
0 . 9 5 7 6 5 F 0 3 O . 2 0 3 9 7 F 0 4 0 . 2 9 9 7 3 E 0 4 

0 . 4 & 9 5 1 E on 

0 . 7 1 2 9 9 E 0 1 0 . 3 O 9 5 6 F 0 ? 0 . 1 2 5 0 9 E 0 2 

D I M F N S I O N L E S S S U R F A C E P R E S S U R F D I S T R I B U T I O N A T 1 1 . 2 5 D E G R F F 5 . I N T F R V A L 

0 . 5 5 3 1 E 0 3 D . 5 5 9 4 E 
- 0 . 1 4 3 7 E 0 4 - 0 . 1 5 3 9 E 

0 3 0 . * 7 7 6 F 0 3 0 . 6 0 5 5 E 

0 4 - 0 . 1 5 3 7 E 0 4 - 0 . 1 5 0 R E 

0 3 0. 
0 4 -0. 

6 3 4 3 F 0 3 0 . 6 3 4 8 F 
I 4 7 « F 0 4 - 0 . 1 4 6 1 E 

0 3 
0 4 

0 . 5 3 0 . 3 F 0 3 
- 0 . 1 4 5 5 6 0 4 

0. 1 8 1 I F 0 3 - 0 . 4 5 S 4 F 0 3 - 0 . 1 0 9 7 F 0 4 

S U R F A C E S H E A R S T R E S S I S P O S I T I V E E V F R V W H E R F 
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f 
PLOW A L O N G M I N O R A X I S E L L • C Y L I N D E R K t l W A R A R A ' S M O n f L 
• * * * * * * * • * « * * * * * * * * * * * * * « * * * * * * * * * * * * * * * * • * # * * * * * * * * * * * 

MARK = 1 2 2 7 

A . R . R F 
0 . 5 0 0 . 0 1 

C O N C E N T R A T I O N 
0 . 3 9 9 6 7 8 7 E - 0 1 

OM X ! 
5 . 0 0 2 0 0 . 5 4 9 0 

X 2 
2 . 1 0 0 0 

A 
0 . 0 3 A B 

B 
0 . 0 9 B ? 

TM J M 
3 3 4 1 ——< 

>-

O I M F N S I O N I F S S S U R F A C E V O R T I C I T Y D I S T R I B U T I O N AT 5 . 4 3 O F G R F F S I N T E R V A L 

0 . 0 0 . U 0 7E 
0 . 7 3 4 0 F 01 0 . 7 8 4 8 E 

0 0 0 . 7 8 5 A F 0 0 0 . 4 3 9 7 F 
0 1 0 . 3 4 3 2 E 01 0 . 4 0 M E 

DO 0 . 6 1 4 4 F 0 1 0 . 7 9 3 8 F 
0 1 0 . 4 6 5 R E 01 0 . 5 1 0 2 6 

0 0 
01 

0 . 1 0 0 B E 01 
0 . 5 ? i S 7 E 0 1 

0 . 1 ? * 9 F 01 
3 . 5 0 9 O C 01 

0 . I 5 5 6 F 
" . 4 6 5 3 F 

01 
01 

0 . 1 9 1 2 C 01 
D . 4 0 S 5 F 01 

1 . 3 4 2 5 E 0 1 0 . 2 8 4 1 E 
0 . 2 B 4 O E 0 0 0 . 1 3 9 9 E 

0 1 0 . 2 3 3 7 F 01 0 . 1 9 0 5 E 
0 0 0 . 0 

0 1 0 . 1 4 5 0 E 01 0 . 1 2 5 3 E 01 0 . 1 0 0 4 E 01 0 . 7 9 0 1 T 0 0 0 . 6 0 3 6 6 0 0 0 . 4 3 6 9 * 0 0 

T H R E E P O I N T S L A G R A N G E D I F F E R E N T I A T I ON F O R M U L A S I M P S O N ' S R U L E FOR I N T E G R A T I O N 

C D S 
n . n i 9 0 r 0 4 

C D F COT C O S / C O F 
0 . 7 4 4 Z 5 F 0 4 0 . 3 5 M 5 F 0 4 0 . 4 S B 1 7 F 0 0 

C O F / C O S 
0 . 7 1 R ? B f ; 01 

K l 
0 . 2 5 3 8 3 6 0 ? 0 . 

K 2 
1 2 5 0 9 6 0 2 

O I M E N S I O N L F S S S U R F A C E P R E S S U R E n i S T R I B U T I O N AT 1 t . 2 5 O F G R F F S I N T E R V A L 

0 . 5 9 0 B F 0 3 0 . 5 9 6 9 E 0 3 0 . M 4 9 F 0 3 0 . 4 4 2 0 F 0 3 0 . 6 4 7 5 6 0 3 0 . 4 5 7 9 F 0 3 0 . 5 2 5 6 E 0 3 0 . 1 1 4 7 * 0 3 - 0 . 4 7 9 1 6 0 3 - 0 . 1 3 7 3 6 0 4 

- 0 . 1 7 8 2 E 0 4 - 0 . 1 9 1 7 E 0 4 - 0 . 1 9 I 9 E 0 4 - 0 . I R 9 2 F 0 4 - 0 . 1 B 6 4 E 0 4 - 0 . 1 8 4 6 E 04 - O . I B 4 0 F 0 4 

F I V F P O I N T S L A G R A N G F D I F F E R E N T I A T I O N F O R M U L A S I M P S O N ' S R U L E FOO I N T E G R A T I O N 

C O S c o r COT ms/COF C n F / C D S K l K ? 

0 . J I 1 9 0 F 0 4 D . 7 4 4 2 1 F 0 4 0 . 3 5 6 I 1 F 0 4 D . 4 5 P I 9 F 0 0 0 . 7 I B 2 5 E 0 1 0 . 7 6 3 R 0 E 0 ? 0 . 1 2 5 0 9 F 0 2 

D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N AT 1 1 . 2 5 O F G R E E S I N T F R V A L 

0 . 5 9 3 A F 0 3 0 . 5 9 9 7 F 
- 0 . 1 7 R 7 F 0 4 - 0 . 1 9 0 9 E 

0 3 0 . 6 1 7 7 E 0 3 0 . 6 4 5 0 F 
0 4 - 0 . I 9 1 5 E 0 4 - 0 . 1 8 8 R F 

0 3 0 . 6 T 0 6 E 0 3 0 . r M 5 1 7 F 
0 4 - O . I f l f c O F 1 4 - 0 . 1 B 4 2 E 

0 3 
0 4 

0 . 5 3 0 9 E 0 3 
- 1 . 1 R 3 5 6 0 4 

0 . 1 2 0 4 F 0 3 - 0 . 6 7 4 T F 0 3 - 0 . 1 . 3 7 3 F 0 4 

S U R F A C F S H F A R " S T R E S S I S P O S I T I V E E V E R Y W H E R E 

FLOW A L O N G MINOR A X I S E L L . C Y L I N D E R K U W A B A R A 1 S MODFL 
* * * # * * * * * # * * * * * * f c * * * * * * * * * * * * « * * * * * * * * * * < * - i * * * * * t _ f t - * * * - i 

C O N C E N T R A T I O N 
0 . 1 5 Q O 5 2 5 E 0 0 

M A R K - I 2 0 S 

O I M E N S I O N I E 5 S S U R F A C E V O R T I C I T Y O I S T R I f - U T I O N AT 5 . 4 3 o r r . R E F S I N T E R V A L 

0 . 0 
0 . 6 5 0 4 E 0 1 

0 . 4 1 5 A E 
0 . 7 8 3 9 E 

0 0 0 . 8 4 1 9 F . 0 0 0 . 1 2 9 0 E 01 0 . 
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APPENDIX I I I 

1. E v a l u a t i o n o f t h e K o z e n y C o n s t a n t f r o m B a s i c D e f i n i t i o n 

The b a s i c d e f i n i t i o n of t h e K o z e n y c o n s t a n t i s g i v e n by 

k = AP 
Uy ( 1 - e ) 2 S 2 

v 
( I I I . l ) 

L 

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

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

A. S p h e r o i d s 

D i a g r a m I I I . l O b l a t e s p h e r o i d c e l l m o d e l 

The t o t a l d r a g f o r c e a s s o c i a t e d w i t h an o b l a t e s p h e r o i d 

I n a swarm may be r e l a t e d t o t h e p r e s s u r e g r a d i e n t t h r o u g h t h e 

c o r r e s p o n d i n g c e l l as f o l l o w s : 

AP P ( I I I . 2 ) 
2 

Hj\ b 2 a 2 
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The t o t a l drag c o e f f i c i e n t i s given by 

CDT =
 — 3 2 d " - 3 ) 

1 pU ifaj 
2 

and the surface area of an oblate spheroid i s 

2 2 x 1 / 2 
2 ir 1 + ( 1 - r )• 

2Trat + — — — • In 
1 (1 - r 2 ) 1 / 2 l - ( 1 - r 2 ) 1 / 2 ' 

where r = b./ a z ( = aspect r a t i o ) . 
The l a t t e r expression leads to 

2Tra2
 + * ^ i n 1 + ^ ~  2 T r a i + 7 1 2 7 1 7 2 i n . M 2,1/2 • S v , ( 1 - r ) 1 -(1 - r ) ( 1 1 1 . 4 ) 

