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ABSTRACT 

A e r o d y n a m i c  c h a r a c t e r i s t i c s  w e r e  i n v e s t i g a t e d  for  a 0. 3 5 5 - s c a l e  
m o d e l  of the  Apache  sound ing  r o c k e t  at Mach n u m b e r s  2 to 6. F r e e -  
s t r e a m  Reyno lds  n u m b e r ,  b a s e d  on m o d e l  l eng th ,  was v a r i e d  b e t w e e n  
6 .5  x 106 and 23.9  x 106 , and angle  of a t t ack  v a r i e d  f r o m  -5 to 15 deg.  
The  m o d e l  was t e s t e d  without  f ins at sp in  r a t e s  up to 4, 000 r p m  and 
wi th  fins at cant  ang le s  of 0, -1,  and ±2 deg,  which  p r o d u c e d  sp in  r a t e s  
r a n g i n g  f r o m  about  -3200 to 3200 r p m .  T e s t s  of the  c o m p l e t e  s p i n n i n g  
m o d e l  s h o w e d  s i g n i f i c a n t  changes  in s i d e  l oad ing  wi th  ang le  of a t tack ,  
Mach  n u m b e r ,  and Reyno lds  n u m b e r .  T e s t s  of the  m o d e l  wi th  and 
wi thout  f ins a l l owed  a d e g r e e  of a c c e s s m e n t  of the  r e l a t i v e  body and 
fin Magnus  c o n t r i b u t i o n s .  T e s t s  of the  n o n s p i n n i n g  m o d e l  wi th  and 
wi thout  f ins showed  s i gn i f i c an t  s i d e  loads  a t t r i b u t e d  to s t e a d y  a s y m -  
m e t r i c  l e e w a r d  v o r t e x  p a t t e r n s .  

q; 
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SECTION I 
INTRODUCTION 

B."~ 

The  N i k e - A p a c h e  o r  N i k e - C a j u n  ( the Apache  and Ca jun  a r e  geo -  
m e t r i c a l l y  s i m i l a r )  is  a t w o - s t a g e ,  s o l i d - p r o p e l l a n t ,  r o c k e t  v e h i c l e ,  
j o i n t l y  deve loped  by NASA and U n i v e r s i t y  of M i c h i g a n  as  a m e t e o r o -  
l o g i c a l  sound ing  r o c k e t  s y s t e m .  T h e s e  r o c k e t  s y s t e m s  have  been  
s u c c e s s f u l l y  u s e d  in f r e e - f l i g h t  i n v e s t i g a t i o n s  to m e a s u r e  a t m o s p h e r i c  
d e n s i t i e s ,  winds  aloft ,  and to p h o t o g r a p h  h u r r i c a n e s .  T h e s e  m i s s i o n s  
w e r e  s u c c e s s f u l  as  long  as the  v e h i c l e  had a r e a s o n a b l e  s t a t i c  m a r g i n  
and f lew z e r o  l i f t  and n o n s p i n n i n g  t r a j e c t o r i e s .  S o m e  s y s t e m s  w e r e  
spun  up d u r i n g  f l ight  e i t h e r  to s a t i s f y  p a y l o a d  r e q u i r e m e n t s  o r  fo r  
r a n g e  s a f e t y  r e a s o n s ,  and s o m e  of t h e s e  f l i gh t s  r e s u l t e d  in  the  A p a c h e  
v e h i c l e  e x p e r i e n c i n g  a n g u l a r  m o t i o n s  wh ich  w e r e  u n e x p e c t e d l y  l a r g e .  
F o r  e x a m p l e ,  s o m e  v e h i c l e s  went  u n s t a b l e  and coned  t h r o u g h  l a r g e  
a n g l e s ;  o t h e r s  had t h e i r  f l igh t s  t e r m i n a t e d  a b r u p t l y  b e c a u s e  of s t r u c -  
t u r a l  f a i l u r e .  As  a r e s u l t  of  t h e s e  f l igh t s ,  the  r o l l  c h a r a c t e r i s t i c s  of 
the  A p a c h e  w e r e  i n v e s t i g a t e d  and a r e  r e p o r t e d  in Ref.  1. 

P e r s o n n e l  at the  A i r  F o r c e  A r m a m e n t  L a b o r a t o r y  i n i t i a t e d  t h i s  
t e s t  p r o g r a m  to ob ta in  the  Magnus  c h a r a c t e r i s t i c s  of the  A p a c h e  to 
u s e  in  a s i x - d e g r e e - o f - f r e e d o m  s t a b i l i t y  a n a l y s i s  be ing  done for  t h e m  
by the  N o t r e  Dame  A e r o s p a c e  D e p a r t m e n t .  

