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ABSTRACT 

F r e e - f l i g h t  t e s t s  of two s l e n d e r ,  f inned  m i s s i l e  m o d e l s  ( T o m a h a w k  
• # 

and Sandhawk) w e r e  conduc ted  in Tunne l  B of the  yon K a r m a n  Gas Dy-  
n a m i c s  F a c i l i t y  to ob ta in  d y n a m i c  s t a b i l i t y  c h a r a c t e r i s t i c s .  The  m o d e l s  
w e r e  l a u n c h e d  into the wind tunne l  f low us ing  v a r i o u s  c o m b i n a t i o n s  of 
i n i t i a l  p i t ch  angle  and sp in  r a t e .  The  r e s u l t i n g  f r e e - f l i g h t  o s c i l l a t i o n  
was p h o t o g r a p h e d  by o r thogona l  h i g h - s p e e d  m o t i o n - p i c t u r e  c a m e r a s .  
The f r e e - s t r e a m  cond i t ions  w e r e  n o m i n a l l y  Mach  n u m b e r  8 and R e y n o l d s  
n u m b e r  1 .8  x 106, b a s e d  on mode l  l eng th .  P i t c h  and yaw angle  m e a s u r e -  
mer i t s  a r e  p r e s e n t e d  fo r  one t y p i c a l  run .  
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SECTION I 
INTRODUCTION 

A EDC-TR-69-28 

The Tomahawk and Sandhawk m i s s i l e s  a r e  sounding rocke t s  which 
a re  f i r ed  f r o m  the su r f ace  of the e a r t h  to above the s ens ib l e  a t m o s p h e r e .  
As pointed out in Ref. 1, about a t h i rd  of the Tomahawk m i s s i l e s  deve l -  
oped a s e v e r e ,  d ivergen t ,  coning mot ion which began a f te r  burnout .  
Ana lys i s  showed that  these  were  not c a s e s  of r o l l - p i t c h  lockin ,  nor  we re  
they the type of i n s t ab i l i t y . t ha t  would r e s u l t  f r o m  a t ime  va ry ing  ( d e c r e a s -  
ing) dynamic  p r e s s u r e .  Other  poss ib le  causes  such as m i s s i l e  f l ex ib i l i ty ,  
Magnus ef fec ts ,  and a s y m m e t r i c a l  v o r t i c e s  have been cons ide red ,  but 
no comple te ly  s a t i s f a c t o r y  explanat ion  has  been found. 

The i n t e r p r e t a t i o n  of the dynamic  i n s t ab i l i t i e s  of the Tomahawk 
veh ic le s  ce r t a in ly  r e q u i r e s  knowing the l eve l  of the d a m p i n g - i n - p i t c h  
de r iva t ives .  The high f i nenes s  r a t io  (23.25) of the veh ic le  would not 
al low meaningfu l  s t i ng - suppo r t ed ,  dynamic  s t ab i l i t y  t e s t s  to be conducted 
in a wind tunnel .  Th i s  l ed  Mi l l a rd  and Stone (Ref. 2) of the Sandia Cor -  
pora t ion  to devise  a t r a n s v e r s e  r od - type  dynamic  ba lance  which they used  
to obtain dynamic  s t ab i l i t y  data  on a Tomahawk model  at Mach n u m b e r  7.3.  
This  ba lance ,  which is  d e s c r i b e d  in deta i l  in Ref. 2 and t e r m e d  the " s t r a p  
r i g " ,  cons i s t s  of a r e l a t i v e l y  thin s t r a p  loca ted  in the plane of the model  
o sc i l l a t i on  and extending f rom the model  to the top and bot tom of the tun-  
nel .  The model  was al lowed to ro ta te  by us ing  a b a l l - b e a r i n g - t y p e  pivot.  