4_TT a i b , 
3 

Combining equatios I I I . l - I I I . 4 y i e l d s 

k = T 2 C D T ( I I I - 5 ) 

(1 - c) r m 
2 2 

where Re = 2 a^p/y , 1-e = c = a, b 1 / a 2 b 2 , and 

ra = i + _' m 1 H I - r 2 ) 1 / 2 ' 
r 2(1 - r 2 ) 1 / 2 1 - ( 1 - r 2 > 1 / 2 

p 

The term 1/rm i s the only shape dependent term i n equation 
I I I . 5 f o r the Kozeny constant . For the p r o l a t e spheroid , 

. -1 2x1/2 , , s m (1 - r ) , m = 1 + * ^TT?— 
r (1 - r " ) 1 7 2 

r remains the aspect r a t i o and Re i s again based on the equato

r i a l diameter of the spheroid . 
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R. E l l i p t i c a l C y l i n d e r s 

D i a g r a m I I I . 2 E l l i p t i c a l c e l l m o d e l 

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

w i t h an e l l i p t i c a l c y l i n d e r may be e q u a t e d t o t h e p r e s s u r e g r a d i e n t 

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

AP 
L 

P 
T r a 2 b 2 

( I I I . 6 ) 

The c i r c u m f e r e n c e o f an e l l i p s e i s g i v e n by 

C 
r 

where 

TT( a x + b.) X 

25Y 8 y 2 Y 6  

X = 1 + I T + 6 T + 2 ~ 6 ~ + ftw\ + 

( I I I . 7 ) 

1+r 
and r = bj. /a1 ( = a s p e c t r a t i o ) . The s p e c i f i c s u r f a c e , S v , i s 

t h e n g i v e n by 

( I I I . 8 ) 
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F o r f l o w p e r p e n d i c u l a r t o t h e m a j o r a x i s ( O.R.^1.0 ) , by 

d e f i n i t i o n 

JDT l p i r 2 a, 
2 

and Re = 2a 1pU/u 

C o m b i n i n g e q u a t i o n s I I I . l a nd I I I . 6 - I I I . 1 0 y i e l d s 

k = e3 CDT R e 

2TT (1 - e) (1 + r ) 2 X 2 

( I I I . 9 ) 

( I I I . 1 0 ) 

( I I I . 1 1 ) 

where 1-e = c = a . l b l / a 2 b 2 . 

The above e q u a t i o n a l s o g i v e s t h e Ko z e n y c o n s t a n t ' f o r f l o w p a r a 

l l e l t o t h e m a j o r a x i s ( O..R.> 1.0 ) . 

2. E v a l u a t i o n o f t h e K o z e n y C o n s t a n t U s i n g t h e T o r t u o s i t y 

M e t h o d 

A n o t h e r p o s s i b l e way t o e v a l u a t e t h e K o z e n y c o n s t a n t 

(105) i s t h e employment o f t h e t o r t u o s i t y c r i t e r i o n , by w h i c h 

k = k 0 ( He. / H ) ( I I I . 1 2 ) 

where k D i s t h e c a p i l l a r y c o n s t a n t , H t h e b e d h e i g h t and H g 

t h e e f f e c t i v e b e d l e n g t h . 

H 

M a i n f l o w 
d i r e c t i o n 

A v e r a g e f l o w d i r e c t i o n 

D i a g r a m I I I . 3 M a i n and a v e r a g e f l o w d i r e c t i o n s f o r 
. p a c k e d b e d s 
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The t e r m H e/H i s t h e t o r t u o s i t y o f t h e b e d and i s g i v e n by 

H /H = s e c 8. T a k i n g k Q = 2.5 , e q u a t i o n I I I . 12 becomes 

k = 2.5 s e c 2 9 ( I I I . 1 3 ) 

The a b o v e v a l u e o f k D i s c h o s e n so t h a t t o g i v e k Q = 5 f o r 

s p h e r e s . The e x a c t v a l u e o f t h e a n g l e 9 i s d i f f i c u l t t o e v a 

l u a t e . I n t h i s w ork i t i s t a k e n as t h e a n g l e b e t w e e n t h e s e m i -

a x i s p a r a l l e l t o t h e m a i n f l o w and t h e h y p o t e n u s e j o i n i n g t h e 

e x t r e m i t i e s o f t h e two s e m i - a x e s , as shown i n d i a g r a m I I I . 4 . 

T h i s method i s a t b e s t v e r y a p p r o x i m a t e , and i t d o e s n o t d i s 

t i n g u i s h b e t w e e n a s p h e r o i d a nd an e l l i p t i c a l c y l i n d e r w i t h t h e 

same a s p e c t r a t i o . 

D i a g r a m I I I . 4 E v a l u a t i o n o f a n g l e 9 
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3. E v a l u a t i o n o f AP/L f o r a C l u s t e r o f E l l i p t i c a l c y l i n d e r s a t 

C o n s t a n t Rew . 

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

ed w i t h a n e l l i p t i c a l c y l i n d e r may be e q u a t e d t o t h e p r e s s u r e 

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

AP* F 
J_ ' 7 T a 2 b 2 

( I I I . 1 4 ) 

w here a z and b 2 a r e t h e s e m i - a x e s o f t h e c e l l p e r p e n d i c u l a r a n d 

p a r a l l e l t o t h e m a i n f l o w d i r e c t i o n , r e s p e c t i v e l y . D e f i n i n g 

t h e t o t a l d r a g c o e f f i c i e n t as 

C T W = I ( I I I . 1 5 ) 
1 p l T 2 a 
2 

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

 a jb j 
AP L and c = AP = -- , L = —- a 2 b 2 

l p U ^ i 
2 

e q u a t i o n I I I . 1 4 t h e n becomes 

r A ? C C D T ( I I I - 1 6 ) 

where a' and b a r e t h e s e m i - a x e s o f t h e c y l i n d e r p e r p e n d i c u l a r 

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

. I n t h i s w ork C D T was e v a l u a t e d a t Re = 0.01 , where Re 

i s t h e R e y n o l d s number b a s e d on t h e c h a r a c t e r i s t i c l e n g t h 2 a j . 

F o r c r e e p i n g f l o w , t h e p r o d u c t o f C^^.Re i s c o n s t a n t f o r a g i 

v e n a r r a y . U s i n g t h i s r e l a t i o n s h i p , AP/L f o r Rew = 0.01 

becomes 
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AP 
L Rew TT C CDT 

Re 
Re = 0.01 Rew ( I I I . 1 7 ) 

P u t t i n g O.R. = b i / a.x = Rew / Re , e q u a t i o n I I I . 1 7 r e d u c s e t o 

AP 
L Rew = 0.01 TT O.R. 

w h i c h i s t h e b a s i s o f f i g u r e 105 

DT Re = 0.01 
( I I I . 1 8 ) 



•APPENDIX I V 

Computer P r o g r a m s 



1. S p h e r o i d s 
__£  

C O B L A T E A N D P R O L A T E S P H E R O I D S t H A P P E L / K U W A B A R A M O D E L S 
C 

c F I R S T C A R O 

c M O D E L . S B F O R M A T i 1 2 , F L 5 . 3 1 c c S E C O N D C A R D 

c M A R K , M S H A P E . I C A R D , I P U T , N R E A O , N W R I T E , I N O , N S T E P . N T U R N S , I T R , 

c I T R R . I M . J H F O R M A T 1 1 3 1 5 1 

c T H I R D C A R D 
c K E L A » ! > , 1 S , R E L A X G . T G , G B . R E , X 1 , X Z F O R M A T 1 B H 0 . 4 1 

c N O D E L - 1 H A P P E L 1 S M O O E L 

c M O O E L = 2 K U W A B A R A ' S M O O E L 

c S B R E L A X A T I O N F A C T O R F O R T H E O U T E R B O U N D A R Y F O R H A P P E L ' S M O D E L 

c U S U A L L Y » 0 . 7 

c M A R K R U N N U M B E R 

c P S H A P E - 1 O B L A T E S P H E R O I D 

c MSHAPE«2 P R O L A T E S P H E R O I D 

C I C A R O = 0 I N P U T D A T A A R E F R O M A F I L E / T A P E 
C I C A R D = 1 P R O G R A M I N T E R N A L L Y G E N E R A T E S A P P R O X I M A T E V A L U E S F O R T H E 
C S T R E A M A N O V O R T I C I T Y F U N C T I O N S U S I N G S T O K E S • S O L U T I O N F O R A S P H E R E 
C I C A R O = 2 S T R E A M A N D V O R T I C I T Y F U N C T I O N S A R E F E D F R O M C A R D S 
C F O R M A T ( 2 0 A 4 I 

X ( I H b F I R S T C A R D U F T H E U A T A S E T I S A N l U f c N M H C A l I U N L A K U I — 1  

C 
C I P U T - 0 NO C A R D S A R E P U N C H E D F O R O U T P U T 
C I P U T - 2 C A R D S A R E P U N C H E D F O R O U T P U T F 0 R N A T I 2 O A 4 I 
C 
C N R E A D T H E U N I T F R O M W H I C H I N P U T D A T A A P E E X P E C T E C I T H E F I R S T 