F o r c e  da ta  .were  ob ta ined  on the  0. 3 5 5 - s c a l e  A p a c h e  mode1 at 
M a c h  n u m b e r s  2, 3, 4, 5, and 6 at R e y n o l d s  n u m b e r s  (Re~) r a n g i n g  
f r o m  6 .5  m i l l i o n  to 23 .9  m i Uion .  The  a n g l e - o f - a t t a c k  r a n g e  was  f r o m  
-5 to 15 deg. The  m o d e l  was  t e s t e d  wi th  and wi thout  f ins ,  and the  s p i n  
r a t e  v a r i e d  b e t w e e n  0 and a p p r o x i m a t e l y  4, 000 r p m .  

SECTION II 
APPARATUS AND PROCEDURE 

2.1 WIND TUNNEL 

T u n n e l  A is  a con t inuous ,  c l o s e d - c i r c u i t ,  v a r i a b l e  d e n s i t y  wind 
t unn e l  wi th  an a u t o m a t i c a l l y  d r i v e n  f l e x i b l e - p l a t e - t y p e  n o z z l e  and a 
40-  by  40- in .  t e s t  s e c t i o n .  The  t u n n e l  can  be o p e r a t e d  at M a c h  n u m -  
b e r s  f r o m  1.5  to 6 at m a x i m u m  s t a g n a t i o n  p r e s s u r e s  f r o m  29 to  200 psiao 
r e s p e c t i v e l y #  and s t a g n a t i o n  t e m p e r a t u r e s  up to 750°R (M® = 6). M i n i -  
m u m  o p e r a t i n g  p r e s s u r e s  r a n g e  f r o m  about  o n e - t e n t h  to o n e - t w e n t i e t h  of 
the  m a x i m u m  at e a c h  Mach  n u m b e r .  
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2.2 MODEL 

The  0 . 3 5 5 - s c a i e  Apache  m o d e l  (F ig .  1, Append ix  I) was  d e s i g n e d  
t I 

and bui l t  at the  yon K a r m a n  Gas D y n a m i c s  F a c i l i t y  (VKF) and is e s s e n -  
t i a l l y  an o g i v e - c y l i n d e r  wi th  c r u c i f o r m  5 3 - d e g  swep t  f ins  m o u n t e d  at 
the  m o d e l  b a s e  and has  a f i n e n e s s  r a t i o  of 24 .88.  Mode l  d e t a i l s  a r e  
g iven  in Fig .  2. 

The  m o d e l  was  m o u n t e d  on two ba l l  b e a r i n g s  wi th  t h e i r  i n n e r  r a c e s  
f ixed to an i n n e r  s h e l l  tha t  was  a t t a c h e d  to the  b a l a n c e  f o r w a r d  t a p e r .  
The  m o d e l  was t e s t e d  with and wi thout  the  f ins .  The  m o d e l  sp in  r a t e s  
for  the  f i n s - o n  w e r e  ob t a ined  by can t ing  the  f ins at ang l e s  of 0, -1, and 
+2 deg.  The  m o d e l  sp in  r a t e s  for  the  n o - f i n  c o n f i g u r a t i o n  w e r e  ob t a ined  
by d i r e c t i n g  j e t s  of n i t r o g e n  on the  m o d e l  b a s e  wh ich  was  m a c h i n e d  wi th  
s m a l l  s l a n t e d  cups for  sp inn ing .  Al l  m o d e l  c o n f i g u r a t i o n s  w e r e  d y n a m -  
i c a l l y  b a l a n c e d  at the  VKF.  