The p r e s e n t  wind tunnel  t e s t  was in i t i a ted  in o r d e r  to obtain suppor t -  
i n t e r f e r e n c e - f r e e  data  fo r  c o m p a r i s o n  with the data  f rom the s t r a p  r i g  
used by Sandia  (Ref. 2). In addit ion to t e s t i ng  the Tomahawk conf igura -  
t ion, mode l s  of the Sandhawk sounding rocke t  were  a lso  t e s t e d . . D u r i n g  
the p r e s e n t  t e s t s ,  the mode l s  were  t h r u s t e d  u p s t r e a m  into f r ee  f l igh t  
by a pneumat ic  l aunche r .  Orthogonal  v iews of the f l ight  were  made  with 
h igh - speed  m o t i o n - p i c t u r e  c a m e r a s .  The p r i m a r y  advantage of the f r e e -  
f l ight  t e s t  is  the comple te  e l imina t ion  of any suppor t  i n t e r f e r e n c e .  The 
t e s t  was conducted in the 50-in.  -d iam t e s t  sec t ion  of the h y p e r s o n i c  tun-  
nel {Gas Dynamic  Wind Tunnel ,  Hype r son ic  (B)) of the yon K a r m a n  Gas 
Dynamics  F a c i l i t y  (VKF). The f r e e - s t r e a m  Mach number  was 7 .99,  and 
the f r e e - s t r e a m  Reynolds  number  was 1.8 x 106 based  on model  length .  

SECTION II 
APPARATUS 

2.1 WIND TUNNEL 

Tunnel B is a continuous, dosed-circuit, variable density wind 
tunnel with an axisym.metric contoured nozzle and a 50-in. -diam test 
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sec t ion .  The tunnel  can be opera ted  at a nomina l  Mach number  of 6 or  
8 at s t agna t ion  p r e s s u r e s  f r o m  20 to 300 and 50 to 900 ps ia ,  r e s p e c -  
t ive ly ,  at s t agna t ion  t e m p e r a t u r e s  up to 1350°R. The model  l a u n c h e r  
m a y  be in jec ted  into the tunnel  for  a t e s t  run  and then r e t r a c t e d  without 
i n t e r r u p t i n g  the tunnel  flow. A d e s c r i p t i o n  of the  tunnel  m a y  be found 
in Ref. 3. 

2.2 MODELS 

The mode l s  (F igs .  1 and 2, Appendix I) were  suppl ied  by the Sandia  
Corpora t ion  and were  made  of m a g n e s i u m  and Ma l lo ry  ® for  the h ighes t  
poss ib le  r a t i o  of m a s s  to m o m e n t  of i n e r t i a  and s t i l l  be cons i s t en t  with 
r e q u i r e d  s t r eng th  and r ig id i ty .  The model  s c a l e s  were  chosen  as a 
c o m p r o m i s e  between obtaining m a x i m u m  length  Reynolds  n u m b e r  and 
m a x i m u m  viewing t ime  in the  u p s t r e a m  window. To obtain the m a x i m u m  
viewing t ime  for  f r e e - f l i g h t  mode l s ,  a c e r t a i n  r a t i o  of d r a g / w e i g h t  is  
r e q u i r e d .  While the opt imum could not a lways  be achieved,  e s p e c i a l l y  
for  the high drag  condi t ion at the l a r g e r  angles  of a t tack,  the op t imum 
ra t io  was approached  by adding a t ungs t en  a l loy  {Mallory) s lug  n e a r  the 
cen te r  of g rav i ty ,  thus  i n c r e a s i n g  the weight  with only a s l igh t  i n c r e a s e  
in m o m e n t  of i ne r t i a .  The model  weights  and m o m e n t s  of i n e r t i a  a r e  
giveri in Table  I (Appendix ID. A number  of dummy mode l s ,  which 
w e r e  crude,  inexpens ive  mode l s  made  at VKF of L e x a n  ® and a luminum,  
w e r e  used  to eva lua te  the model  de f l ec to r  (see Sect ion 2.3) .  The dummy 
model  runs  account  for  the runs  m i s s i n g  f r o m  Table  II, which g ives  the 
m e a s u r e d  and ca lcu la ted  wind tunnel  condi t ions .  

o; 

