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Inc. (a subs id i a ry  of Sverdrup  & P a r c e l  and Assoc i a t e s ,  Inc. ), con t r ac t  
ope ra to r  of the AEDC, AFSC, Arnold  Air  F o r c e  Station,  Tennes see .  
The work was done under  AI~O P ro j ec t  Nos. VF421-12GA and V32S- 
39A. The au thors  of this  r e p o r t  were  C. J.  Welsh and W. R. 
Lawrence ,  ARO, Inc. The m a n u s c r i p t  (AI~O Contro l  No. Al~O-VKF- 
TR-75-83)  was submi t ted  for  publ ica t ion  on June 19, 1975. 
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1.0 INTRODUCTION 

Ini t ia l  r e e n t r y  and space veh ic les  of p r i m a r y  i n t e r e s t  were ,  in 
gene ra l ,  a x i s y m m e t r i c .  A capabi l i ty  for  f r e e - f l i gh t  t es t ing  of such  
conf igura t ions  having fo rce  and moment  c h a r a c t e r i s t i c s  l i n e a r  with angle 
of a t tack has! exis ted  for  some t ime ,  both in wind tunnels  and in a e roba l -  
l i s t i c  r anges ,  for  example ,  Refs.  1 and 2. With the imposed  r e s t r a i n t  
of l i n e a r  fo rce  and momen t  c h a r a c t e r i s t i c s ,  c losed f o r m  so lu t ion  of the 
d i f f e ren t i a l  equat ions  of mot ion  could be obtained and f i t ted  to the m e a s -  
u red  mot ion  h i s t o r i e s  exper i enced  by the bodies.  In such a f i t t ing p roce -  
dure ,  a fit of the m e a s u r e d  mot ion  h i s t o ry  is obtained by adjus t ing the 
unknown p a r a m e t e r s  in the mot ion  equat ions.  More r e c e n t l y  the develop-  
ment  of n u m e r i c a l - i n t e g r a t i o n  f i t t ing p rocedu re s  (see Refs.  3 and 4), in 
which the d i f f e ren t i a l  equat ions of mot ion  a re  used d i r ec t l y  in f i t t ing the 
m e a s u r e d  mot ion  h i s t o r i e s ,  has pe rmi t t ed  handling a x i s y m m e t r i c  config-  
u r a t i ons  having non l inea r  a e r o d y n a m i c  coeff ic ients .  However,  many of 
the c u r r e n t  and proposed  veh ic les  of i n t e r e s t  have apprec iab le  a s y m -  
m e t r i e s .  Motion h i s t o r i e s  of such veh ic l e s ,  in gene ra l ,  cannot be de-  
s c r ibed  adequate ly  with the s t anda rd  mot ion  equat ions  that  have been 
used s a t i s f a c t o r i l y  with a x i s y m m e t r i c  bodies.  Hence, a s y m m e t r i c  veh i -  
cles have r e p r e s e n t e d  an a r e a  in which the t e s t ing  capabi l i ty  was inade-  
quate. It should be noted that  a s y m m e t r i e s  as used  he re  r e f e r  to i n e r t i a  
a s y m m e t r i e s  and to p r i m a r y  ae rodynamic  a s y m m e t r i e s  which involve 
significant,, d i f f e rences  between CN~ and CN8 and between I Cmal  and 

I CnB I . This  is  in con t r a s t  to publ ica t ions  in which a s y m m e t r i e s  r e f e r  

to a e rodynamic  t r i m  t e r m s .  

This  r e p o r t  p r e sen t s  a d i scuss ion  of the development  of a p rocedu re  
( n u m e r i c a l - i n t e g r a t i o n  f i t t ing approach  in conjunct ion  with r e v i s e d  mot ion  
equat ions)  compat ib le  with bodies  having apprec iab le  a e r o d y n a m i c  and 
i n e r t i a  a s y m m e t r i e s .  F u r t h e r ,  f r ee - f l i gh t  e x p e r i m e n t a l  data fo r  e l l ip t i c  
c r o s s - s e c t i o n  bodies a re  p resen ted .  The expe r imen t s  were  conducted 
in the von K~rm~n Gas Dynamics  Fac i l i t y  (VKF), AEDC, 1000-ft Hyper -  
ba l l i s t i c  Range G. 

2.0 MOTION EQUATIONS FOR ASYMMETRIC BODIES 

The convent ional  mot ion  f i t t ing technique as used for  many  y e a r s  
is  r e s t r i c t e d  to a x i s y m m e t r i c  bodies and, as noted p rev ious ly ,  is r e -  
s t r i c t e d  to bodies  having l i n e a r  fo rce  and momen t  c h a r a c t e r i s t i c s  (see 
Ref. 5). The d o s e d  fo rm  solut ion of the yawing -mot ion  d i f f e ren t i a l  
equat ions  a s soc i a t ed  with that  technique is a l so  dependent  on the r a t i o  of 
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the  r o l l i n g  v e l o c i t y  of the body  to i t s  l o n g i t u d i n a l  v e l o c i t y  be ing  c o n s t a n t .  
A n o t h e r  a r e a  of c o n c e r n  in  tha t  f i t t i ng  t e c h n i q u e  i s  the  ax i s  s y s t e m s  i n -  
vo lved .  Al though  the e x p e r i m e n t a l  ya wing  m o t i o n  of a b o d y ( m e a s u r e d w i t h  
a r a n g e  s h a d o w g r a p h  s y s t e m ) i s  de f ined  r e l a t i v e  to a f i x e d - p l a n e  a x i s  s y s -  
t e m ,  the y a w i n g - m o t i o n  equa t ion  u s e d  i s  r e f e r e n c e d  to a n o n r o l l i n g  a x i s  
s y s t e m  so tha t  the  equa t ion  c a n b e  w r i t t e n  in  c l o s e d f o r m .  A s k e t c h  of the  
f i x e d - p l a n e  ax i s  s y s t e m  i s  shown in F i g .  l a .  In t h i s  s y s t e m  ~ = 0 and, by 
de f in i t ion ,  the  y - a x i s  of the  f i x e d - p l a n e  a x i s  s y s t e m  r e m a i n s  in the  (xo-Yo) 
p lane .  In the  n o n r o l l i n g  ax i s  s y s t e m ,  the  r o l l i n g  v e l o c i t y  (p) i s  z e r o  by  
def in i t ion .  Th i s  r e s t r a i n t  c o r r e s p o n d s  to ~b = ~ s in  e; h o w e v e r ,  f o r  s m a l l  
a m p l i t u d e s ,  the  two a x i s  s y s t e m s  a r e  c o m p a r a b l e .  Al though  e r r o r s  r e -  
s u l t i n g  f r o m  the  t w o - a x i s  s y s t e m s  a p p r o a c h  a r e  b e l i e v e d  to be n e g l i g i b l y  
s m a l l ,  in  g e n e r a l ,  t h e i r  u s e  i s  an  u n d e s i r a b l e  c h a r a c t e r i s t i c  of the  f i t t i ng  
t e c h n i q u e  as  i s  the v e l o c i t y  r a t i o  r e s t r a i n t .  