2.3 FORCE BALkNCE 

The  VKF f o u r - c o m p o n e n t  b a l a n c e  shown in F ig .  3 was  u s e d  fo r  the  
t e s t s .  The  s m a l l  o u t r i g g e r  s i d e  b e a m s  of the  b a l a n c e ,  wi th  s e m i c o n -  
d u c t o r  s t r a i n  gages ,  w e r e  u s e d  to ob ta in  the  s e n s i t i v i t y  r e q u i r e d  to 
a c c u r a t e l y  m e a s u r e  s m a l l  s i d e  l oads  whi le  m a i n t a i n i n g  a d e q u a t e  b a l a n c e  
s t i f f n e s s  for  the  l a r g e r  p i t ch  loads .  When  a yawing  m o m e n t  is i m p o s e d  
on the  ba l ance ,  s e c o n d a r y  bend ing  m o m e n t s  a r e  i n d u c e d  in the  s i d e  
b e a m s .  Thus ,  the  o u t r i g g e r  b e a m s  act  as m e c h a n i c a l  a m p l i f i e r s ,  and 
a n o r m a l - f o r c e  to s i d e - f o r c e  c a p a c i t y  r a t i o  of 20 was a c h i e v e d  fo r  a 
500-1b n o r m a l - f o r c e  load ing .  B e f o r e  the  t e s t s ,  a r a n g e  of s t a t i c  loads  
was  app l i ed  to the  b a l a n c e  to s i m u l a t e  the  m o d e l  l oads  a n t i c i p a t e d  
d u r i n g  t e s t i n g .  Al l  b a l a n c e  c o m p o n e n t s  w e r e  l o a d e d  s i m u l t a n e o u s l y ,  
and a r a n g e  of u n c e r t a i n t i e s  in m e a s u r e m e n t  was d e t e r m i n e d  f r o m  the  
d i f f e r e n c e s  b e t w e e n  the  app l i ed  l o a d i n g s  and the  v a l u e s  c a l c u l a t e d  by 
the  b a l a n c e  c a l i b r a t i o n  equa t ions  u s e d  in the  f ina l  da ta  r e d u c t i o n .  L i s t e d  
be low a r e  the  r a n g e s  of s t a t i c  l oads  app l i ed  and the  c o r r e s p o n d i n g  un-  
c e r t a i n t i e s  for  the  b a l a n c e  c o m p o n e n t s  l o a d e d  s i ng ly  and s i m u l t a n e o u s l y :  

B a l a n c e  
C o m p o n e n t  

N o r m a l  F o r c e ,  lb 
P i t c h i n g  M o m e n t ,  in. - lb  
Side  F o r c e ,  lb 
Yawing  M o m e n t ,  in.  - lb  

Range  of 
Sta t ic  L o a d i n g s  

25 - 200 
250 - 1000 

1 - 6  
3 - 24 

Range  of 
U n c e r t a i n t i e s  

0 . 7 - 0 . 7  
4 - 4  

0 .015  - 0 .015  
0 .035  - 0 .10  

Q 

~ 8  
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2.4 TEST PROCEDURE AND CONDITIONS 

F o r  the  z e r o  sp in  da ta ,  the  m o d e l  was  l o c k e d  (@ = 0) by p inn ing  the  
o u t s i d e  s h e l l  of the  m o d e l  to the  f ixed i n n e r  s h e l l .  When the  m o d e l  was  
t e s t e d  wi th  the  c a n t e d  f ins ,  it  was  a l l owed  to f r e e  sp in  at i ts  s t e a d y -  
s t a t e  v a l u e .  Up to f ive da ta  po in ts  w e r e  t a k e n  at e a c h  a n g l e  of a t t a c k  
when  the  m o d e l  was  sp inn ing ,  w h e r e a s  two o r  t h r e e  da t a  po in t s  w e r e  
u s u a l l y  t a k e n  wi th  the  m o d e l  l o c k e d  ( z e r o  sp in) .  The  n u m e r o u s  da t a  
po in ts  w e r e  t a k e n  to a v e r a g e  the  s c a t t e r  e n c o u n t e r e d  b e c a u s e  of m o d e l  
v i b r a t i o n  and the s m a l l  m a g n i t u d e  of the  s i d e  f o r c e s .  

F o r  the  n o - f i n  sp in  da ta ,  the  m o d e l  was  p r e s p u n  by two n i t r o g e n  
j e t s  ac t ing  on m a c h i n e d  cups  in the  m o d e l  b a s e .  When  the d e s i r e d  s p e e d  
( a p p r o x i m a t e l y  4, 000 r p m )  was  r e a c h e d ,  the  n i t r o g e n  supp ly  was  cut  off, 
and da t a  w e r e  r e c o r d e d  as the  m o d e l  sp in  r a t e  d e c a y e d .  Mode l  sp in  
r a t e s  w e r e  m o n i t o r e d  us ing  a photo  c e l l - d i o d e  t a c h o m e t e r  m o u n t e d  in -  
s i de  the m o d e l .  