"C IHHL - fc C A K U S A R E m i l " U N I I 15 I 1  

C 
C N M R 1 T E T H E U N I T . O N W H I C H O U T P U T D A T A A R E S T O R E O 
C 
C I N O = 0 N O F I L E / T A P E F O R O U T P U T I S U S E O 
C I N O = 2 F I L E / T A P E I S U S E D F O R O U T P U T 

T ' 
C N S T E P T H E I N T E R V A L I N J A N D I ( R A C I A L A K O A N G U L A R D I R E C T I O N S ) 
C F O R T H E O U T P U T TO B E P R I N T E D 
C 
C N T U R N S » O F C Y C L E S F O R O U T P U T T O B E P R I N T E D 
C I T R * O F I N I T I A L I T E R A T I O N S T O B E P E R F O R M E O I . E . F O R N T U R N S - 1 

"C I T R R I O F I T E R A T I O N S T O B E P E R F O R M E D F C R N T U R N S = 2 , 3 , . . . . 
C T H E T O T A L < O F I T E R A T I O N S I S G I V E N B Y I T R » ( N T U R N S - 1 I • I T R R 
C I M « C F P O I N T S IN T H E A N G U L A R D I R E C T I O N 
C J M » O F P O I N T S IN T H E R A O I A L D I R E C T I O N 
C M A X I M U M V A L U E S O F I M £ J M A R E 6 5 C 1 0 5 R E S P E C T I V E L Y 
C ~c 
c RELAXS RELAXATION FACTOR FOR THE STREAM FUNCTION FOR THE FIRST 
C C Y C L E I I T R I T E R A T I O N S ) 
C T S R E L A X A T I O N F A C T O R F O R T H E S T R E A M F U N C T I O N F O R T H E R E M A I N I N G 
C < N T U R N S - 1 I » I T R R I T E R A T I O N S 
C R E L A X G R E L A X A T I O N F A C T O R F O R T H E V O R T I C I T Y F U N C T I O N F O R T H E 

" C F I R S T C Y C L E I ! T f t I T E R A T I O N S I 1  

C TG R E L A X A T I O N F A C T O R F O R T H E V O R T I C I T Y F U N C T I O N F O R T H E R E M A I N I N G 
C ( N T U R N S - l l C Y C L E S 
C G B R E L A X A T I O N F A C T O R F C R T H E V O R T I C I T Y F O R E N T I R E N T U R N S C Y C L E S 
C A T T H E S U R F A C E O F T H E S P H E R O I D 
C R E R E Y N O L D S N U M B E R 

T X T — T H E V A L U E O F X I A T T H E S P H E R O I D A L 5 U R F A C E 
C X 2 T H E V A L U E O F X I F O R T H E O U T E R B O U N D A R Y 
C 
C T H E C A R O T H A T P R O C E E O S T H E I N P U T D A T A I S M A R K , I N , J M , N T U R N S t 
C I T R , ! T R R , X l , X 2 , R E 
C 

K E A U I 5 . 8 5 2 I M O D E L , S B ' ' 
B 5 2 F 0 R M A T U 2 . F 1 5 . 3 ) 

R E A D ( 5 , B 5 0 I M A R K , M S H A P E « I C A R D t I P U T , N R E A D , N W R I T E , I N D * N S T E P , N T U R N S , 
1 I T R , I T R R , I M , J M 

R E A 0 I 5 , 8 5 1 > R E L A X S , T S , R E L A X G , T G . G B , R E , X I , X 2 
H R I T E I 6 , 1 0 0 8 1 

" T T J O T J — F C R H A 1 I" T H E F I R 5 1 THREE I N P U T CARDS « R t f l 
W R I T E I 6 . S 5 2 ) M O D E L , S B 
W R I T E ( 6 , 8 5 0 I N A R K , M S H A P E , I C A R D , | P U T , N R E » 0 , N W R l T E , I N O , N S T E P . N T U R N S , 

1 I T R , I T R R , I M , J M 
W R I T E ( 6 , 8 5 1 ) R E L A X S , T S . R E L A X G , T G , G B . R E , X 1 , X 2 

S 5 0 F 0 R M A M 1 3 1 5 ) 
B 5 1 F C R N A T ( B F I 0 . 5 ) ' 1  

I F I M O D E L . E O . 1 ) W R I T E ( 6 , 1 0 0 9 1 
I F ( M O D E L . E O . 2 ) W R I T E 1 6 . 1 0 1 0 ) 

1 0 0 9 F O R M A T 1 ' H A P P E L 1 ' S M O D E L * I 
1 0 1 0 F O R M A T ! 1 K U W A B A R A ' 1 S M O D E L 1 ) 

I F I M S H A P E . E C . i l M R I T E 1 6 , 1 0 1 1 1 
l F I H S H A P E . E a . 2 l H H I T E I & . 1 0 1 2 1 

1 0 1 1 F O R M A T ( • O B L A T E S P H E R O I O ' I 
1 0 1 2 F O R M A T I • P R O L A T E S P I - E R O I D ' I 

N T O T « I T R * I T R R * I N T U R N S - 1 ) 
W R 1 T E 1 6 . 1 0 1 3 ) N T U R N S , N T O T 

1 0 1 3 F O R M A T ( / • « OF C Y C L E S « ' 1 3 , 2 0 X , ' T O T A L • OF I T E R A T I O N S • • . 1 3 / 1 
T 

D I M E N S I O N S ( 7 3 , 1 0 T ) , G ( 7 3 , 1 0 7 I , S I N A I 7 3 I , C O S A I 7 3 I , C O T A ( 7 3 1 , 
1 C O S H I 1 0 7 ) , S I N H I 1 0 7 ) , T A N H I 1 0 T I , A 1 ( 1 0 7 I . A 2 ( 1 0 7 > , B I I 1 0 7 I , B Z U 0 7 ) 

D I M E N S I O N R l l O T I i P T I 1 0 9 ) , P 2 I 1 0 7 ) . C O S A 2 2 I 1 C 7 > . S I N H 2 2 I 1 0 7 1 
D I M E N S I O N R A C R C 1 1 0 7 ) , S I N R R I 7 3 I , R A C R S 1 7 3 I . C O S H R R I 1 0 7 1 
1 F I I C A R D . E 0 . 2 ) G O T O 9 9 6 
IFI I C A H O . E O . . O I G O T U 9 9 8 
I M N » l H - l 

JMM«JM-1 
I M M H - I M - 2 
J M N M ' J M - 2 
I M 2 - I M « 2 

http://IFIMSHAPE.EC.il
http://lFIHSHAPE.Ea.2l


X 1 H H - 1 H N 
X J M M - J P M 
B - 3 . U 1 5 9 3 / X I M N 
A - ( X Z - X 1 I / X J N H 

A N G L E — B 
DO 2 0 1 - 1 . I M 
A N G L E - B . i h G L E 

2 0 S I N A I I ) - S I N I A N G L E ) 
I F I M S H A P E . E Q . 2 I 2 - I E X P I X I l - E X P I - X l 1 1 / 2 . 0 
l F I M S H A P E . E O . ' l l Z - I E X P I X I X E X P 1 - X 1 1 1 / 2 . 0 
X - X I - A 
DO 2 1 J - l . J M 
XflTfTS 
I F ( M S H A P E . E Q . i l R (J I - IEXPIXI»EXPI -X I1 1 2 . 0 
I F I C S H A P E . E a . 2 l R < J l - I E X P I X I - E X P l - X ) 1 / 2 . 0 

21 R I J I - R I J I / Z 
F - l . O / B I J H I 
F 3 - F * * 3 
F5-F*«5 
F6»F**6 
1 F I M 0 0 E L . E 0 . 2 1 0 » Z . * I 2 . * F 6 - 1 0 . - L 0 . * F 3 * 1 8 . * F I 
1 F ( M O D E L . E O . l l 0 - 2 . » F 6 * 3 . * F - 3 . * F 5 - 2 . 0 
I F ( M 0 D E L - 1 I 2 2 2 . 2 2 5 , 2 2 2 
DO 2 3 J - l . J M 
DO 2 3 1 . 1 , I H 
S ( I , J 1 = S I N A I I ) * » 2 / 0 « ( I 2 . * F 3 - 5 . 0 I / R I J I * 1 5 . 0 * R I J I 

I - 1 1 0 . * 5 . * F 3 ) * R I J l * * 2 . * 3 . * F 3 * R I J l * * * l 
G I I . J 1 - 1 5 . / D / R ( J I * S I N A m * * 2 * ( F 3 * R I J I * * 3 - l . 0 1 * 2 . 0 

2 3 C O N T I N U E 
C 

GO TO 2 2 4 
2 2 3 DO 2 2 3 J - l . J M 

DO 2 2 3 1 * 1 , I N 
S I I , J l - ( S I N A I l l * * 2 / 2 . / 0 l * ( R ( J I * * 4 * F 5 - l 3 . * F 5 « . l * R < J I * * 2 * 

1 R ( J I * ( 3 . + 2 . * F 5 I - 1 . 0 / R ( J H 
G ( I . J I - ( S I N A I I I * * 2 / R I J » / D I * ( 5 . 0 * F 5 * R ! J I * * 3 - 3 . - 2 . * F 5 > 