The  n u m e r i c a l  i n t e g r a t i o n  f i t t i ng  te chnique  (NIF t echn ique )  deve loped  
fo r  a x i s y m m e t r i c  bod ie s  ( see  Re f s .  3 and 4) i s  s i g n i f i c a n t  in  tha t  i t  p e r m i t s  
r e m o v i n g  s o m e  of the  u n d e s i r a M e  f e a t u r e s  of the c o n v e n t i o n a l  a e r o b a l l i s t i c  
r a n g e  t e chn ique .  In the  N I F  t e c h n i q u e  f o r  a x i s y m m e t r i c  bod i e s ,  the  d i f f e r -  
e n t i a l  m o t i o n  e q u a t i o n s  a r e  r e f e r e n c e d  to  a f i x e d - p l a n e  ax i s  s y s t e m ,  the  
v e l o c i t y  r a t i o  r e s t r a i n t  is  r e m o v e d ,  and n o n l i n e a r  a e r o d y n a m i c  f o r c e  and 
m o m e n t  c h a r a c t e r i s t i c s  can  be handled .  An a d d i t i o n a l  f e a t u r e  of t h i s  t e c h -  
n ique  is  tha t  the  m o t i o n  h i s t o r i e s  of m o r e  t han  one f l i gh t  can  be f i t  s i m u l -  
t a n e o u s l y .  T h i s  m u l t i - f i t  f e a t u r e  e x t e n d s  the  c a p a b i l i t y  of de f in ing  non-  
l i n e a r i t i e s  by p e r m i t t i n g  the u s e  of f l i gh t s  of the  s a m e  c o n f i g u r a t i o n  but  
wh ich  e x p e r i e n c e d  d i f f e r e n t  m e a n  a m p l i t u d e  l e v e l s .  H o w e v e r ,  a f u n d a -  
m e n t a l  and u n d e s i r a b l e  f e a t u r e  s t i l l  i s  i nvo lved  wi th  the  NIF  t e c h n i q u e  f o r  
a x i s y m m e t r i c  bod i e s  - -  a p p r e c i a b l e  a e r o d y n a m i c  or  i n e r t i a  a s y m m e t r i e s  
can  not  be hand led .  

The  p r e s e n t  s tudy  has  b e e n  d i r e c t e d  t o w a r d  e x t e n d i n g  the  c a p a b i l i t y  
of the  N I F  t e c h n i q u e  s u c h  t ha t  f r e e - f l i g h t  m o t i o n  h i s t o r i e s  of bod ie s  wi th  
a p p r e c i a b l e  a s y m m e t r i e s  can  be a n a l y z e d  a d e q u a t e l y .  D e f i n i t i o n  of the  
m o t i o n  equa t ions  fo r  a s y m m e t r i c  bod ies  fo l lows  the  s a m e  a p p r o a c h  e m -  
p loyed  wi th  a x i s y m m e t r i c  bod ie s  in  w h i c h  the  b a s i c  r e l a t i o n s  of Newton  
a r e  u sed :  

L = F  

and 
I :I=M 

H e r e ,  L and H a r e  the  l i n e a r  and a n g u l a r  m o m e n t u m  of the  body and F 
and M a r e  the  c o r r e s p o n d i n g  f o r c e  and m o m e n t .  
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T h e  p r o b l e m  of d e f i n i n g  t he  m o t i o n  e q u a t i o n s  i s  s i m p l i f i e d  f o r  
a s y m m e t r i c  b o d i e s  by  u s i n g  a f i x e d - b o d y  a x i s  s y s t e m  ( r o l l i n g  a x i s  s y s t e m ) ,  
r a t h e r  t h a n  t h e  f i x e d - p l a n e  a x i s  s y s t e m ,  in  c o n j u n c t i o n  w i t h  an  e a r t h - f i x e d  
a x i s  s y s t e m  ( s e e  F i g .  lb) .  T h e  t i m e  r a t e  of c h a n g e s  of t he  l i n e a r  and  
a n g u l a r  m o m e n t u m  f o r  t h e  g e n e r a l  c o n s t a n t  m a s s  body  c a n  be  w r i t t e n  
( s e e ,  f o r  e x a m p l e ,  Ref .  6): 

L x = (li  + q w  - r v ) m  ( 1 )  

t~/ = (~ + ru - pw)m (2) 

L z = (~ + pv - qu)m (3) 

l'lx = [x~ ) - [ x y q  - [ x z  ~ + q r ( I z  - Iy)  - p q l x z  - q2 iy z + rSlyz + rplxy ( 4 )  

l~y = Iy~l - lxyP - lyz~ + Pr(Ix - Iv.) - r q Ixy - r 2 Ixz + p2 ix z + p q iy z (5) 

i'lz = iz ~ . lxz~ ) _  iyz~ 1 + pq(ly _ ix ) _ p21xy _ prly~ * q2ixy + qrlx z (6) 

Yo 
x 1 / _ ~  Yl  
e 

xo 

z I 6-1 
z 0 

a. (x l ,  Y l ,  zl ) Fixed-plane axis system, 
(xo, Yo, zo) Earth-fixed axis system 

x Y0 

e m y 

x 0 

z zo 

b. (x, y, z) Fixed-body axis system, 
(xo, Yo, zo) Earth-fixed axis system 

Figure 1. Axis systems. 

As a l l  c u r r e n t  and  p r o p o s e d  r e e n t r y  t y p e  m i s s i l e s  h a v e  a t  l e a s t  
one  p l a n e  of s y m m e t r y ,  t h e  a n g u l a r  m o m e n t u m  e q u a t i o n s  a r e  s i m p l i f i e d  
by r e s t r i c t i n g  t h e  e q u a t i o n s  to  b o d i e s  f o r  w h i c h  t h e  (x -z )  p l a n e  i s  a p l a n e  
of s y m m e t r y .  

7 
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H e n c e ,  

.121 x = l x ~ -  lxz/" * qr(I z - Iy) - pqIxz (7) 

Hy = Iy~l- PKI z - ! x ) + Ixz(p 2 - r 2) (8) 

I~ z = l z i  + p q ( l y  - I x ) + I x z ( q r  - ~) (9) 

Note  t h a t  on ly  one  c r o s s  p r o d u c t  of i n e r t i a  c o m p o n e n t  (Ixz)  i s  i n v o l v e d  
f o r  b o d i e s  f o r  w h i c h  t h e  (x -z )  p l a n e  i s  a p l a n e  of s y m m e t r y .  

A / t h o u g h  t h e  i n e r t i a  t e r m s  a s s o c i a t e d  w i t h  an  a s y m m e t r i c  b o d y  a r e  
e a s i l y  d e f i n e d ,  t h e  c o m p o n e n t s  of t h e  a e r o d y n a m i c  f o r c e s  and  m o m e n t s  
a l o n g  t he  t h r e e  a x e s  of t h e  b o d y - f i x e d  a x i s  s y s t e m  can  be  v e r y  d i f f i c u l t  
to  d e f i n e .  