The tunnel and test conditions are listed in Table I, Appendix If. 

SECTION III 
R ESULTS AND DISCUSSION 

O 

Spinning canted fin models are normally subject to Magnus effects 
primarily caused by the body, blanketing of the leeside fin, and the 
couple created by the axial components of the normal forces on the fins. 
Explanations of these different types of Magnus effects are found in 
Refs. 2, 3, 4, and 5. Both the body Magnus force and canted fin 
blanketing Magnus force produce negative side forces for positive spin 
direction and angles of attack. The couple created by the axial com- 
ponents of the normal forces on the fins produces a negative yawing 
moment for positive spin direction and angle of attack. 

In 1966, a wind tunnel program investigating the Magnus effects on 
the Tomahawk vehicle was conducted. The Tomahawk is a 23.3 fineness 
ratio sounding rocket with cruciform fins and is very similar to the 
Apache vehicle of this investigation. In the Tomahawk program, it was 
determined that, as the angle of attack was increased, the leeward wake 
became characterized by a steady asymmetric vortex shape that pro- 
duced side forces and moments on the model for the no-spin condition. 
Also, it was found that the asymmetric leeward wake could cause the 
side force and moment curves for opposite directions of spin not to be 
mirror images with variation in angle of attack. In the Tomahawk tests, 

3 
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the  a s y m m e t r i c  wake  e f f ec t s  w e r e  t h o r o u g h l y  i n v e s t i g a t e d ,  and the  c o m -  
p l e t e  r e s u l t s  a r e  p r e s e n t e d  in Ref.  2 a long  wi th  the  f ind ings  of o t h e r  in -  
v e s t i g a t o r s  p e r t a i n i n g  to a s y m m e t r i c  wake  e f f e c t s .  S ince  the  A p a c h e  
m o d e l  of the  c u r r e n t  t e s t s  is  so  s i m i l a r  to the  T o m a h a w k ,  s i m i l a r  
t r e n d s  in the  da t a  w e r e  e x p e c t e d .  

As d i s c u s s e d  e a r l i e r  in S e c t i o n  2 .4 ,  up to f ive da t a  po in t s  w e r e  
t a k e n  at e a c h  a n g l e  of a t t a c k  to m i n i m i z e  e x t r a n e o u s  po in t s .  Al l  of the  
da t a  poin ts  w e r e  p lo t t ed ,  and a w e i g h t e d  f a i r i n g  was  m a d e  t h r o u g h  t h e  
da ta .  The  w e i g h t e d  da ta  a r e  p r e s e n t e d  in th i s  r e p o r t .  

In F ig .  4, the  v a r i a t i o n s  in the  s i d e - f o r c e  c o e f f i c i e n t ,  C y ,  and 
y a w i n g - m o m e n t  c o e f f i c i e n t ,  Cn, wi th  ang le  of a t t a c k  fo r  the  z e r o  sp in  
cond i t ion ,  f i n s - o n  at z e r o  can t  ang le  (5 = 0, M® = 2 t h r o u g h  6), and 
f i n s - o f f  (M® = 3, 4, and 5) a r e  p r e s e n t e d  for  e a c h  of the  R e y n o l d s  n u m -  
b e r s  t e s t e d .  The  da ta  i n d i c a t e  the  p r e s e n c e  of the  a s y m m e t r i c  v o r t e x  
p a t t e r n  m e n t i o n e d  e a r l i e r  and d i s c u s s e d  in d e t a i l  in  Ref .  2. The  da t a  
i n d i c a t e  tha t  the  m a g n i t u d e  of the  e f fec t  of the a s y m m e t r i c  v o r t e x  p a t -  
t e r n  was  r e d u c e d  at the  h i g h e r  M a c h  n u m b e r s  and a l so  was  l o w e r  at the  
h i g h e r  R e y n o l d s  n u m b e r s  for  any one M a c h  n u m b e r .  Th i s  r e d u c t i o n  
wi th  Mach  n u m b e r  was  a l so  no ted  by Gowen  (Ref .  6) and by U s e l t o n  
(Ref .  2). 