2.3 MODEL LAUNCHER 

The model  was l aunched  u p s t r e a m  with a ve loc i ty  f r o m  30 to 40 f t / s e c  
by the pneumat ic  l aunche r .  The l a u n c h e r  has  a high volume p r e s s u r e  
r e s e r v o i r  al lowing the l aunch ing  p r o c e s s  to take p lace  at n e a r l y  cons tan t  
p r e s s u r e  and a c c e l e r a t i o n .  A de ta i led  d e s c r i p t i o n  of the l a u n c h e r  is 
g iven in Ref. 4. F o r  the p r e s e n t  t e s t ,  however ,  the l aunch  was c o n s i d e r -  
ably; m o r e  complex  because  of the high f i nenes s  r a t i o  of the model  and 
the r e q u i r e m e n t  for  a high r a t e  of spin.  P r e l i m i n a r y  s tud ies  of m e c h a n -  
i s m s  which would spin  and suppor t  a s l e n d e r  model  at angle  of a t tack  
dur ing the l aunch  a c c e l e r a t i o n  and then provide  a c lean  r e l e a s e  appea red  
quite compl ica ted .  It was thought that  a s i m p l e r  approach  would be to 
l aunch  the model  sp inning  at z e ro  angle  of a t tack  and, a f t e r  r e l e a s e ,  
def lec t  it with an oblique shock.  

2 
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The mode l  d e f l e c t i o n  e q u i p m e n t  as  f i n a i l y  deve loped  (F ig .  3) con-  
s i s t e d  of a f l a t  p la te  12 in. wide ex t end ing  about  15 in. ahead  of the  
m o d e l .  It was  about  2 in. be low the c e n t e r l i n e  of the mode l  and 
l a u n c h e r  p i s ton .  T h i s  p la te  p r o v i d e d  two m e t h o d s  fo r  d e f l e c t i n g  the  
mode l  and thus  i n i t i a t i ng  m o d e l  o s c i l l a t i o n .  One m e t h o d  c o n s i s t e d  of 
a i r  j e t s  (F ig .  3) o r i g i n a t i n g  f r o m  a t r a n s v e r s e  row of ho le s  
(19, 0. 063- in .  - d i a m  ho l e s  s p a n n i n g  2 in. ). The  s econd  m e t h o d  f o r  
de f l ec t i ng  the  m o d e l  was  to a t t a ch  a wedge on the l e a d i n g  edge  of the  
p la te  ( see  F i g s .  3 and 4). The  t w o - d i m e n s i o n a l  shock  g e n e r a t e d  by 
the wedge p r oduced  a l m o s t  the  s a m e  e f fec t  on the mode l  as  the  je t .  
A f a m i l y  of wedges  was  u sed  p r i m a r i l y  b e c a u s e  of the  g r e a t e r  s i m p l i c i t y  
of o p e r a t i o n .  

F o r  about  one t h i r d  of the r u n s ,  a sp in  a d a p t e r  (Fig .  5a) was  in -  
s t a l l e d  and the mode l  spun  to f r o m  4000 to 5000 r p m  b e f o r e  be ing  
l a u n c h e d .  The  sp in  a d a p t e r  is  s i m i l a r  to the  n o n s p i n  a d a p t e r  (F ig .  5b) 
excep t  tha t  i t  i s  l a r g e r  to con ta in  ba l l  b e a r i n g s  and has  t u r b i n e  bucke t s  
m i l l e d  on the  r e a r  f ace .  High p r e s s u r e  a i r  f r o m  two d i a m e t r i c a l l y  
opposed  n o z z l e s  ( see  F ig .  5b) ac ted  on the t u r b i n e  b u c k e t s  to  r o t a t e  the  
mode l  and a d a p t e r .  By pa in t ing  the t u r b i n e  b u c k e t s  a l t e r n a t i n g l y  whi te  
and Mack ,  t hey  a l s o  s e r v e d  to m e a s u r e  r o t a t i o n a l  speed  at l a u n c h  wi th  
a p h o t o e l e c t r i c  ce l l  and l i gh t  s o u r c e  s y s t e m  (Fig .  5a). The  m o d e l  
a d a p t e r s  a l s o  i nc luded  c y l i n d r i c a l  m a n d r e l s  which  p r o t r u d e d  in to  the 
ho l low b a s e  of the  mode l .  