In S k e t c h  1 b e l o w ,  t h e  a n g l e  (o') d e f i n e s  t h e  o r i e n t a t i o n  of t h e  p l a n e  
of t he  t o t a l  yaw  a n g l e  (6) r e l a t i v e  to  t h e  b o d y - f i x e d  a x i s  s y s t e m . *  In 
c o n t r a s t  to  t h e  u s u a l  d e r i v a t i o n s  of  m o t i o n  e q u a t i o n s  f o r  a s y m m e t r i c  
b o d i e s  ( s e e ,  f o r  e x a m p l e ,  Ref .  6), i t  i s  a p p a r e n t  t h a t  t h e  g e n e r a l  y a w i n g  
m o t i o n  of an  a s y m m e t r i c  body  c a n  i n v o l v e  i n - p l a n e  and  o u t - o f - p l a n e  
f o r c e s  and  m o m e n t s  t h a t  a r e  f u n c t i o n s  of  cr. Of t h e  f o r c e s  and  m o m e n t s  

B, c~ B 

5 a, CNu 
\ [ / - - A s y m m e t r i c  Body 
\ CN [ / / ( L i n e a r  F o r c e  

a r a c t e r i s t i c s )  

( C ~ 5 ) O . p .  

w I \ CN5 - I n - P l a n e  F o r c e  
\ D e r i v a t i v e  

~~ CNS)O. - O u t - o f - P l a n e  
P .  F o r c e  D e r i v a t i v e  

Z 

Sketch 1 
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tha t  a r e  dependen t  on the r o l l  o r i e n t a t i o n  of the  to ta l  yaw p lane ,  i t  i s  
b e l i e v e d  tha t  the fo l lowing  ones  a r e  of p r i m a r y  c o n c e r n :  

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

2. The  i n c r e m e n t  invo lved  in  the  s t a t i c  r o l l  m o m e n t .  

The  add i t i ona l  a e r o d y n a m i c  t e r m s  c o r r e s p o n d i n g  to the above f o r c e s  and 
m o m e n t s  a r e  the ones  tha t  a r e  e x a m i n e d  h e r e .  The  p r o b l e m  of de f in ing  
the a e r o d y n a m i c  t e r m s  fo r  an a s y m m e t r i c  body can  be b e t t e r  a p p r e c i a t e d  
by f i r s t  e x a m i n i n g  the  f o r c e s  on the a x i s y m m e t r i c  body  in Ske tch  2 
below:  

(Z~ CNc ~ 

V m y  

~ ~ ~ ~ = ~ ~ - Y t x e d  Axis 
w ~ - \  System as Viewed 
" [ ~ from Uprange 

Fo\ 
Z 

Sketch 2 

Again ,  6 i s  the to ta l  yaw angle  and a i s  the  o r i e n t a t i o n  angle  of the  to t a l  
yaw plane  r e l a t i v e  to the  y= and z axes .  F r o m  a e r o d y n a m i c  s y m m e t r y  
c o n s i d e r a t i o n s ,  t h e r e  wi l l  be no o u t - o f - p l a n e  f o r c e  involved ,  and the 
n o r m a l  f o r c e  coe f f i c i en t  in  the  6 - d i r e c t i o n  can be w r i t t e n  fo r  a body 
hav ing  a cubic  f o r c e  v a r i a t i o n ,  

(CN)8.D[ R = CN8 

w h e r e  

s in8 + CN3 8(sin~)3 

s in8 = ~ 2  + v2 
V 

9 
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and 

Hence ,  

l a  CN ] 

CN~ -- ( s in  &)j s i n  8 -, 0 

• / w  2 + v 2 2 + v 2 
(CN)8-DIR = CN8 V + CN3~ -V 

and the c o m p o n e n t  in  the  or -d i rec t ion  is  

w h e r e  

Hence  

C N z NB V V 

w 
C O 8  (7 ---- 

~/w 2 + v 2 

cos o 

CN z = CN< $ + CNs B v 3 w 

R e p l a c i n g  C N 6  and CN3 6 wi th  C-,L~c~ and CNn~a, r e s p e c t i v e l y ,  in  the  l a s t  
e x p r e s s i o n  foI lows z rom the  f o r c e  d e r i v a t i v e  of an  a x i s y m m e t r i c  body 
be ing  i ndependen t  of ~. The  f o r c e  coe f f i c i en t  in the  ~ - d i r e c t i o n  can  be 
w r i t t e n  s i m i l a r l y .  The  point  of i n t e r e s t  tha t  c an  be o b s e r v e d  in the 
above  e x p r e s s i o n s  i s  tha t  the  n o r m a l  f o r c e ,  in the  6 =d i r ec t ion ,  fo r  an  
a x i s y m m e t r i c  body hav ing  a l i n e a r  or  n o n l i n e a r  f o r c e  c o e f f i c i e n t  i s  a 
func t ion  of only  6. S i m i l a r l y ,  in  the  c a s e  of ~ the  l i n e a r  po r t i on  of the  
f o r c e  coe f f i c i en t ,  a componen t ,  s a y  in the  a - d i r e c t i o n ,  i s  dependen t  
only on the  a - m o t i o n .  H o w e v e r ,  the  a - c o m p o n e n t  of the  n o n l i n e a r  p o r t i o n  
of the  f o r c e  coe f f i c i en t  is  dependen t  on both the a - m o t i o n  and the ~]-motion 

10 
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e x p e r i e n c e d  by the body.  S i m i l a r  c o m m e n t s  obv ious ly  hold  f o r  c o m p o -  
nen t s  in the ] ] -d i rec t ion .  It i s  i m p o r t a n t  to r e c o g n i z e  tha t  the t o t a l  n o r m a l  
f o r c e  fo r  an a x i s y m m e t r i c  body be ing  independen t  of g p e r m i t s  one to 
e a s i l y  def ine  e x p r e s s i o n s  f o r  the r e q u i r e d  c o m p o n e n t s  in the  a -  and ~- 
d i r e c t i o n s .  

In the c a se  of an a s y m m e t r i c  body hav ing  a l i n e a r  f o r c e  v a r i a t i o n  
(see Ske tch  1), CN and CN8 a r e  the c o r r e s p o n d i n g  f o r c e  d e r i v a t i v e s  if a 
a l l  of the yawing  m o t i o n  is e i t h e r  in  the  a -  or  ; ] -p lanes ,  r e s p e c t i v e l y .  
As CN~ can  be d i f f e r e n t  f r o m  CN , it  fo l lows  tha t  CN_, n o r m a l  f o r c e  

6 
d e r i v a t i v e  in the p lane  of the tot~J~yaw angle  (6), wi l l  n e c e s s a r i l y  v a r y  
wi th  ¢;, the o r i e n t a t i o n  angle  of the p lane  of the t o t a l  yaw angle .  F u r t h e r ,  
the  o u t - o f - p l a n e  f o r c e  d e r i v a t i v e  [ (CN6) O p ] wi l l  a l so  be a func t ion  of 
c¢. It fo l lows  tha t  the  v a r i a t i o n s  of C N.  anti ( 'CN.)~ t ,  wi th  g a r e  r e -  
qu i red ;  howeve r ,  t h e r e  is  a v e r y  limite°d amoun t  °oY ' ex~e r imen ta l  da ta  
a v a i l a b l e  to aid in def in ing  p r e c i s e l y  the v a r i a t i o n  of e i t h e r  CNz or  
(CN.)  O p . Hence ,  a p p r o x i m a t e  v a r i a t i o n s  fo r  both  C N. and ('CN6) O 

0 • • O . P .  
with  ~ have  been  deduced.  T h e s e  a r e  g iven  below and a r e  b e l i e v e d  to 
be qui te  adequa te  f o r  bod ies  f o r  which  the f o r c e  d e r i v a t i v e s  don ' t  change  
a p p r e c i a b l y  be tween  pos i t i ve  and nega t ive  yaw ang les .  