~TFi C U N I I N U E 
2 2 4 C O N T I N U E 

9 9 8 C O N T I N U E 
1 F I I C A R O . E 0 . 1 ) GO TO 9 9 T 

C 
REWIND NREAO 
R E A D I N K E A D . 9 4 2 1 M A R R , I M , J R , J T U R N S , J I R , J I R H , X 1 . X Z . R E D R P 

9 9 6 I F ( I C A R D . E Q . 2 I R E A 0 I 5 . 9 4 2 I M A R R , I M , J H , J T U R N S , J T R , J T R R , X 1 , X 2 , R E D M P 
I F ( I C A R 0 . E Q . 2 t N R E A D - 5 
DO 5 5 J - l . J N 

5 5 R E A D I N R E A D . 1 2 1 2 1 ( 5 ( 1 , J l , 1 - 1 , I M I 
DO 5 6 J - l . J M 

5 6 R E A D I N R E A D , 1 2 1 2 1 I G l l . J I , 1 ' I . I M I 
I M M - I H - 1 

J M M - J M - 1 
I H M N - 1 H - 2 
J N M M - J R - 2 
I M 2 * I M * 2 
X I H H - I H H : 
X J M R - J R N 
B - 3 . 1 4 1 5 9 3 / X I M M 
A - I X 2 - X 1 I / X J M M 

9 9 T C O N T I N U E 
C 

R E Y N L S - R E / 2 . 
A A > A * A 
B B - B * B 
AT«A*2. 
B T - B * 2 . 
A B - 2 . / A A « 2 . 0 / B B 
A 6 4 - 8 . 0 * ( A / B » B / A > 
A N G L E ' 0 . 0 
S I N A I 1 I - 0 . 0 
S I N A I I H I - 0 . 0 
0 0 1 1 - 2 , I M M 
A N G L E - B * A N G L E 
5INAIII-S1NUNGLEI 
C O S A I I I - C O S I A N G L E I 
I F I M S H A P E . E Q . l ) C O S A 2 2 I 1 I - C 0 S A I I I * * 2 
I F I M S H A P E . E Q . 2 ) C 0 S A 2 2 I I I — C O S A I 1 1 * * 2 
C O T A I I l - C O S A M l / S I N A I 11 
X - X l - A 
DO 2 J - I . J N 
X - X 4 A 
I F I M S H A P E . E O . l I C O S H ( J I - 1 E X P ( X I * E X P l - X 1 1 / 2 . 0 
I F I H S H A P E . E Q . i l S I N H I J l - 1 E X P I X I - E X P I . - X 1 1 / 2 . 0 
I F I M S H A P E . E Q . 2 I S I N H I j l - I E X P I X I * E X P I - X I I / 2 . 0 
I F I M S H A P E . E Q . 2 I C O S H l J I - ( E X P I X l - E X P I - X l 1 / 2 . 0 
S I N H 2 2 I J I - 5 1 N H I J l * * 2 

2 T A N H I J I - S I N H I J I / C C S H I J I 
0 0 3 J - 2 . J H N 
A l ( J I - ( 2 . 0 - A * T A N H ( J 1 1 / 4 . / 1 1 . 0 * 1 A / 6 I * * 2 I 

3 A 2 I J I - ( 2 . 0 * A * T A N H I J I I / * . / t l . 0 * I A / B I « * 2 l 
DO * 1 - 2 , I M M 
B i m - ( 2 . 0 - B * C O T A ( ' I I I M . / l l . 0 * ( B / A I » « 2 l 

4 B 2 < l > - l 2 . 0 » B * C 0 T A ( I M / 4 . / l l . 0 » I B / A I * * 2 l 
S E C H - l . O / C O S H I l l 
S E C H A B " S E C H * * 2 / A B 
I F L A G - 1 
R A C - R E V N L S / A B 4 * C 0 S H I 1 I 
DO 1 0 0 1 - 2 , I H H 
R A C R S < I > - R A C / S ! N A I I > 

1 0 0 S I N R R ( I I « 1 . 0 / S I N A I I I * * 2 
0 0 101 J - l . J M 
R A C R C I J I - R A C / C C S H I J l 

1 0 1 C 0 S H R R ( J I - 1 . 0 / C O S H I J l < « 2 

0 0 3 3 K D R - l . I H 
I - R O R 
S I I . J M I - 0 . 5 * I C 0 S H I J H I / C 0 S H I 1 I I * * 2 • S I N A I I I * * 2 
S I I , 1 1 - 0 . 0 
C O N T I N U E .  
I M H U U t L . f c U . Z I G I l . J N I - u . u 
W R I T E ! 6 . 1 0 0 0 1 

0 0 FORMAT I• I N I T I A L I N P U T FOR T H E S T R E A M F U N C T I O N t V O R T I C I T V ' I 
0 0 2 9 J - l . J M . N S T E P 

2 5 N R I T E I 6 . B 0 0 I 1 5 ( 1 , J l , I - 1 , I H , N S T E P I 
W R I T E ( 6 . 6 0 1 1 

- 0 0 — 2 6 J - l . J H , N 5 T E F 
2 6 W R I T E ( 6 , 8 0 0 1 I G l l . J I • 1 - 1 , 1 M . N S T E P I 

W R I T E ( 6 , 6 0 1 1 
DO 1 0 5 N N - 1 , N T U R N S ~ 
W R 1 T E 1 6 , 1 0 0 1 1 NN 

1 0 0 1 F O R M A T ! ' C Y C L E - • , 1 * 1 

http://MSHAPE.EQ.il
http://IFICSHAPE.Ea.2l
http://ICAR0.EQ.2t
http://IFIHSHAPE.EQ.il


DO 3 N I T R - 1 . I T R 
I F l l - I F L A G I l l . 9 , 1 1 

9 DO 6 I I - 2 . I M M 
l - l l 
I F I 1 - 2 ) 3 0 , 3 1 , 3 0 

31 DO 3 3 J J - Z . J K M 
J - J J 
T E M P S - S ( I , J * 1 ) * A 1 ( J ) * S I I . J - 1 I M 2 I J I » S ( 1 * 1 , J I * B 1 ( 1 l « S < 1 - 1 , J l * t t l 1 1 

1 - G I I . J ) * I S E C H A B I • I S I N H 2 2 I J I . C 0 S A 2 2 I I I I 
S I I . J I - l T E M P S - S I 1 , ' J I l*RELA»S»SI I . J I 
T E M P G - G( I . J * 1 I M M J 1 * 0 1 1 , J - l >*A2IJI»GI l * l , J ) » l l I l * S I 1 - l . J I * 

1 B 2 ( I I - R A C / C 0 5 H ( J I • S I N A I 11*1 I S I l . J U I - U I . J - l l l * 
2 I G ( I * 1 . J ) / S I N A I I * 1 I * * 2 - G I 2 , J ) / B / S 1 N A I 2 I I I * 
3 R A C / S I N A I 1 I « C 0 S H I J I * I I S ( I * 1 , J I - S ( I - 1 , J I I * 
4 ( G l I , J « 1 I * C 0 S H R R ( J * 1 I - G I I , J - 1 I * C 0 S H R R I J - 1 ) 1 ) 

G ( I , J ) - I T E H P G - G ( I , J I I * R E L A X G * G I I . J I 
3 5 C O N T I N U E 

GU T U 6 
3 0 I F ( 1 . E 0 . 1 H M ) GC TO 3 2 

0 0 34 J J - 2 . J H H 
J«JJ - — -
T E M P S - S I I , J * I l «A l ( J I * S I I , J - l 1 * 4 2 1 J I * S ( I . I . J l * B I I I l * S < I - 1 . J I * B Z ( I I 

1 - G ( I > J l • ( S E C H A B 1 • I S I N H 2 2 I J I * C 0 S A 2 2 I I I 1 
5 1 1 . J I - I I E M P S - S I I . J ) l * R L - L A X S * 5 l I . J I 
T E M P G - G ( I . J * l ) * A l l J > * G t I . J - l l * A 2 I J I * G ( I * l , J I * B l t I I « G I I - l . J I * 

1 B 2 I I I - R A C R C I J I * S I N A I I I * I I S | I , J * 1 I - S I I . J - 1 I ) * 
2 I G ( 1 * 1 . J I * S I N R R ( I » 1 I - G I I - 1 , J I * S I N R R I I - 1 I ) ) * 
3 R A C R S I I I * C O S H I J I * ( ( S ( 1 * 1 , J I - S I 1 - 1 , J 1 1 * 
4 ( G ( I . J * l l * C C S H R R ( J * l l - G I I , J - l l * C O S H R R I J - l 1 1 1 

G i l . J I - I T E H P G - G I I . J I l * R E L A X G * G I I . J I 
3 4 C O N T I N U E 

GO TO 6 
32 00 36 J J - 2 . J R H 

J - J J 
TEMPS -S( I , J * t l M M ' J I . S I I . J - 1 1 »«21 J I . S I 1 * 1 . J I * B 1 I 1 > * S ( l - l . J 1 * B J I 1 1 

1 ~G(I»J1*15ECHAB1 * I S I H H 2 Z 1 J I + L U S A 2 2 I 1 I 1 
SI 1 . J l - I T E M P S - S I I . J I > * R E L A X 5 * S ( I . J > 
T E M P G * G ( I . J * 1 I * A 1 I J I * G I 1 , J - 1 I * A 2 ( J I * G I I » 1 , J ) * » U I I » 6 ( I - 1 , J I * 