t 2.4 PHOTOGRAPHY 

The  m o d e l  t r a j e c t o r y  in  the  u p s t r e a m  windows was  p h o t o g r a p h e d  
wi th  h i g h - s p e e d  m o t i o n - p i c t u r e  c a m e r a s  at  a p p r o x i m a t e l y  4000 f r a m e s  
p e r  s econd .  The  h o r i z o n t a l  v i e w  was  ob ta ined  t h r o u g h  the  s t a n d a r d  
tunne l  s h a d o w g r a p h  s y s t e m  supp l i ed  by the  Sand ia  C o r p o r a t i o n .  In bo th  
s y s t e m s ,  p a r a b o l i c  m i r r o r s  p r o v i d e d  p a r a l l e l  l i gh t  t h r o u g h  the  t e s t  
s ec t i on .  Both  h i g h - s p e e d  m o t i o n - p i c t u r e  f i l m s  had  1000-Hz t i m i n g  
m a r k s  and an  even t  m a r k e r ,  f o r  t i m e  c o r r e l a t i o n .  S e l e c t e d  f r a m e s  
f r o m  the two c a m e r a s  have  been  r e p r o d u c e d  in F ig .  6. 

In addi t ion ,  a P o l a r o i d  e s e q u e n c e  c a m e r a  was  u s e d  to ob ta in  a 
s e r i e s  of e igh t  p i c t u r e s  du r i n g  the  r u n  to a s s i s t  in  s e l e c t i n g  the  l a u n c h  
p a r a m e t e r s  for  s u b s e q u e n t  r u n s .  

SECTION III 
PROCEDURE 

The  m o d e l  was  i n s t a l l e d  wi th  the  l a u n c h e r  in  the  t e s t  s e c t i o n  t ank  by 
s i m p l y  push ing  i t  onto the m a n d r e l  of the  l a u n c h e r  a d a p t e r .  The  l a u n c h e r  
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was  s e q u e n c e d  in to  the f i r i n g  mode ,  and the  t ank  was  e v a c u a t e d .  If the  
run  r e q u i r e d  sp inup ,  the  t u r b i n e  a i r  p r e s s u r e  was  then  app l i ed  un t i l  
the  r e q u i r e d  r p m  was  r e a c h e d .  The  l a u n c h e r  was  then  i n j e c t e d  in to  
the  tunne l  and the l a u n c h  in i t i a t ed .  

When the  m o d e l  l a u n c h  s w i t c h  was  c lo sed ,  the  fo l lowing  s e q u e n c e  
of even t s  a u t o m a t i c a l l y  took p lace .  

T i m e ,  s e c  

1 .00  

1 .30 

1 .37  

1 .50 to 1 .75  

Even t  

L a u n c h  s w i t c h  c lo sed ,  
c a m e r a s  s t a r t ,  l i g h t s  on 

Signal  to l a u n c h e r  

S ignal  to f i l m  even t  t i m e r  
and P o l a r o i d  c a m e r a  

A p p r o x i m a t e  r e l e a s e  t i m e  

A p p r o x i m a t e  da ta  s p a n  

Af t e r  t h e s e  even t s  took p lace ,  the  l a u n c h e r  was  r e t r a c t e d  in to  the  tank,  
a n o t h e r  m o d e l  i n s t a l l e d ,  and the r u n  cyc l e  r e p e a t e d .  

The  Sand ia  C o r p o r a t i o n  has  the  p r i m a r y  r e s p o n s i b i l i t y  fo r  r e d u c i n g  
and a n a l y z i n g  the  da ta .  H o w e v e r ,  s o m e  of the  da ta  w e r e  m a n u a l l y  r e a d  
f r o m  the f i l m  and a r e  shown  in F i g s .  7 and 8 to i l l u s t r a t e  the  type  and 
qua l i ty  of data .  The  l e n g t h  of t i m e  f o r  the  da t a  was  l i m i t e d  to the  viewo 
ing t i m e .  Some p o r t i o n s  of the  da ta  have  m o r e  s c a t t e r  t han  o t h e r s  
b e c a u s e  of p e r i o d s  of t i m e  when  only  a p o r t i o n  of the  m o d e l  was  in  v iew.  

@ 
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Fig. 1 Photograph of the Sandhawk and Tomahawk Free-Flight Wind Tunnel Models 
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TABLE II 
WIND TUNNEL PARAMETERS 

Run Model  No. 