It is  i m p o r t a n t  to note tha t ,  in  the def ined  v a r i a t i o n  f o r  CN6, two 

b a s i c  p a r t s  a r e  involved .  One p a r t  is  dependen t  on the ro].l o r i e n t a -  
t ion  (or); w h e r e a s  the o the r  pa r t  is  i ndependen t  of g. The  a p p r o x i m a t e  
v a r i a t i o n  fo r  CN5 used  is 

CNB-- ICN~Imeaa  + ACN~ 

Here ,  (CNS)mean is the p o r t i o n  of CN6 tha t  is  i ndependen t  of or. Ob- 

s e r v e  that  the d i r e c t i o n  of ACN6 is i nd i ca t ed  in Sketch  3. A l so  shown 
in Ske tch  3 is  ACN~, which  is def ined  h e r e  to be the  d i f f e r e n c e  be tween  

CN~ and ON/] 

ACN~ = C~13 - CNa 

Note tha t  (CN6)mean  c o r r e s p o n d s  to CN~ in the  ACN~ e x p r e s s i o n ,  and 

tha t  ACN6 (dependent  on g) is  a func t ion  of ACN~ and can  be w r i t t e n  

I-I 
ACN8 -- A C N ~ l s i n o l  -- ACNf l  × V/w2 ÷ v 2 

II 
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B 

5 

5CN5 

ACN B \ 

Z 

Sketch 3 

Y 

T h i s  v a r i a t i o n  fo r  ACN6 fo l lows  f r o m  the  b o u n d a r y  cond i t ions  ( see  Ske tch  
3), ACN6= 0 a t ~  = 0  a n d A C N 6  = A C N ~ a t ¢  = 90 ° . The  e x p r e s s i o n  fo r  CN6 

can  now be w r i t t e n :  

%8 CN. + ACN# I'I : + ,2 ( i 0 )  

F u r t h e r ,  the  a s s u m e d  v a r i a t i o n  of (CN6)O. p .  ( see  Ske tch  3) wi th  ¢ is  

I wvJ 
CN(~ O.P. ffi KlJsin 2°1 = 2KI 

V 2 + 
( I i )  

T h i s  v a r i a t i o n  fo l lows  f r o m  the boun da ry  cond i t ions  [ (CN6)o .  p .  = 0] fo r  
= 0 and 90 deg and h a s  a m a x i m u m  va lue  a t e =  45 deg. Note t h a t K 1  = 

(CN6)o.  p. at ~ = 45 deg. 

The  r e s u l t i n g  n o r m a l  f o r c e  e x p r e s s i o n s  d e r i v e d  h e r e  f o r  a s y m -  
m e t r i c  bodies  a r e  l i s t e d  below and a r e  c o n s i s t e n t  w i th  the fo l lowing  
r e s t r a i n t s .  The  po r t i on  of the  n o r m a l - f o r c e  coe f f i c i en t  ( l i n e a r  or  non-  
l i n e a r )  tha t  is  i ndependen t  of ~ has  been  hand led  as  d e s c r i b e d  in  the  
p r e v i o u s  s e c t i o n  c o n c e r n i n g  a x i s y m m e t r i c  bod ies .  P o r t i o n s  of the  
n o r m a l - f o r c e  d e r i v a t i v e s  tha t  a r e  dependen t  on cr have  been  a s s u m e d  to 

12 
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v a r y  l i n e a r l y  wi th  5. Hence  t h e s e  c o m p o n e n t s  have  b e e n  h a n d l e d  con-  
s i s t e n t  wi th  the  p r e v i o u s  s e c t i o n  c o n c e r n i n g  i n - p l a n e  and o u t - o f - p l a n e  
f o r c e  d e r i v a t i v e s  that  a r e  func t ions  of ~. Note that  any pa r t  of the  f o r c e  
d e r i v a t i v e  that  is n o n l i n e a r  and d e p e n d e n t  on ~ has  been  a s s u m e d  n e g l i g i b l y  
s m a l l .  Th i s  a s s u m p t i o n  is b e l i e v e d  to be qui te  va l id .  It is fe l t  tha t  t h e s e  
a p p r o x i m a t e  e x p r e s s i o n s  fo r  the f o r c e  v a r i a t i o n s  wi th  ~ a r e  r e a s o n a b l e ,  
and a t t e m p t s  to r e f i n e  t h e m  f u r t h e r  a r e  not j u s t i f i e d  unt i l  m o r e  e x p e r i -  
m e n t a l  da ta  fo r  a s y m m e t r i c  bod ies  b e c o m e  ava i l ab le .  Thus ,  

<:,,, : (<:>,,)o + <:,,,: (-;) 

r v2 w 1 2K 1 
Lv(,~ + ,~)J 

+ ACN~F I "I 2] ~- 
L~,w2 + ,, v 

" ' l  CN3 a + vSj 

(12) 

and 

(,-) L CNy ICNy) o + CNa V = , + ACNp r .  I~1 1 - 

r ~, + c-~a v3j + 2K1Lv(w 2 + v 2 + 

(13) 

The  c o r r e s p o n d i n g  m o m e n t  e x p r e s s i o n s  inc lud ing  t e r m s  r e s u l t i n g  
f r o m  the  above  i n - p l a n e  and o u t - o f - p l a n e  f o r c e s  can be w r i t t e n :  

C. c. - % (-;) + ~c. r !,l t ;  
° pLd.2 + v2 v 

LV(. + v s ] 

(14) 

and 

(15) 

F i n a l l y ,  fo r  m i s s i l e - t y p e  v e h i c l e s  which  u s u a l l y  e x p e r i e n c e  s m a l l  r o l l  
r a t e s ,  the  c r -dependent  i n c r e m e n t  to the  r o l l  m o m e n t  can have ,  in s o m e  
c a s e s ,  the m o s t  s ign i f i can t  ~ - d e p e n d e n t  e f fec t  on the m o t i o n  of the  body.  
The  a s s u m e d  v a r i a t i o n  of th i s  i n c r e m e n t  wi th  cr is  

AC~ = sin ~Ol 

13 
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T h i s  v a r i a t i o n  f o l l o w s  f r o m  the  b o u n d a r y  c o n d i t i o n s  ( s e e  S k e t c h  1), 
AC~ = 0 f o r  u = 0 and  90 d e g .  H e n c e ,  f o r  t h e  p r e s e n t  e l l i p t i c  b o d i e s ,  
N = 2, and  the  r o l l i n g - m o m e n t  c o e f f i c i e n t  as  u s e d  in  t h i s  r e p o r t  c a n  
be  w r i t t e n :  

By  u s i n g  t h e  a b o v e  l i s t e d  e x p r e s s i o n s  f o r  i n e r t i a  t e r m s  and  s t a t i c  
a e r o d y n a m i c  f o r c e  and  m o m e n t s  and  a l s o  a c c o u n t i n g  f o r  t h e  g r a v i t a t i o n a l  
f o r c e  and  d a m p i n g  m o m e n t s ,  t h e  b a s i c  m o t i o n  e q u a t i o n s  a s  r e v i s e d  f o r  
a s y m m e t r i c  b o d i e s  c a n  be w r i t t e n ,  v i z . ,  

= ]~-pq Ixz(I x + I z -  Iy) ~- qr[ - I :z  + lz(Iy - Iz)] 

+ IxzqAdCn + lzqAdCf} 1 
2 

Ixl  z - Ixz 

1 
i] = [+pr(I z - I  x ) + lxz(r 2-p2)  + qAdC m] (18) 

= b - q r I x . ( I y - l x - I  z) + pq[12z +lx(Ix-ly)] 

+ IxzqAdC~ + IxqAdC n} 1 
2 

Iz l  x - I x z  

( 1 9 )  

\ 2 m l  + C~ cos 0 cos ~, 

+ C  N ( s i n 0  c o s ~ b s i n < ~ -  sin ~b cos~b)  
y 

+ CN z (sin 0 cos ~ cos ~b + sin ~b sin ~b)] 