I B 2 I I I - R A C / C 0 S H I J I « S I N A I 1 1 * 1 1 SI I , J . l l - S I 1 . J - l 1 1 * 
2 I G I I B M . J I / B / S I N A I I M M I - G ( 1 - 1 . J l / S I N A I 1 - 1 1 * * 2 1 1 • 
3 R A C / S I N A I I I • C 0 S H I J I * I < S I I * 1 . J I - S ( I - 1 . J I I * 
4 ( G ( 1 . J » 1 ) " C 0 S H K R ( J * 1 ) - U I 1 , J - 1 I < L U S H R R I J - 1 I I ) 

G l I . J ) - I T E M P G - G ( 1 , J ) I * R E L A X G * G I I , J l 
36 C O N T I N U E 

6 C O N T I N U E 
I F L A G - 2 
GO TO 10 

11 DU 1 1 1 - 2 , I M M 
l - I M « l - I I 
I F ( I - I M M | 4 0 . 4 1 , 4 0 

41 DO 4 5 J J - 2 . J M H 
J - J M * 1 - J J i 
T E M P 5 - S I I , J * l l « A M J I * S < I . J - l l * A 2 ( J > * S ( l * l , J I * B l < I I * S I I - l , J I * B 2 t l l 

1 - G I I . J I * I S E C H A B ) • I S 1 N H 2 7 I J I * L U S A 2 2 I I I I 
S ( 1 . J l - I T E M P S - S I I . J I ) * R E L A X S * S I I . J I 
T E M P G - G ( I , J * 1 I * A L ( J ) * G ( I « J - 1 1 * A 2 I J I * G I 1 * 1 , J I * B 1 ( I l * G ( I - l , J > * 

1 B 2 I I I - R A C / C 0 S H ( J I '• S I N A I 1 1 * 1 ( S I I , J * l l - S I I . J - l 1 1 * 
2 I G ( I M M , J > / B / S I N A I I H M I - G l I - l . J l / S I N A I I - 1 ) * * 2 ) 1 • 
3 R A C / S I N A 1 I ) • C 0 S H I J ) * I I S I I * 1 . J I - S ( 1 - 1 . J ) I * 

4 I G I l , J * l l * C O S H R R ( J * l ) - G ( l , J - l l * C a S H R R I J - l l l l 
G i l • J I - I T E H P G - G I I . J I l * R E L A X G * G ( I . J I 

4 3 C O N T I N U E 
GO TO 7 

4 0 I F 1 I . E 0 . 2 I GO TO 4 2 
0 0 4 4 J J - 2 . J M M 
J -JH»1 -JJ 
T E H P S - S < l , J * l l * A l l J I * S i I , J - l l * A 2 < J I « S I I « l , J I * B H I I « S l l - l , J I * B 2 < l l 

1 - G ( l , J I * I S E C H A B I • I S I N H 2 2 I J I • C 0 S A 2 2 I I I I 
S I I . J I - I T E N P S - S I 1 . J I I * R E L A X S * S ( I , J > 
T E M P G " G ( I , J » 1 > * A 1 I J I * G < I . J - 1 I * A 2 I J I * G ( 1 * 1 , J I * B I ( I I * G ( 1 - 1 , J I * 1 

1 B 2 I 1 l - R A C R C < J I * S I N A I 1 1 * 1 1 S i I , J * l l - S I I . J - l 1 1 • 
2 ( 6 1 1 * 1 , J I * 5 I N R R ( I » I I - C I I - l , J I * ! > m R R I I - m i • 
3 R A C R S I I I ' C O S H I J l « l l S I I * I . J » - S ( I - l . J I I * 
* ( G < I , J * 1 ) * C 0 S H R R I J * L > - G I I , J - 1 I * C 0 S H R R I J - 1 I I > 

G I I . J I - I T E H P G - G ( I , J I I * R E L A X G * G ( I . J 1 
4 4 C O N T I N U E 

GO TO 7 
4 2 DO 4 6 J J - 2 . J H H 

J - J M * 1 - J J 
T E M P S - S I I . J . I I M I I J ) » S I 1 . J - l l * A 2 l J I . S I 1 . 1 . J I * B 1 1 1 I « S I l - l » J I * B 2 I I I 

1 - G l I , J I * I S E C H A B I • I S I N H 2 2 I J I • C 0 S A 2 2 I I I 1 
SI I . J l - l T E M P S - S I I . J I > « R E L A X S * S I I . J I 
T E M P G - G [ l , J * l l * A l ( J ) * G ( I , J - l l * A 2 I J I * G t l « l , J I * B I 1 1 1 * 6 1 1 - 1 . J l * 

1 B 2 1 1 1 - H A C / C U S H I J 1 * 5 I N A I 1 1 * 1 1 SI I . J 4 1 I - 5 1 1 • J - l 1 1 » 
2 I G ( 1 * I . J ) / S I N A I I * 1 > « * 2 - G I 2 , J I / B / S I N A I 2 I ) I * 
3 R A C / S I N A I I I • C 0 S H I J I * I I S I I * 1 , J I - S I I - 1 . J I I * 
4 I G ( I . J * l ) * C C S H R f l f ' j * l l - G H , J - l ) * C a S H R R I J - l ) ) ) 

G i l . J I - I T E H P G - G I I . J I l * R E L A X G * G I I . J I 
4 6 C O N T I N U E 

1 C O N T I N U E 
1 F L A G - 1 

10 C O N T I N U E 
DO 9 I - 2 . I M M 
G T T - I 1 S . * S < I . 2 I - S I I , 3 l l * C 0 S H I l l * * 2 / 2 . / A A / I S I N H 2 2 l l l * C 0 S A 2 2 I I I I I 

B G i l , 1 1 - I G T T - G I 1 . 1 1 l * G B * G I 1 , 1 1 
C 

I F I H 0 0 E L . E 0 . 2 I GO TO 5 
0 0 2 0 8 1 * 2 , I M M 
SCQ-S INHIJM)*«2*C0SA( I ) * *2 
T T B - 1 2 . * C 0 S H ( J M I / S C O I * l - C O S H ( J M I * S I N A I I ) « * 2 » C 0 S H I J M | . S I N A I 11**2 

1 * C O S A I [ ) * * 2 / S C O * ( S I N H I J M I / S C Q * C O S H t 1 1 * * 2 ) 
2 * I 3 . 0 * S I I . J M I - 4 . 0 * 5 1 1 . J K M I « S I I . J » - Z l l / 2 . 0 / « l 

2 0 B G I I i J M I - I T T B - G I I . J M I ) * S B « G ( I . J H I 
3 C O N T I N U E 

DO 1 5 J - l . J M , N S T E P 
13 H R I T E I 6 . B 0 0 I I S I I . j l , I - l . I M , N S T E P ) 

W R I T E ( 6 , 8 0 1 1 
DD 16 J - I . J H . N S T E P 

16 WRITE 1 6 , 8 0 0 1 I G I I . J I , 1 - 1 , I M , N S T E P ) 
W R I T E 1 6 . 8 0 1 1 

8 0 1 FORMAT 1 / / ) 
8 0 0 F O R M A T I I O E 1 3 . 9 ) 

I T R - I T R R 
R E L A X S - T S 
R E L A X G - T G 

1 0 5 C O N T I N U E 
C 0 N C - I S I N H I 1 I / S 1 N H I J M I I • I C 0 S H I 1 l / C O S H I J N ) ) * * 2 
IF ( I N O . E Q . O ) GO TO 9 9 9 
REWIND NWRITE 



IV-5 

NRITE(NWRITE,942)NARK,IM.JM.NTURNS, 1TR, iTRft ,X t ,X2 , R E 
DO 17 J = 1 , J M 

17 WRITE(NWRITE,1212) (S(I.J) t 1=1,IM ) 
DO 18 J = l . J M 

IS WRITEINWRITE, 12121 (G(I.J) , 1 = 1, IHJ 
WRITE 16,801 )  
WRITE (6,801 ) 
END FILE NWRITE 
REWIND NWRITE 

999 CONTINUE 
WRITEI6,10051 

1005 FORMAT (' STREAM FUNCTION')  
00 820 J=1,JM ; 

820 WRITEI6.800) ( S ( I . J ) , 1=1, IM > 
WRITE I6,80l> 
WRITEI6,1006) 

1006 FORMAT(' VORTICITY FUNCTION (MODIFIED)'I 
DO 2000 J=1,JM 

" T o r r a — W R I T - « 6 , 8 O O ) ( G U , J ) , I = I , I H I 
WRITE (6,801 ) 
DO 108 1=2,IMM 
DO 108 J=1,JM 

108 G(I,J)=G<I,J)*COSH(1I/C0SH(JI/SINA(I) 
CDSKIN=0.0 
DO 110 1 = 1. IMf*M,2 

110 CDSKIN= SINA(I)**2 *G(I,1) + 4.*SINA(I * 1)**2 *G(I+1,1) 
1 +SINAII+2)**2 *G( 1+2, D+CDSKIN 
CDSKIN=CDSKIN*4.0*TANH(1)/REYNLS/3.*B 
Pl=0-0 
DO 111 J=l,JHr'r'.2  
P1=P1 +((G(2,J)*4.0-GI3,J)>+4.*lG(2«J+l»*4.-G13,J + l I I 
1 +(G(2,J+2)*4.-G(3,J+2)l1/2.0 