T h e  v a r i a t i o n s  of sp in  r a t e ,  p, and sp in  p a r a m e t e r ,  pd/2V®, wi th  
ang le  of a t t a c k  a r e  g iven  in F i g s .  5 and 6, r e s p e c t i v e l y ,  for  the  v a r i o u s  
fin can t  a n g l e s  and M a c h  n u m b e r s .  T h e r e  was  no no tab l e  c h a n g e  in the  
sp in  r a t e  b e t w e e n  the  R e y n o l d s  n u m b e r s  at  any  one M a c h  n u m b e r ;  and,  
t h e r e f o r e ,  on ly  one s e t  of da t a  at e a c h  M a c h  n u m b e r  is p r e s e n t e d .  
T h r o u g h o u t  the  r e p o r t  the  da t a  ob t a ined  wi th  the  m o d e l  s p i n n i n g  wi l l  be 
i d e n t i f i e d  by the  fin can t  ang le ,  and the  r e a d e r  m a y  r e f e r  to F ig .  5 to 
d e t e r m i n e  the  sp in  r a t e .  T h e  sp in  r a t e  was  n e a r  c o n s t a n t  o v e r  the  
a n g l e - o f - a t t a c k  r a n g e  t e s t e d  for  m o s t  of the c o n f i g u r a t i o n s ,  and no 
a n a l y s i s  of any of the  s m a l l  v a r i a t i o n s  was  a t t e m p t e d  s i n c e  no a t t e m p t  
was  m a d e  to m o n i t o r  the  b e a r i n g  f r i c t i o n  o r  to hold  it c o n s t a n t .  

In F ig .  7, the  v a r i a t i o n s  of C y  and Cn wi th  ang le  of a t t a c k  a r e  p r e -  
s e n t e d  for  fin can t  a n g l e s  of 0, -1, -2,  and 2 deg  at M® = 3, 4, and 5. 
T h e r e  a r e  s e v e r a l  i n t e r e s t i n g  po in ts  to be no t ed  in t h e s e  da ta .  F i r s t ,  
t he  da t a  (5 = 2 and -2 deg) a r e  v e r y  s y m m e t r i c  about  the  ~ ax is  a~ the  
l o w e r  a n g l e s  of a t t a c k .  At the  h i g h e r  a n g l e s  of a t t a c k  w h e r e  the  z e r o  
sp in  da t a  a r e  a f f e c t e d  by the  a s y m m e t r i c  v o r t e x  p a t t e r n ,  the  sp in  da t a  
in s o m e  c a s e s  a r e  not  s y m m e t r i c  for  the  two d i f f e r e n t  sp in  d i r e c t i o n s .  
Th i s  is e s p e c i a l l y  a p p a r e n t  in the  ]VI® = 3 y a w i n g - m o m e n t  da t a  ( F i g .  7a) 
w h e r e  the  da t a  a r e  s y m m e t r i c  to a p p r o x i m a t e l y  ~ = 6 deg,  and t h e n  the  
- 2 - d e g  c a n t e d  fin da t a  b r e a k s  d o w n w a r d  in a s i m i l a r  m a n n e r  to the  
+ 2 - d e g  da ta .  

g 

l i :  
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A s e c o n d  n o t a b l e  c h a r a c t e r i s t i c  of t h e s e  da t a  is the  n o n l i n e a r i t y  
e x h i b i t e d  in the  y a w i n g - m o m e n t  c u r v e  at M® = 4 .01 ,  Re~ = 10 x 106 at  
the  low a n g l e s  of a t t a c k  (a = ±3 deg) .  T h e  s h a r p  s l o p e  r e v e r s a l  is  we l l  
de f i n e d  and s y m m e t r i c a l  for  p o s i t i v e  and n e g a t i v e  a n g l e s  of a t t a c k  for  
both sp in  d i r e c t i o n s .  Th i s  e f fec t  is  a l so  p r e s e n t ,  but not  as  p r o n o u n c e d ,  
in t h e M ®  = 2 .99 ,  Re~ = 1 5 . 4 x  106 and M® = 5 .04 ,  Re~ = 11.9  x 106 
da ta .  S ince  on a f r e e - s p i n n i n g  c a n t e d  fin m o d e l  the  Magnus  f o r c e  o r  
m o m e n t  f r o m  the  f ins  cou ld  c a u s e  a n o n l i n e a r i t y  at the  l o w e r  a n g l e s  of 
a t t a c k  (Refs .  2 and 3), one m i g h t  s u s p e c t  th i s  to h a v e  b e e n  the  c a u s e  of 
the  s lope  r e v e r s a l  in the  da ta .  H o w e v e r ,  it wi l l  be shown  l a t e r  tha t  
th i s  e f fec t  was  not  d e p e n d e n t  on the  f ins .  