;% = pA V2[Cx cos 0 sin 
2m 

+ C N y ( S i n 0 s i n 0 s i n ~ b  + c o s ~  cos~b) 

+ ,C N z(Sin 0 sin ~b cos ~b - cos 0 sin ~b)] 

~v ° : _ p..~ASm V 2 [ - C  x s lnO + CNy × sin~b c o s 0  

+ C N cos4) cosO]+ g 
Z 

1 4  
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w h e r e ,  

Cg = C~o + Cgp/~V ) + sin (;No) : ~ i  \ V / 

+ 2K 2 ~V(w2+ v 2 + 

' c~2 

+ 

C w + v2,)l 
\- v~ 

Cn = (Cno) - Cma v ~k~/w2÷ v 2 / v  

Xv(w 2 + v 3 ] 

(_~+ v~ ÷ Ac~( v ~- / c, = c, ° ÷ c~ ~ - ~ /  ,,, ~/y~+ v~ 

CNy = (CNy) ° + CN~(v ) + AC.,./3\ ~V/~Z~+ ~2) V/' Ivi \ v 

+2K~ "~" ((v)S ~ 
V(w 2+ v 2) + CN3 8 + V3 /  

. 

\v<~ + v~) v s ] 

Note tha t  the  above a n g u l a r  m o t i o n  equa t ions  def ine  the m o t i o n  r e l a -  
t ive  to the  f i x e d - b o d y  axes ,  w h e r e a s  the  t r a n s l a t i o n a l  m o t i o n  e q u a t i o n s  
def ine  tha t  m o t i o n  r e l a t i v e  to e a r t h - f i x e d  axes .  

The  p r o g r a m m i n g  r e q u i r e d  to  i n c o r p o r a t e  the  m o t i o n  e q u a t i o n s  fo r  
a s y m m e t r i c  bod ie s  in to  the  N I F  t e c h n i q u e  was  a c c o m p l i s h e d  on c o n t r a c t  

15 
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with  A r m a m e n t  S y s t e m s  D e p a r t m e n t ,  G e n e r a l  E l e c t r i c  Company ,  
B u r l i n g t o n ,  V e r m o n t .  P r o g r a m m i n g  a s p e c t s  of the  N I F  t e c h n i q u e  a r e  
d i s c u s s e d  in de t a i l  by Whyte  and Ha th eway  of the  G e n e r a l  E l e c t r i c  C o m p a n y  
in Ref.  4. The  f i t t i ng  p r o g r a m s  a r e  of an i t e r a t i v e  type  in  wh ich  a d j u s t -  
m e n t s  to the  equa t ion  p a r a m e t e r s  be ing  d e t e r m i n e d  a r e  ob ta ined  u s i n g  the  
m e t h o d  of l e a s t  s q u a r e s  and d i f f e r e n t i a l  c o r r e c t i o n s .  T h e s e  p r o g r a m s  
have  c o n s i d e r a b l e  f l e x i b i l i t y  in t ha t  the  i nd iv idua l  a e r o d y n a m i c  p a r a m e t e r s  
l i s t e d  in  the  above equa t ions  m a y  be f i t t ed  o r  he ld  cons tan t .  F u r t h e r ,  the  
p r o g r a m s  inc lude  add i t i ona l  a e r o d y n a m i c  t e r m s ,  not l i s t e d ,  wh ich  p e r m i t  
h a n d l i n g  m o t i o n  h i s t o r i e s  fo r  bod ie s  hav ing  h i g h e r - o r d e r  n o n l i n e a r i t i e s  o r  
f o r  the  m o r e  s i m p l e  bod ies  hav ing  a e r o d y n a m i c  and i n e r t i a  s y m m e t r y .  

Some of the  r o l l - d e p e n d e n t  a e r o d y n a m i c  t e r m s  l i s t e d  in the  above 
e q u a t i o n s  r e f l e c t  m o d i f i c a t i o n s  to t e r m s  i n i t i a l l y  i nc luded  in the  p r e s e n t  
p r o g r a m s .  T h e s e  m o d i f i c a t i o n s  a r e  c u r r e n t l y  be ing  i n c o r p o r a t e d  into  
the  p r o g r a m s .  

3.0 APPARATUS 

3.1 RANGE 

Range  G c o n s i s t s  of a 1 0 - f t - d i a m ,  1000- f t - l ong  t ank  tha t  i s  con-  
t a i n e d  w i th in  an  u n d e r g r o u n d  e n c l o s u r e  ( see  F ig .  2). It i s  a v a r i a b l e -  
d e n s i t y  a e r o d y n a m i c  r a n g e  and con ta ins  53 d u a l - p l a n e  s h a d o w g r a p h  
s t a t i o n s .  F o r t y - t h r e e  of the s t a t i o n s  a r e  p o s i t i o n e d  at  n o m i n a l  20- f t  
i n t e r v a l s ,  y i e l d i n g  an 840-f t  i n s t r u m e n t e d  l eng th .  The  s p a c i n g  of the  
o t h e r  s t a t i o n s  i s  such  tha t  a s t a t i o n  i s  l o c a t e d  a p p r o x i m a t e l y  10 ft 
d o w n r a n g e  of s t a t i o n s  5 t h r o u g h  10, 12, 13, 15, and 16. The  a n g u l a r  
o r i e n t a t i o n  and pos i t i on  of m o s t  t e s t  c o n f i g u r a t i o n s  can  be d e t e r m i n e d  
to w i th in  a p p r o x i m a t e l y  +0 .25  deg and +0. 002 ft ,  r e s p e c t i v e l y ,  a t  e a c h  
s t a t ion .  A c h r o n o g r a p h  s y s t e m  m e a s u r e s  i n t e r v a l s  of f l igh t  t i m e  to 
w i th in  ±2 x 10 -7 sec .  The  r a n g e  pumping  s y s t e m  p r o v i d e s  r a n g e  p r e s -  
s u r e s  f r o m  1.7 a t m  down to about  20 ~Hg.  The  n o m i n a l  o p e r a t i n g  
t e m p e r a t u r e  of the  r a n g e  is  76°F. The  l a u n c h e r  u sed  in t h i s  i n v e s t i -  
ga t i on  i s  a t w o - s t a g e ,  l i g h t - g a s  gun  h a v i n g  a 2 . 5 - i n .  - d i a m  l a u n c h  tube .  

3.2 CONES AND TEST CONDITIONS 

F o u r  e l l i p t i c  cones  of the s a m e  c o n f i g u r a t i o n  w e r e  f l igh t  t e s t e d .  
A c o n f i g u r a t i o n  s k e t c h  is  shown in F ig .  3. The  cones  had  a m i n o r - t o -  
m a j o r  ax i s  r a t i o  of 0 .75  and w e r e  c o n s t r u c t e d  of a l u m i n u m  wi th  a 
F a n s t e e l  ® 60 nose  t ip .  Two pins  (0. 025-  and 0 . 0 4 - i n . - d i a m )  w e r e  
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i n s e r t e d  i n t o  t h e  b a s e  of  e a c h  c o n e .  T h e s e  p i n s  p r o t r u d e d  f r o m  t h e  
b a s e  O. 1 in .  a n d  p r o v i d e d  a m e a n s  f o r  o b t a i n i n g  t h e  r o l l  o r i e n t a t i o n  of  
t h e  c o n e  a s  a f u n c t i o n  of  f l i g h t  t i m e .  