111 CONTINUE 
Pl= l.C+4./REYNLS*A/3./B*Pl 
P2(ll=0.0 

SINAI1M2)=0.0  
COSA(IM2)=0.0 
PT(IM2)=0.0 

DO 112 l=l,IMMM,2 
11= I *2 
P2(II)=((-G<I,11*3.0+4.0*G(l,2)-G(1,3)) • I-G11*1,11*3.0 • 
1 4.0*G(1+1,2>-G(I + l,3)1*4.0 • I-G(1+2,1)*3.0+4.0*GI1+2,2> 
2 -G(1+2,3)1l/A/2.0 • (G(I, ll+GII + 1,1)*4. +GI1+2,11)*TANHI11 + P2111 

112 PT(II)=P1 +P2(II)*2.0/REYNLS/3.*B 
PT{ 1I=P1 
CDFORM=0.0 
00 113 I=1,IMMM,4 

113 CDF0RM=CDFORM+PT(I)*COSA(I)*SINA(I>*2. • 8.*C0SA(I+2) *SINA(I»2) 
1 *PI(I+Z) + Z . * P T U+4)*SlNA(l+4)*LUSAIl+4) 
CDF0RM=CDF0RM*B/1.5 
CDTTT=CDFORM+CDSKIN 
WRITE(6,1007> CCNC 
WRITE(6,1003) 

1003 FORMAT<12X.'C0SKIN'.14X.'COFORH',14X,'COTOTAL',13X.'PO1  

T ,20X,'AT, 17X,'B' I ' 
WRITE (6,822) CDSKIN , CDFORH , CDTTT , PI , A, B 

1007 FORMAT(' CONCENTRATION ='E16.5/) 
822 F0RMAT(6E2C.5A) 

WRITE (6,801 I 
WRITE<6,1004> 

1004 FORMAT(• DIMENSIONLESS SURFACE PRESSURE DlSTRI BUTICN•) 
WRITE (6,823) (PT(II , 1=1,IM ,2 ) 

823 F0RMAT18E16.5) 
WRITE (6,801 ) 
IF( IPUT.FQ.O) GO TO 940 
DO 941 1=2,IMM 
DO 941 J=1,JM ' 

941 G(I,JI=G(I,Jl/COSHI1I*C0SH(J)*SINA(I) 
C CARDS PUNCHED HERE 

WRITE! 7,942 ) MARK , 11>, JM, NTURNS , I TR , ITRR, XI , X2 , R E 
942 F0RMAT(6I6,3F14.7) 

DO 943 J=1,JM  
943 WRITE(7,1212) (S<I,J) , 1 = 1,IHI ~ " 

DO 944 J=1,JM 
944 WRITE(7,1212) ( G l l i J I , 1=1,IM) 
940 CONTINUE 
1212 FGRMAT(20A4) 

STOP 
FTJB : — 



2. E l l i p t i c a l C y l i n d e r s 
X : 
C 
C ELLIPTICAL CYLINDERS , HAPPEL / KUWABARA MODELS 
C 
C FIRST CARD 
C 
c 
£ 

MODEL . SB FORMAT! 1?, F15.3 1 

c SECOND CARO 
c MARK.MSHAPE, ICARD,I PUT,NREAD,NWRITE,NSTEPI,NSTEPJ,IND.NTURNS,ITR, 
c 
c 

ITRRfIM,JN FORMAT I 1*15 1 

X THIRD CARD " 
C RELAXS,TS,RELAXG,TG,GB,RE,Xl,X2 FORMAT ( 8F10.4 I 
C 
C MODEL-I HAPPEL'S MODEL 
C MODEL-2 KUWABARA'S MOOEL 
C • 
"C SB RELAXATION FACTOR FUR I HE PUICR BOUNDARY FOR HACMbL'S MUDEL 
C USUALLY - 0.7 
C 

READ(5,582> MODEL,SB 
NRITEI6,10081 

1008 FORMAT(» THE FIRST THREE INPUT CARDS ARE t ' l 
X ~ ' — — — 
C MARK RUN NUMBER 
C 
C MSHAPE-1 FLOW ALONG MAJOR AXIS 
C MSHAPE-2 FLOW ALONG MINOR AXIS 
C 
X ICARO-1 PROGRAM INTERNALLY GENERATES APPROXIHAIE VALUfcS FOR THE' 
C STREAM AND VORTICITY FUNCTIONS USING STOKES • SOLUTION FOR A 
C CIRCULAR CYLINDER 
C ICAR0'2 STREAM AND VORTICITY FUNCTIONS ARE FED FROM CAROS 
C I THE FIRST CARD OF THE OATA SET IS AN IDENTIFICATION CARO I 
C ICAR0=3 INPUT DATA ARE FROM A FILE/TAPE 
C FORMAT I 20A* I 
C 
C IPUT-l NO CAROS ARE PUNCHED FDR OUTPUT 
C IPUT«2 CARDS ARE PljNCHED FOR OUTPUT FORMAT! 20AM 
C 
C NREAD THE UNIT FROM WHICH INPUT OATA ARE EXPECTED I THE FIRST 
C THREE CAROS ARE FROM UNIT #5 I " 
C NWRITE THE UMT ON WHICH OUTPUT DATA ARE STOREO 
C 
C NSTEPI THE INTERVAL IN I (ANGULAR DIRECTION) FOR OUTPUT TO BE 
C PRINTED 
C NSTEPJ THE INTERVAL IN J I RAO!AL DIRECTION! FOR THE OUTPUT DATA 
C TO BE PRINTED 
c 
C IND-l NO FILE/TAPE FOR OUTPUT IS USEO 
C IND-2 FILE/TAPE IS USED FOR OUTPUT 
C 
C NTURNS • OF CYCLES FOR OUTPUT TO BE PRINTED 
C m — » OF INITIAL ITERATIONS TO BE PERFORMED I.E. FOR NTURNS-1 
C ITRR • OF ITERATIONS TO BE PERFORMED FOR NTURNS-2,3,.... 
C THE TOTAL • CF ITERATIONS IS GIVEN BY ITR*INTURNS-1I*ITRR 
C IH • OF POINTS IN THE ANGULAR DIRECTION 
C JP « CF POINTS IN THE RAOIAL DIRECTION 
C THE MAXIMUM VALUES OF IM C JN ARE 65 AND 109 RESPECTIVELY 
g , 

WRITEI6,582! MODEL,SB 
582 FORMAT!12,F15.31 
C 
C RELAXS RELAXATION FACTOR FOR THE STREAM FUNCTION FOR THE FIRST 
C CYCLE (ITR ITERATIONS! 
C T5—RELAXAI IL'N FACT UN FUR I HE SI REAM FUNCTION FUR THE REMAINING 
C (NTURNS-1l*ITRR ITERATIONS 
C RELAXG RELAXATION FACTOR FOR THE VORTICITY FUNCTION FOR THE 
C FIRST CYCLE ( ITR ITERATIONS I 
C TG RELAXATION FACTOR FOR THE VORTICITY FUNCTION FOR THE REMAINING 
C (NTURNS-ll CYCLES 
C CT6—RELAXATION FACTOR FOR THE VORTICITY FOR ENTIRE MURNS LYLLtS 

j C AT THE SURFACE OF THE CYLINDER 
C RE REYNCLOS NUMBER 

I C XI THE VALUE OF XI AT THE ELLIPTICAL SURFACE 
I C X2 THE VALUE OF XI FOR THE OUTER BOUNDARY 
; C • ' 
I C THE CARD THAT PROCEEDS THE INPUT DATA 15 MARK, IH.JH,NTURNS, 

C ITR,ITRR,XI,X2, RE 
C 

READ (5,1031MARK.MSHAPE.ICAR0,I PUT,NREAO,NWRITE,NSTEPI, 
1 NSTEPJ,INO,NTURNS,ITR,ITRR,IN,JM 
WRITE16.1031 HARK,MSHAPE.ICARD,I PUT.NREAC.NWRITE.NSTEPI.  