A n o t h e r  i n t e r e s t i n g  f e a t u r e  of the  da ta  in F ig .  7 is  the  s i gn  c h a n g e  
in the  y a w i n g  m o m e n t  b e t w e e n  M®= 5 and 3. The  da t a  show,  fo r  
e x a m p l e ,  a p o s i t i v e  Cn fo r  5 = +2 deg  at ~ =5 (F ig .  7c) and a n e g a -  
t i ve  Cn for  5 = ÷2 deg  at M® '= 3 (F ig .  7a). T h i s  e f fec t  was  p o s s i b l y  
c a u s e d  by the  fin n o r m a l - f o r c e  coup le  a n d / o r  the  body Magnus  f o r c e  
(wi th  i ts  m o r e  f o r w a r d  c e n t e r - o f - p r e s s u r e  loca t ion )  b e c o m i n g  m o r e  
d o m i n a n t  at  the  l o w e r  M a c h  n u m b e r s .  

The  sp in  e f f ec t s  can  be s e e n  m o r e  c l e a r l y  in F ig .  8 w h e r e  the  
v a r i a t i o n s  of A C y / 2  and A C n / 2  wi th  a n g l e  of a t t a c k  a r e  p r e s e n t e d  fo r  
M® = 3, 4, and 5. T h e  l o c a l  s l o p e  r e v e r s a l s  in the  y a w i n g - m o m e n t  
c o e f f i c i e n t  c u r v e  at M® -- 4 .01 ,  Re~ = 10 x 106 , and  M® - 3, p r e v i o u s l y  
d i s c u s s e d ,  a r e  e a s i l y  s e e n .  A l s o ,  the  da ta  show the  s ign  c h a n g e  in the  
s lope  of t he  y a w i n g - m o m e n t  c o e f f i c i e n t  c u r v e  b e t w e e n  M® = 3 and 4. 
The  R e y n o l d s  n u m b e r  e f fec t  is  m o r e  p r o n o u n c e d  at ~ = 3. 

The  e f f ec t s  of the  f ins  on the  s i d e - f o r c e  and y a w i n g - m o m e n t  v a r i a -  
t i ons  wi th  ang le  of a t t a c k  for  the  s p i n n i n g  m o d e l  a r e  shown  in F ig .  9. 
The  da t a  for  the  n o - f i n  m o d e l  a r e  p r e s e n t e d  at a sp in  r a t e  e q u i v a l e n t  
to tha t  for  the  f i n s - o n  c o n f i g u r a t i o n  at 5 = -1 and -2 deg .  The  d a t a  a r e  
p r e s e n t e d  fo r  M® = 3, 4, and 5. The  fin e f f ec t s  a r e  d i f f e r e n t  for  the  
t h r e e  d i f f e r e n t  M a c h  n u m b e r s .  At M® = 4, the  da t a  for  the  f i n s - o n  and 
f i n s - o f f  c o n d i t i o n s  a r e  s i m i l a r  and, thus ,  i n d i c a t e  tha t  the  body Magnus  
f o r c e  is  p r e d o m i n a n t .  A l so ,  s i n c e  the  sp in  r a t e  is n e g a t i v e ,  t h e  body  
Magnus  f o r c e  and c a n t e d  fin Magnus  f o r c e  ( f r o m  b l a n k e t i n g  the  l e e s i d e  
fin, Re f s .  2 and 3) should" be p o s i t i v e ,  w h i c h  the  da t a  show.  

i u 

The  M® = 5 da t a  of F ig .  9 a l s o  show the  c o r r e c t  d i r e c t i o n  fo r  t he  
Magnus  f o r c e .  H o w e v e r ,  the  m a g n i t u d e  of the  n o - f i n  da t a  is low c o m -  
p a r e d  to tha t  of the  f i n s - o n  da ta ,  t hus  i n d i c a t i n g  a t  M® = 5 tha t  the  bod~ 
M a g n u s  f o r c e  is low.  The  f in M a g n u s  f o r c e  c a u s e d  by b l a n k e t i n g  the  
l e e s i d e  fin (Re f s .  2 and 3) wi l l  f i r s t  i n c r e a s e  wi th  a n g l e  of a t t a c k  and 
t h e n  d e c r e a s e  b a c k  t o w a r d  z e r o .  The  l e e w a r d  fin shou ld  be encalosed 
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by the wake at a relatively low angle (c~ < 10 deg). Since the data at 
.M® = 5 indicate that the classical body Magnus force was low and since 
the force from the leeside fin, being blanketed, should approach zero 
at a = 10 deg, the fin data, because of the continued increase in magni- 
tude with angle of attack, indicate another type of Magnus force. This 
continued increase in the side force and moment is believed to have 
been caused by the interaction of the fins with the body vortex system. 