Figure 2. Range G. 
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A typ ica l  f o u r - c o m p o n e n t  sabot  was  u t i l i z e d  in l aunch ing  the  cones .  
The  sabo t s  w e r e  c o n s t r u c t e d  of Lexan  ®,  and all  cones  w e r e  l a u n c h e d  in 
an u n c a n t e d  o r i e n t a t i o n  r e l a t i v e  to the  sabot .  The in i t i a l  angu l a r  d i s t u r -  
b a n c e s  to the  cones  w e r e  t hose  a r i s i n g  f r o m  m u z z l e  e f f ec t s  and f r o m  the 
c o n e - s a b o t  s e p a r a t i o n  p r o c e s s .  

The  four  cones  w e r e  t e s t e d  at a ' M a c h  n u m b e r  of about 7 .5  and a 
R e y n o l d s  n u m b e r ,  b a s e d  on cone l eng th  and f r e e - s t r e a m  cond i t ions  of 
about 2 . 7  x 10 6. The  p h y s i c a l  c h a r a c t e r i s t i c s  and  t e s t  cond i t ions  of the  
ind iv idua l  cones  a r e  l i s t e d  in Tab le  1 .  

Table 1. Test Conditions and Physical Characteristics of the 
Elliptic Cones Investigated 

Shot 
No. M 

I ? . 3  

2 ? . 4  

3 7.? 

4 7.6 

Re I m ,  I x x  104 , Iy x 10 4, I z x 10 4 . 
x 10 -6 g m  i n . - lb -sec  2 m. - l b -sec  2 in . - lb-sec 2 

2.8  105.38 1.08 9.11 8.79 

2 .8  1 0 6 . 0 7  1 . 0 9  9.23 8.89 

2.8  99.95 1.09 9.32 8.9? 

2.?  99.30 1.07 9.29 8.95 

&Nose B l u n t n e s s  R a t £ o  

a-  plane 13- plane 

0. 026 0.033 

0. 028 0. 036 

0.033 0.039 

O. 035 O. 047 

4.0 UNCERTAINTIES IN AERODYNAMIC PARAMETERS 

It is s i g n i f i c an t  to note  that  the  e x p e r i m e n t a l  e r r o r s  of c o n c e r n  in 
b a l l i s t i c  r a n g e  a e r o d y n a m i c  m e a s u r e m e n t s  a r e ,  in g e n e r a l ,  of a r a n d o m  
n a t u r e .  T h e r e f o r e ,  it is fe l t  tha t  the s p r e a d  in the m e a s u r e m e n t s  of an 
a e r o d y n a m i c  p a r a m e t e r  p rov ide  the bes t  e s t i m a t e  of the  to ta l  u n c e r t a i n t y  
in tha t  p a r a m e t e r .  

Al though e x p e r i e n c e  in r e d u c i n g  da ta  u s ing  the  c u r r e n t  f i t t ing  p r o -  
g r a m s  a r e  l i m i t e d ,  u n c e r t a i n t i e s  in the  r e d u c e d  p a r a m e t e r s  shou ld  be 
c o m p a r a b l e  to the  e s t i m a t e s  l i s t e d  below; t h e s e  e s t i m a t e s  a r e  b a s e d  on 
s p r e a d s  in m e a s u r e m e n t s  o b s e r v e d  in the  p r e s e n t  t e s t  and in p r e v i o u s  
Range  G t e s t  p r o g r a m s .  

n 

Coef f i c i en t  C_..DD CM CN c_p. Cmq 

E s t i m a t e d  Tota l  1 .5 2 5 0 .3  10 
U n c e r t a i n t y  (2a)*, % 

/ 

~ r - S t a n d a r d  d e v i a t i o n  of m e a s u r e m e n t s  
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5.0 DISCUSSION 

R e p r e s e n t a t i v e  p lo ts  of the y a w i n g  and r o l l i n g  m o t i o n s  of the  e l l i p t i c  
cone sho t s  a r e  shown  in Fig .  4. The  r e v e r s a l  in the  r o l l i n g  m o t i o n  (¢) is  
of p a r t i c u l a r  i n t e r e s t  b e c a u s e  such  a r e v e r s a l  is  n o r m a l l y  not e x p e r i e n c e d  
by an a x i s y m m e t r i c  body. S a t i s f a c t o r y  f i t s  w e r e  ob ta ined  fo r  the  m o t i o n s  
of the  fou r  cone sho t s  a l though  r e s i d u a l s  of f i t  w e r e ,  in g e n e r a l ,  about  25 
p e r c e n t  h i g h e r  than  r e s i d u a l s  n o r m a l l y  o b s e r v e d  in m o t i o n  f i t s  of a x i s y m -  
m e t r i c  bod ies .  Accoun t ing  fo r  the  r o l l  m o m e n t  c o n t r i b u t i o n  tha t  is  ~ -  
dependen t  was  shown to be v e r y  i m p o r t a n t  as  the  i n c l u s i o n  of the  C~o 1 
t e r m  was  n e c e s s a r y  to p e r m i t  s a t i s f a c t o r y  f i t s  of the  m o t i o n s  of t h e s e  
s h o t s .  H oweve r ,  o n l y l i n e a r  a e r o d y n a m i c  f o r c e  a n d y a w i n g m o m e n t s  a s y m -  
m e t r i e s  w e r e  u s e d  (CN~ and CNfl, and C m~ and Cmo).p It is  f e l t  tha t  any 
n o n l i n e a r i t i e s  a s s o c i a t e d  wi th  the  s m a l l  nose  b l u n t n e s s  r a t i o s  of the  p r e -  
s e n t  t e s t s  would be n e g l i g i b l y  s m a l l ;  h o w e v e r ,  the  ~ - d e p e n d e n t  f o r c e  and 
m o m e n t  t e r m s  d i s c u s s e d  p r e v i o u s l y  and c u r r e n t l y  be ing  i n c o r p o r a t e d  into  
the  f i t t i ng  p r o g r a m s  would be expec t ed  to p e r m i t  s o m e  i m p r o v e m e n t  in  
the  m o t i o n  f i t s .  It is  i m p o r t a n t  to note  tha t  a t t e m p t s  to f i t  the  m e a s u r e d  

Shot No. 1 
Unflagged Symbols: Curve Fit Points 
Flagged Symbols: Corresponding Experimental Points 

Note: Different Symbols Used Only for 
Indicating Different Portions of 
the Motion Pattern 

~D 

ht 

-1 

-2 

% -5 -4 

Figure 4. 

I I I I ! I I I 

-3 -2 -1 0 1 2 3 4 
B, deg 

a. Yawing motion 
Representative motion patterns for the elliptic cones. 
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t ,  Bec 

b. Rolling motion 
Figure 4. Concluded. 

m o t i o n  h i s t o r i e s  of the e l l i p t i c  cones  u s ing  the  p r e v i o u s l y  deve loped  
f i t t i ng  p r o g r a m s  d e s i g n e d  f o r  a x i s y m m e t r i c  bod ies  f a i l e d  c o m p l e t e l y .  