'1 NSTEPJ,1NU.HIUKNS,I I K , i I K K , i n , j n 
READ I5,10*IRELAXS,TS,RELAXG,TG,GB,RE.X1,X2 
MRITE(6,10*IRELAXS,TS,RELAXG,TG,GB,RE,X1,X2 

103 F0RHAT(l*I5l 
10* FORMAT (8F10.*I 

IFIMODEL.EO.il HRITEI6,10091 
IFIM00EL.E0.2) WRITEIA. I0I0I ' 

1009 FORMAT I ' HAPPEL"S MODEL1 I 
1010 FORMAT I' KUWABARA''S MOOEL'I 

IFIMShAPE.EO.il WRITEI6,10111 
IF(MSHAPE.EQ.2I WRITE(6,10121 

1011 FORMAT (' FLOW ALONG MAJOR AXIS' I . 

http://IFIMODEL.EO.il
http://IFIMShAPE.EO.il


1 0 1 2 F O R M A T 1 * FLOM A L O N G M I N O R A X I S ' ) 
N T O T " I T R * I T R R * 1 N T U R N S - 1 1 
H R I T E I 6 , 1 0 1 3 1 N T U R N S , N T O T 

1 0 1 3 F O R M A T I / ' A O F C Y C L E S = ( I 3 , 1 5 X , ' T C T A L * O F I T E R A T I O N S - M l / I 
D I M E N S I O N S ( 7 1 , 1 0 7 ) , G I 7 1 , 1 0 7 1 , S I N A 1 7 1 1 , C 0 S A I 7 1 1 . S I N A 2 2 I 7 1 ) , 

1 S I N H I 1 0 7 ) , C 0 S H t 1 0 7 I . S I N H 2 2 I 1 0 7 1 , C 0 S H 2 2 I L 0 7 ) , T A N H 1 1 0 7 I , R 1 1 0 7 1 
DTTnjKSTON - PTTCTI -P?T 1 1 0 7 1 

I T R - I T R / 2 
I T R R M T R R / 2 

I M M - l M - 1 
J M M - J M - 1 
J M 2 - J M - 2 
na>Tic2 
X I M H - I M M 
X J H K - J M M 
B - 3 . 1 4 1 5 9 5 / X I H H 
A - 1 X 2 - X U / X J M M 

A N G L E " - B  
D O I I » 1 • I H • 
A N G L E — B * A N G L E 
S I N A I I I - S I N I A N G L E I 
I F I M S M A P E . E Q . i l S I N A 2 2 I I 1 - S I N A ( I > * * 2 
I F I H S H A P E . E Q . 2 I S I N A 2 2 ( 1 I = - S I N A I 1 I * * 2 
C O S A I I I . C O S I A N G L E I  

1 L U N H N U b — 

X - X l - A 
I F I H S H A P E . E O . l I 2 - ( E X P I X I l - E X P I - X 1 1 1 / 2 . 0 
I F I M S H A P E . E 0 . 2 I Z - I E X P I X 1 I » E X P ( - X 1 I 1 / 2 . 0 
D O 2 J = l , J M 
X - X + A 

I F I H S H A P E . E O . i l R I J I - l E X P I X l - E X P I - X 1 1 / 2 . 0 : 
I F I H S H A P E : E Q . 2 ) R < J > - < E X P t X > » E X P t - X ) > / 2 . 0 

R l J I - R I J I / Z 
I F I M S H A P E . E Q . i l C O S H I J I - I E X P I X I + E X P I - X I 1 / 2 . 0 
I E I M S H A P E . E Q . 2 ) C O S H I J I - 1 E X P I X l - E X P l - X I I / 2 . 0 
I E I M S H A P E . E O . i l S I N H I J I - I E X P I X I - E X P I - X I 1 / 2 . 0 
I E l H 5 H A P E 7 E Q . 2 I S I N H I J 1 - 1 E X P I X l « E X P ( - X I I / 2 . 0 
S I N H 2 2 U I - S I N H ( J I * * 2 
C 0 S H 2 2 I J I - C 0 S H 1 J l * * 2 
T A N H U I - S I N H I J I / C O S H I J I 

2 C O N T I N U E 
A B - 2 . 0 * ! 1 . 0 / A / A * 1 . 0 / 8 / 8 ) 
A B R - l . O / A B 
A B R E - R E / B . / A B / A / 6 
C S C 2 A B - 1 . 0 / 5 I N H 2 2 I 1 l / A B 
A l - 0 . 5 / 1 I A / B I * * 2 * l ' . 0 > 
A 2 = 0 . 5 / l ( S / A I * * 2 * l . O I 

1 0 0 F 0 R H A T ( 6 I 6 . 3 F 1 4 . 5 > 
1 . 0 I U 1 3 , 4 . 5 1 , I C A R D : 

3 C O N T I N U E 
F - l . O / P I J M l 
E 2 = F * F 
F 4 - F 2 * F 2 
I F I M 0 0 E L . E 0 . 2 ) O E - 4 . 0 * F 2 - F 4 - 3 . 0 - 4 . * A L O G I F I 
I F I M U D E L . E U . i l O E - I F 4 - 1 . O I - 2 . 0 « I F 4 « l . O 1 A A L O G I F l 
! F ( H 0 D E L - 1 > 2 2 2 , 2 2 5 , 2 2 2 

2 2 2 C O N T I N U E 
D O 1 1 1 - 1 , I M 
0 0 1 1 J - l . J M 
G ! I . J ) - 8 . 0 « S I N A I I I » U . 0 / R I J I - F 2 » R I J ) l / O E 

11 S I I . J I - S I N A I I I / DfU 2 . - F 2 I / R I J I * A I J I * ( F 2 - 1 . 0 1 * 2 . 0 
1 - F 2 * R I J I * * 3 * 4 . 0 * R ( J I * A L 0 G ( R ( J ) 1 1 
GO TO 2 2 4 

2 2 5 0 0 1 1 1 I - 1 , I M 
DO 1 1 1 J - l . J M 
G l l , J I - 4 . « S I N A I I I * l ( l . » F 4 l / R I J I - 2 . * F 4 * R I J I I / O E 
5 U . J I « S I N J U I / D E « [ l . / R ( J I + R I J I « ( F 4 - l . l * J . » m j | » l l . t H I 

1 * A L O G I R ( J l l - F 4 * R ( J I « « 3 I 
1 1 1 C O N T I N U E 
2 2 4 C O N T I N U E 

GO TO 14 
4 R E A O I S . I O O ) M A R R , 1 H , J H , J T U U , J T R . J T R R , X 1 , X 2 , R E 0 0 

DO 15 J - l . J H 
1 9 R E A 0 I 5 , 1 2 1 2 1 I S I I . J l , 1 - 1 , I M I 

DO 16 J - l . J M 
16 R E A D I 5 , 1 2 1 2 1 I G I I • J I , I - l , I N I 

GO TO 14 
5 R EMIND NREAD 

K E A D I N R E A D . I U U I H A R R , I H . J H . J T U R N 5 . J I R . J 1 R R . X I . X 2 . H E D D 
DO 1 7 J - l . J M 

17 R E A O I N R E A O , 1 2 1 2 1 I S I I . J l , I - l . 1 * 1 
0 0 18 J - l . J M 

1 8 R E A 0 ( N R E A D , 1 2 1 2 ) I G I f , J l , 1 - 1 , 1 " ! 
14 C O N T I N U E ' 

M R 1 I E I 6 , 1 0 0 U I " ' 
1 0 0 0 F O R M A T ( • I N I T I A L I N P U T FOR THE STREAH F U N C T I O N A V O R T I C I T Y " I 

0 0 1 9 J - l . J M , N S T E P J 
19 W R I T E ! 6 , 1 0 1 ) I S I I . J I , 1 - 1 , I H , N S T E P I I 

H R I T E I 6 , 1 0 2 > 
0 0 2 0 J - l . J M , N S T E P J 

: 2 0 w R I T b l t . l O l l I C l I'. J l , I - l . 1 H . N S I b P I I 
N R I T E I 6 , 1 0 2 I 

1 0 1 F 0 R H A T I 1 0 E 1 3 . S I 
1 0 2 F O R M A T I / / I 

DO 4 0 I - 1 . 1 M 
S l l . l l - O . O O '  

I F f MODEL * EQ.21 G I I . J H I - O . ' 
4 0 S I I . J M I - S I N A I I I * S I N H I J H I / S I N H ( 1 I 

DO 1 0 5 J - l . J M 
S l l . J I - 0 . 0 
S I I H . J I - 0 . 0 
G I 1 . J I - 0 . 0 —IDS eiiH.ji-o.o —• 
0 0 2 1 N N - 1 , N T U R N S 
N A I T E ( 6 , 1 0 0 1 1 NN 

1 0 0 1 FORMAT! 1 C Y C L E f » , l * l " 
0 0 2 2 M I T R - I . I T R ' 
DO 2 5 1 ^ 2 , I N N 
DO 2 3 J'2.jnn ' : 
T E M P S — 6 ( 1 , J I * I S I N H 2 2 ( J I * S I N A 2 2 ! I I K C S C 2 A 6 • ! S I I , J * l l * S I I , J - l I I * A 1 

I • I S I I « I , J I » S I 1 - 1 . J l l * A 2 
5 I I , J I - I T E M P S - S I I , " J I I * R E L A X S « S ( I , J I 
T E M P O — A B R E « ( ! I S i I , J * l l - S I I , J - l l l * I G I I * l , J I - C I I - l , J M I -

1 I I S ( I » 1 . J I - S I I - 1 , J I 1 * ( G I 1 , J » 1 I - G I I , J - 1 I ) M • 
~ — 2 A l O I C I I . J U I A G I l . J - l I M l 2 > l l i l | 4 1 , J I « C l l - l , J I I :  

g i l , J I - ( T E B P G - C ( I , J I I * R E l A X S » G ( I , J > 
I t C O N T I N U E 

7 DO 2 1 I - 2 . I N N ' " • * " * " 
. C T T " ! . 5 » S l B H 2 2 l l > / » S I R H 2 2 I 1 I « S ! N A 2 2 I I ) I / A * * 2 I * I « . * J I 1 , 2 1 - 5 ( 1 , 3 1 1 
2 3 G I I . I I - I C T T - G l l . i n X B ' G l l . l )  

http://IFIMSMAPE.EQ.il
http://IFIHSHAPE.EO.il
http://IFIMSHAPE.EQ.il
http://IEIMSHAPE.EO.il
http://IFIMUDEL.EU.il