At M® = 3 (Fig. 9), the data indicate both body and fin Magnus 
force and moment contributions. The substantial differences in the 
yawing moment, while the side force trends are similar, suggest 
strongly the importance of the moment created by the axial components 
of the fin normal forces since this effect produces only a yawing couple 
and no side force. 

As d i s c u s s e d  e a r l i e r  and shown  in F ig .  7, the  M e = 4 .01 ,  
Re~ = 10 x 106 da ta  show a s h a r p  s l o p e  r e v e r s a l  o c c u r r e d  at c~ -+3  deg .  
The  s u s p i c i o n  tha t  th i s  was c a u s e d  by the  b l a n k e t i n g  of the  l e e s i d e  fin 
is  p r o v e d  i n c o r r e c t  s i n c e  the  da ta  of F ig .  9 show tha t  a s i m i l a r  t r e n d  
e x i s t s  for  the  n o - f i n  c o n f i g u r a t i o n .  

T h e  v a r i a t i o n s - o f  C y  and Cn wi th  sp in  r a t e  for  the  f i n s - o f f  con f igu -  
r a t i o n  a r e  shown  in F ig .  10 for  M® = 3, 4, and 5. S ince  t h e s e  da ta  a r e  
fo r  the  body a lone ,  t h e y  i n d i c a t e  s o l e l y  the body Magnus  f o r c e  and 
m o m e n t .  The  da ta  show a d e c r e a s e  in the  body Magnus  f o r c e  wi th  in -  
creasing Mach number; and at M® = 5, as noted earlier in F~g-.-9, the 
body Magnus force and moment is small. The data indicate an increase 
in the dependence of the coefficients on rpm (p = 1500 to 4000 rpm) as 
the angle of attack is increased up to the higher angles. At the higher 
angles, the data show almost no dependence on the rpm. To understand 
this phenomenon, one must consider the zero spin data which show side 
forces and moments at the higher angles caused by the asymmetry of 
the leeside flow pattern. At the higher angles of attack, the leeward 
wake becomes asymmetric for vehicles of this type (high fineness ratio) 
regardless of spin rate. Therefore, at these higher angles of attack, 
the spin will influence the direction of the leeside wake asymmetry, but 
will not greatly affect the amount. 

The  v a r i a t i o n s  of the  n o r m a l - f o r c e  and p i t c h i n g - m o m e n t  c o e f f i c i e n t s  
wi th  ang le  of a t t ack  a r e  p r e s e n t e d  in F ig .  11 for  the  f i n s - o n  c o n f i g u r a -  
t ion  and in F ig .  12 for  the  f i n s - o f f  c o n f i g u r a t i o n .  The  da ta  a r e  shown  
only  for  t he  z e r o  can t ed  f ins to m a i n t a i n  c l a r i t y  s i n c e  it has  b e e n  r e -  
p o r t e d  p r e v i o u s l y  (Refs .  2, 7, and 8) and s u b s t a n t i a t e d  by t he  da ta  ob-  
t a i n e d  in th is  t e s t  tha t  t h e r e  is no d i s c e r n i b l e  e f fec t  of sp in  on the  
n o r m a l  f o r c e  and .pi tching m o m e n t  for  the  sp in  r a t e s  of the  m a g n i t u d e s  
of th i s  t e s t .  

JPq@ 
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.a.9 

The  f i n s - o n  da ta  (F ig .  11) show the n o r m a l  f o r c e  and r e s t o r i n g  
m o m e n t  to d e c r e a s e  wi th  i n c r e a s i n g  Mach  n u m b e r .  A t h e o r e t i c a l  
c a l c u l a t i o n  of C N and Cm,  u s ing  the  m e t h o d  of A l l e n  and P e r k i n s  
(Ref .  9) fo r  the  body and an equ iva l en t  t w o - d i m e n s i o n a l  a n a l y s i s  (Ref .  10) 
on the f ins ,  is  i nc luded  wi th  the  da ta .  The  t h e o r y  is  s e e n  to be p a r t i c u -  
l a r l y  good at the  l o w e r  a n g l e s  of a t t ack .  
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