4 T-10 

7 T-18  

11 T-15  

13 S-11 

15 S-17 

19 T-17 

20 S-IO 

22 T-6 

23 S-6 

24 TI7 

25 S-7 

26 S-1 

28 S-2 

29 T - 2  

30 T - 3  

31 S-12 

32 S-13 

33 T-11  

34 T - 1 2  

35 T -13  

36 T - 1 4  

37 S-14 

38 S-15 

39 S-8 

40 S-9  

41 S-18 

42 T - 9  

43 S-3 

44 T-4 

45 T-5 

46 S-4 

47 S-5 

Mm P=,J 
p s i a  

7 .99  600 

7 . 9 9  599 

7 .99  594 

7 .99  601 

7 .99  597 

7 .99  598 

7 .99  600 

7 .99  601 

7 .99  599 

7 .99  600 

7 .99  603 

7 .99  602 

7 .99  602 

7 .99  602 

7 .99  599 

7 . 9 9  602 

7 .99  602 

7 .99  601 

7 .99  597 

7 .99  597 

7 .99  596 

7 .99  598 

7 .99  600 

7.99 598 

7.99 602 

7.99 601 

7 .99 599 

7.99 600 

I" 
7 .99  602 

7 ,99  602 

7 .99  602 

7 .99  602 

Model  Code: 

To, 
°R 

t310 

1320 

1310 

1310 

1310 

1310 

1310 

1320 

1320 

1320 

1320 

1320 

1320 

1320 

1320 

1310 

1310 

1310 

1310 

1310 

1310 

1310 

1310 

1310 

1310 

! 1310 

1310 

i)iii 

qm# Y=,j 
p s i a  f t / s e c  

2 .77  3820 

2 .76  3830 

2 .74  3820 

2 .77  3820 

2 .76  3820 

2 .76  3820 

2 .77  3820 

2 .77  3630 

2, 76 3830 

2, 77 3830 

2 .78  3830 

2 .78  3830 

2 .78  3830 

2 .78  3830 

2 .76  3831 

2 .78  382~ 

2 .78  382~ 

2 .77  382  

2 .75  382 

2 .76  382 

2 .75  382 

2.76 ,.382 

2 .77  382 

2 .76  382 

2 . 7 8  3820 

2 .77  382 

2 .76  382 

2.77 38~ 

2 .78  38; 

2 .78  38; 

2 .78  [ 381 

2.78 I 38: 

T = T o m a h a w k ,  S = Sandhawk 

P®' Re=,, p=,, 
s lugs / f t3  1/ f t  x 10 -6 ps i a  x 10 2 

x 10 5 

5.48 

5.44 

5.42 

5.48 

5.45 

5.46 

5.48 

5.44 

5.42 

5.45 

5.48 

5,47  

5 .46  

5 .47 

5 .44 

5.48 

5 .47  

5 .47  

5.43 

5.44 

5.43 

5.44 

5.46 

5.45  

5.48 

5.47 

5 .46 

2 .73  

2 .71  

2 . 7 0  

2 .73  

2 .72  

2 .72  

2 .73  

2 .70  

2 . 7 0  

2.71  

• 2.73 

2 .72  

2 .72  

2 .72  

2 .71 

2 .73  

2 ,73  

2 .72  

2 .70  

2 .71  

2 .71  

2 .71  

2 .72  

2 .72  

2 .73  

2 .73  

2 .72  

6 .20  

6 .19  

6 .13  

6 .21  

6 .17  

6 .18  

6 .20  

6 .20  

6 .18  

6 .20  

6 .23  

6 .22  

6 .22  

6 .22  

6 . 1 9  

6 .22  

6 .21  

6 .21  

6.16 

6.17 

6.16 

6 .17 

6 .19 

5.47 

5.50 

5.50 

5.50 

5.49 

2 .73  

2 . 7 5  

2 .74  

2 . 7 5  

2 .74  

6 .18  

6 .22  

6 .20  

6 . 1 9  

6 . 2 0  

6 .22  

6 .22  

6 .22  

6 .21  

Tin# 
°R 

95 

96 

95 

95 

95 

95 

95 

96 

96 

96 

96 

96 

96 

96 

96 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

95 

dl 
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