I F I M 0 0 E L . E Q . 2 ) G O T O 1 1 2 
0 0 2 0 B 1 - 2 , I H N 
S C g - S I N H I J M I « * 2 * S l N A m « * 2 
T T 8 - ( 2 . * S I N H I 1 I * S I N H ( J H I / S C 0 I * ( - S I N A ( I l - S I N A C I l * C 0 S A < 1 1 • • 2 / S C O * 

1 S I N H ( 1 I * C 0 S H ( J H I / S C Q * ( 3 . * S I I , J N ) - * . * S C I , J M H I • S I I • J M - 2 1 I / 2 . / A I 
2 C 8 G I I , J M I M T T B - G I I , j M | | * S B * G ( I , J H ) 

TO C O N T I N U E 
DO 2 7 1 1 - 2 , I N N 
I - I M M - I I 
DO 2 7 J J - 2 . J H H 
J - J N * 1 - J J 
T E M P S — G l I , J l » t S I N H 2 2 I J ) » S I N A 2 2 I I I ) * C S C 2 A B * t S I I . J * l ) * S I I . J - l I > * A 1 

1 • I S M . 1 , J ) * S I I - 1 . J ) 1 * A 2 1  

S I I , J I - ( T E M P S - S I I , J l l « R 6 L A X S » S < I . J I 
T E M P G - - A B R E « ( ( ( S I I . J * 1 I - S ( I . J - l l l » ( G ( l * l , J I - G I I - l , J I I I -

1 ( ( S ( I « l , J I - S I I - l , J M * I G I I . J . l l - G ( I , J - l I I I I * 
2 A 1 * ( G ( I . J * 1 ) * G ( I . J - 1 I U A 2 * I G ( 1 * 1 , J I * G ( I - 1 . J I > 

G i l . J I - I T E H P G - G I I . J I I * R E L A X G * G ( 1 , J I 
2 7 C O N T I N U E 1  

0 0 2 * 1 - 2 . I M M 
G T T - ( . ; * S I N H 2 2 ( 1 I / ( S I N H 2 2 < 1 I « S I N A 2 2 ( I ) ) / A * * 2 > * ( 6 . * S ( I , 2 ) - S ( I , 3 I I 

2 4 G ( l . l ) - ( G T T - G ( I , 1 H * G B * G ( I , 1 I 
I F I M 0 C E L . E 0 . 2 ) G O T O 2 2 

0 0 2 0 9 1 - 2 , I M M 
5 C O > S I N H ( J M ) * * 2 * S I N A I I > * * 2 
T T B = I 2 . * S I N H I 1 I * S I N H ( J M I / S C O I • l - S I N A ( I I - S 1 N A I I I « C O S A I I l * * 2 / S C Q * 

I S I N H I 1 I » C 0 S H ( J M I / S C 0 * I 3 . * S I I , J H ) - 4 . * S ( I , J M H I « S < I . J M - 2 1 1 / 2 . / A I 
2 0 9 G l I . J H I - I T T B - G I I . J N I I * S B * G ( I t J M I 

2 2 C O N T I N U E 
DO 2 8 J - l . J M , N S T E P J 

2 8 U R I T E I 6 . 1 0 1 I I S I I . J I , I - 1.1N , N 5 U P I I 
W R I T E I 6 . 1 0 2 I 
0 0 2 9 J - l . J M , N S T E P J 

2 9 W R I T E I 6 . 1 0 1 I I G I I . J I , l - l . I M . N S T E P I l 
W R I T E I 6 . 1 0 2 I 

I T R - I T R R  
R E L A X 5 - I S ' 
R E L A X G - T G 

2 1 C O N T I N U E 
C O N C - S I N H U > » C 0 S H ( 1 l / C O S H I J H I / S I N H I J M I 

GO TO 1 3 1 , 3 0 1 , . I N D 
3 0 R E W I N D N W R I T E 

w R I T E I N w R I T E , 1 0 0 1 M A R K , I H . J H , N T U R N S , I T R , I T R R , X I , X 2 , " R E 
DO 3 3 J - . 1 . J H 

3 3 W R I T E ! N W R I T E , 1 2 1 2 1 ( S I I . J I , I - l , I M I 
D O 3 4 J - l . J H 

3 4 N R I T F I N W R I T E , 1 2 1 2 1 I G ( I . J ) , I - l , I M I 
E N D F I L E N W R I T E 

31 C O N T I N U E 
G O T O ( 3 5 , 4 4 1 , I P U T 

4 4 W R I T E I 7 . 1 0 0 I M A R K . I M , J M , N T U R N S , I T R , I T R R , X I , X 2 , R E 
0 0 3 6 J = 1 , J M 

3 6 H R I T E I 7 , 1 2 1 2 1 ( S I I . J I • t - l , I M I 
0 0 3 7 J = 1 , J M 

3 7 U R I T E I 7 , 1 2 1 2 1 ( G I I . J I , I - l . I H I : 
3 5 C O N T I N U E 

W R I T E I 6 . 1 0 2 I 
C O S K I N - 0 . 0 
D O 5 0 1 - 1 . I M 2 . 2 

5 0 C O S K I N - I S I N A I l l » G ( I , l l * 4 . « S I N A ( l * l ) » G ( l * l . l l «  

1 S I N A ( I + 2 I * G ( I * 2 , 1 I I • C D S K I N 
C D S K I N » C D S K I N * B / 3 . / T A N H ( l ) / R E * 4 , . 0 
P O - 0 . 0 
DO 5 1 J - 1 . J M 2 . 2 

5 1 P O - P O * 1 - 3 . 0 * 6 1 1 , J l • 4 . 0 * G ( 2 , J I - G I 3 . J I I 
1 • 4 . 0 » ( - 3 . 0 » G I 1 . J « 1 1 * 4 . 0 » C ( 2 . J * I I - G I 3 , J * 1 I I 
2 • I - 3 . 0 « G ( 1 , J * 2 I » 4 . 0 * G I 2 , J « 2 I - C ( 3 , J < 2 I I 1  

P 0 - P 0 / 8 / 2 . * A / 3 . * 4 . / R E • 1 . 0 
P d l - 0 . 0 
0 0 5 2 I - 1 . I H 2 . 2 
I I - 1*2 
P I 1 1 1 - ( l - 3 . * G ( l , l l * 4 . 0 * G ( I . 2 l - G ( 1 , 3 1 I 

1~*—l-3.0*SU*l, 1) • 4 . 0 * 6 ( 1 * 1 . 2 I - G T I M . 3 M * 4 . 0 1  

2 « ( - 3 . 0 * 0 ( 1 * 2 . 1 1 * * . 0 * G ( I * 2 , 2 I - G ( 1 * 2 , 3 1 1 l / A / 2 . * P 1 I I 
5 2 P T ( I I I - P 0 * P ( I 1 I * 4 . / R E / 3 . 0 * B 

P T ( I l - P O 
C D F O R M - 0 . 0 
0 0 5 3 I - 1 . I M 2 . 4 

53 C D F U R H - C D F O R H ^ P T I I X C D S A I I 1 * 2 H C O S A I 1 * Z T * P I ( I + 4 U l U b M 1 * 4 1 
C D F O R M - C D F O R M * B / 1 . 5 0 
C O T O T * C D F O R M * C O S K I N 
W R I T E I 6 . 1 0 O 7 I C 0 N C 

1 0 0 7 F O R M A T ! • C O N C E N T R A T I O N - ' E 1 6 . 5 / 1 
W R I T E ( 6 . 1 0 0 3 I 

TTJ7J3—FORMAT 1 1 2 X , ' C D S K I N 1 , R X , ' C D F O R H ' , 1 4 X , ' C D T O T A L ' 1 3 X , ' P O ' 
1 . 2 0 X , ' A ' , 1 7 X , ' B ' I 

U R I T E I 6 . 1 0 9 I C O S K I N . C O F O R M . C O T O T . P O . A . B 
W R I T F I 6 . 1 0 0 4 I 

1 0 0 4 F O R M A T 1 1 D I M E N S I O N L E S S S U R F A C E P R E S S U R E D I S T R I B U T I O N ' I 
H R I T E I t . U Q I ( P T I I I . I - l . I N , 2 I  

1 U 9 F 0 R H A T I 6 E 2 0 . 5 / / I ' 
1 1 0 F 0 R N A T I 8 E 1 6 . 4 I 

W R I T E ( 6 , 1 0 0 5 I 
1 0 0 5 F O R M A T I • S T R E A M F U N C T I O N ' I 

DO 3 8 J = - 1 , J M 
3 8 W R I T E I 6 . 1 0 1 ) ( S I I . J I , I - l , I M I 

— — • — U K I T E I 6 . 1 0 2 I 
W R I T E I 6 , 1 0 0 6 1 

1 0 0 6 F O R M A T I • V O R T I C I T Y F U N C T I O N ' ) 
DO 3 9 J - l . J M 

3 9 W R I T E I 6 . 1 0 1 ) ( G ( I , J I , I - ) , I M ) 
1 2 1 2 F O R M A T I 2 0 A 4 I 

— STOT 
E N D 