The  a e r o d y n a m i c  da ta  ob ta ined  fo r  the  e l l i p t i c  cones  a r e  p r e s e n t e d  
in F i g s .  5 t h r o u g h  10. In F ig .  5, the c o m p o n e n t s  of the  n o r m a l  f o r c e  
coe f f i c i en t  a r e  shown  as  func t i ons  of the  a m p l i t u d e  e x p e r i e n c e d  in  the  
p i t ch  and yaw p l anes .  The  f o r c e  m e a s u r e m e n t s  in e a c h  p lane  a r e  con-  
s i s t e n t  fo r  the  four  sho t s .  F o r  the cone r o l l  o r i e n t a t i o n  i n d i c a t e d  in  F ig .  
5 ( m a j o r  ax i s  of the e l l i p t i c  c r o s s  s e c t i o n  in the  s - p l a n e ) ,  the  m e a s u r e -  
m e n t s  i n d i c a t e  tha t  the f o r c e  d e r i v a t i v e  in the  s - p l a n e  is  a p p r o x i m a t e l y  
70 p e r c e n t  of tha t  m e a s u r e d  in the ~3-plane, which  is  i n d i c a t i v e  of an  
a p p r e c i a b l e  c o n f i g u r a t i o n  a s y m m e t r y .  Mot ion  f i t t i ng  a t t e m p t s  i nvo lv ing  
n o n l i n e a r  f o r c e  t e r m s  did not p roduce  any  d e t e c t a b l e  i m p r o v e m e n t s  in 
the  qua l i t y  of f i t s .  A c o m p a r i s o n  of the  p r e s e n t  n o r m a l  f o r c e  da ta ,  as  
a func t ion  of e l l i p t i c i t y ,  wi th  Newton ian  p r e d i c t i o n s  f r o m  Ref .  7 i s  shown  
in F ig .  6 and i n d i c a t e s  good a g r e e m e n t  be tween  the p r e d i c t e d  and e x p e r i -  
m e n t a l  v a l u e s .  

20 



AEDC-TR-75-158 

Shot No. 

(Without Trim Terms) / 

O.S 

F Indica t ion  of / / / / S y m  
J Maximum Amplitude in / - - C N z  versus a 

tha t  Plane ( T y p i c a l ) ~ /  ------CNy versus ~ 

0 I 2 3 4 5 6 
a ,  15, deg  

Figure 5. Normal force coefficients. 
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m 

5= 2 - 
d k 

1 -  I 
0 

O i 

O 

Band of Present 
M e a s u r e m e n t s  

Newtonian Predic t ions  
( R e f .  7 ,  ~ - 0) 

u, CNu 

+ 

I I I I I I I I I 
1 . 0  2 . 0  

E l l i p t i c i t y 9  a /b  

¢ 
it 

Figure 6. Comparison of experimental and predicted force derivatives. 
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T h e  m o m e n t  d a t a  a r e  p r e s e n t e d  in Fig. V and  i n d i c a t e  s i m i l a r  e f f e c t s  
of t he  c o n f i g u r a t i o n  a s y m m e t r y  as  o b s e r v e d  in  t he  f o r c e  d a t a .  A p p a r e n t  
d e v i a t i o n s  in  the  m e a s u r e m e n t s  f o r  s h o t s  3 and  4,  and  f o r  s h o t s  1 and  2, 
in  t he  o - p l a n e ,  a r e  b e l i e v e d  a s s o c i a t e d  w i t h  d i f f e r e n c e s  in  n o s e  b l u n t n e s s  
r a t i o ,  (@.) ( s e e  T a b l e  i ) .  In  F i g .  8, t he  c e n t e r  of p r e s s u r e  (cp)  d a t a  a r e  
s h o w n  as  a f u n c t i o n  of t he  n o s e  b l u n t n e s s  r a t i o .  T h o u g h  the  m e a s u r e m e . n t s  
do no t  i n d i c a t e  a d e t e c t a b l e  d i f f e r e n c e  in cp b e t w e e n  the  two  p l a n e s ,  t h e y  
do  s u g g e s t  a b l u n t n e s s  e f f e c t .  A s i m i l a r  e f f e c t  of @ on cp  h a s  b e e n  ob -  
s e r v e d  p r e v i o u s l y  f o r  ~ x i s y m m e t r i c  b o d i e s  ( s e e  f o r  e x a m p l e ,  Re f .  8). 
No te  t h a t  t he  o b s e r v e d  d i f f e r e n c e s  in  n o s e  b l u n t n e s s  r e s u l t e d  f r o m  c o n -  
s t r u c t i o n  d e v i a t i o n s  and  w e r e  no t  i n t e n t i o n a l .  

C m p 

- 0 . 0 1  

- 0 . 0 2  

- C  n 

- 0 . 0 3  

- 0 . 0 4  

C v e r s u s  
m 

------ C n v e r s u s  B 
4 

- -  2 3 

3 

S t a t i c  bloment 
R e f e r e n c e  a t  

0 . 6 1 5  L ~ S h o t  No. 
(Without Trim Terms)  ~ %  

I I I I I I 

1 2 3 4 5 6 

a ,  ~, deg 

Figure 7. Moment coefficients. 
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Figure 8. Variation of center of pressure with bluntness. 
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The m e a n  damp ing  d e r i v a t i v e  (~mmq) is  shown  in F ig .  9. No m e a s -  
u r a b l e  a s y m m e t r y  in the  d a m p i n g  m o m e l i t s  b e t w e e n  the p i tch  and yaw 
p lanes  was  d e t e c t e d .  The s c a t t e r  in the  m e a s u r e m e n t s  is b e l i e v e d  r e l a t e d  
to the  s m a l l  a m p l i t u d e  l e v e l s  of the p r e s e n t  sho t s .  

- 8  - 

Cm -4  
q 0 0 

0 

0 

0 I [ f I t [ f I 

6 7 8 9 i 0  

M 

Figure 9. Damping derivative. 

m 

The  m e a n  d r a g  coe f f i c i en t  (C D) is  shown  in Fig .  10 as a func t ion  of 
the m e a n  a m p l i t u d e  e x p e r i e n c e d  in the  f l igh t s .  A t t e m p t s  to d e t e c t  d i f f e r -  
e n c e s  in the  d r a g  coe f f i c i en t  fo r  the  ~- and E - p l a n e s  w e r e  u n s u c c e s s f u l .  

0.12 - 

0 . I I  

CD 0 . 1 0  

O .  0 9  

O. 0 8  

O 

I I I I I I I I I 
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5 

OCD 

Mean drag coefficient. Figure 10. 
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The  e x p e r i m e n t a l  da ta  p r e s e n t e d  a r e  s i g n i f i c a n t  in tha t  t hey  a r e  
b e l i e v e d  to be the f i r s t  f r e e - f l i g h t  da ta  ob ta ined  fo r  such  bod ie s  and they  
i nd i ca t e  tha t  the p r e s e n t  m o t i o n  a n a l y s i s  p r o c e d u r e  p r o v i d e s  a u se fu l  
e x t e n s i o n  to the  f r e e - f l i g h t  t e s t i n g  capab i l i t y .  It shou ld  be noted  tha t  one 
can  expec t  a s y m m e t r i e s  in the  d r a g  and d a m p i n g  m o m e n t  a l w a y s  to 
be d i f f i cu l t  to de t ec t  at s m a l l  a m p l i t u d e s .  T h i s  fo l lows  b e c a u s e  the  e f f e c t s  
of t h e s e  two p a r a m e t e r s  on m o t i o n  h i s t o r i e s  a r e  s m a l l  when  s m a l l  a m p l i -  
t udes  a r e  involved .  

A l o g i c a l  e x t e n s i o n  to the p r e s e n t  e f fo r t  would be f u r t h e r  r e v i s i o n s  
in the  a e r o d y n a m i c  e x p r e s s i o n s  to accoun t  fo r  m a g n i t u d e  c h a n g e s  in a 
d e r i v a t i v e ,  s u c h  as  Cm~,  as  the  a n g u l a r  m o t i o n  changes  s ign .  Such ex -  
t e n s i o n s  a r e  o b v i o u s l y  d e s i r a b l e  as  they  would p e r m i t  hand l i ng  a s y m -  
m e t r i e s  of g r e a t e r  c o m p l e x i t y .  

The  e l l i p t i c  c o n f i g u r a t i o n  of the p r e s e n t  t e s t  ha s  two p l a n e s  of 
s y m m e t r y ,  and h e n c e  no c r o s s  p r oduc t  of i n e r t i a  t e r m s  w e r e  involved .  
H o w e v e r ,  a m o r e  g e n e r a l  a s y m m e t r i c  c o n f i g u r a t i o n  h a s  only  one p lane  
of s y m m e t r y ,  and c o n s i s t e n t  wi th  the  equa t ions  of th i s  r e p o r t ,  Ixz can  
have  a n o n - z e r o  va lue .  As  Ixz can  be d i f f i cu l t  to def ine  e x p e r i m e n t a l l y ,  i t  
r e p r e s e n t s  an a r e a  of c o n c e r n  in t e s t i n g  g e n e r a l  a s y m m e t r i c  c o n f i g u r a t i o n s .  
It was  i n i t i a l l y  b e l i e v e d  tha t  t h e r e  was  a p o s s i b i l i t y  tha t  lxz  could be 
t r e a t e d  as  one of the  unknowns  in the m o t i o n  f i t t i ng  p r o c e d u r e  and i t  
could be d e t e r m i n e d  s i m i l a r l y  to the  unknown a e r o d y n a m i c  p a r a m e t e r s .  
Hence ,  in  the  p r e s e n t  p r o g r a m s ,  the  m o t i o n  e q u a t i o n s  w e r e  p r o g r a m m e d  
to p e r m i t  an  opt ion  of t r e a t i n g  Ixz as  e i t h e r  a known or  an unknown.  A 
l i m i t e d  s tudy  u s ing  g e n e r a t e d  m o t i o n s  (with and wi thout  s i m u l a t e d  e x -  
p e r i m e n t a l  e r r o r s  in the  m o d e l  o r i e n t a t i o n  a n g l e s  and d i s p l a c e m e n t s )  
h a s  i n d i c a t e d  tha t  Ixz can  be d e t e r m i n e d  s a t i s f a c t o r i l y  in the  f i t t i ng  
p r o c e d u r e .  To date  s i m u l a t e d  v e h i c l e s  wi th  an i n e r t i a  r a t i o  ( I x z / I , )  
up to 0 . 0 6  have  b e e n  e x a m i n e d ,  and the a e r o d y n a m i c  p a r a m e t e r s  wJere 
e v a l u a t e d  qui te  we l l  when  Ixz was  t r e a t e d  as  an  unknown in the  m o t i o n  
f i t s .  It i s  i m p o r t a n t  to note  tha t  fo r  the  h i g h e r  end of the  (Ixz/.Iy) r a t i o  
band e x a m i n e d ,  the a e r o d y n a m i c  p a r a m e t e r s  could not be de t e r~n ined  
ff Ixz w a s  i g n o r e d  in f i t t i ng  the mo t ion ,  tha t  i s ,  a s s u m e d  to  be z e r o .  
C o n f i r m a t i o n  tha t  Ixz can,  in  g e n e r a l ,  be hand led  as  above r e q u i r e s  
e x a m i n a t i o n  of a wide  r a n g e  of  mo t ion  p a t t e r n s .  

6.0 CONCLUDING REMARKS 

A n u m e r i c a l - i n t e g r a t i o n 0  m o t i o n - f i t t i n g  p r o c e d u r e  p r e v i o u s l y  
deve loped  for  a x i s y m m e t r i c  bodies  h a s  been  ex t en t ed  to v e h i c l e s  hav ing  
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apprec iab le  a e r o d y n a m i c  and i n e r t i a  a s y m m e t r i e s .  The p r i m a r y  prob-  
l e m  in the ex tens ion  of the p rocedure  is r e l a t e d  to the r e q u i r e d  r e v i s i o n s  
to the e x p r e s s i o n s  defining the a e r o d y n a m i c  f o r c e s  and m o m e n t s  which,  
for  a s y m m e t r i c  bodies ,  can be ve ry  dependent  on the ro l l  o r i e n t a t i o n  of 
the body r e l a t i ve  to the plane of the tota l  yaw angle. 

E x p e r i m e n t a l  f r e e - f l i gh t  data a re  p resen ted  fo r  a cone of e l l ip t i c  
c ros s  sec t ion  that  has apprec iab le  a e r o d y n a m i c  a s y m m e t r i e s .  These  
data indicate  the potent ia l  use fu lness  of the developed mot ion  ana lys i s  
p rocedure .  
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A 

C~ 

Ctc; 

C m 

Cmq 

Cm a, Cm3a 

Cm6' Cm3 6 

CN z 

cNy 
CN~, CN3~ 

CN/3, CN3~ 

CN 6, CN36 

Cn 

Cn~, Cn3~ 

cp 

d 

H 

I x, Iy, I z 

Ix.z, Ixy, Iyz 

L 

NOMENCLATURE 

Reference area (cone base area) 

Mean drag coefficient for flight 

Rolling-moment coefficient 

(;-dependent rolling moment derivative 

Moment coefficient (a-plane) 

Mean damping derivative for flight, [8 8 Cm 
q (d/2v) + 

L 

Linear and nonlinear moment coefficients (a-plane) 

Linear and nonlinear moment coefficients (5-plane) 

Normal-force coefficient (a-plane) 

Normal-force coefficient (E-plane) 

Linear and nonlinear force coefficients (s-plane) 

Linear and nonlinear force coefficients {~-plane) 

Linear and nonlinear force coefficients (5-plane) 

Moment coefficient (E-plane) 

Linear and nonlinear moment coefficients (E-plane) 

Center of pressure (percent of cone length) 

Moment reference length (cone base diameter) 

Angular momentum of the cone 

Moments of inertia 

Products of inertia 

Linear momentum of the cone 

aCm ] 
a  (d/2v)J 
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M 

m 

Re~ 

p, q, r 

U, Vj W 

x ,y ,  Z 

Xo, Yo, Zo 

V 

6 

9, e,¢ 

SUBSCRIPTS 

x, y, z 

0 

SUPERSCRIPT 

AE DC-TR-75-158 

Mach number  

Mass of the cone 

Reynolds number  based  on f r e e - s t r e a m  condi t ions  
and cone length  

Angular  ve loc i ty  components  of the f ixed-body 
axis  s y s t e m  

L i n e a r  ve loc i ty  components  of the f ixed-body 
axis s y s t e m  

Fixed-body axis  s y s t e m  (see Fig. 1) 

E a r t h - f i x e d  axis s y s t e m  (see Fig. 1) 

Veloci ty  of cone 

Components  of tota l  angle of at tack in the pi tch plane 

Components  of to ta l  angle of a t tack in the yaw plane 

Tota l  angle of a t tack 

Roll  o r i en ta t ion  angle of the plane of the to ta l  yaw 
angle r e l a t i ve  to the f ixed-body axis  s y s t e m  
(see Sketch 1) 

Eu l e r  angles ,  ~ is a l so  nose  b luntness  r a t i o  (nose 
r a d i u s / b a s e  rad ius)  

Indicate  d i r ec t ions  along f ixed-body axes 

Indica tes  coeff ic ient  at ze ro  yaw angle 

Der iva t ive  with r e s p e c t  to t ime  
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