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HIGH ANGLE CANARD MISSILE TEST I N  THE 
AmS Il-FOOT TRANSONIC WIND TUNNEL 

by   Richard  G. Schwind 
Nie lsen   Engineer ing  & Research ,   Inc .  

SUMMARY 

Four   b lunted   og ive-cyl inder  missile models  with a length- to-diameter  

r a t i o  of 10.4  have  been  tes ted a t  t r anson ic   speeds   and   l a rge   ang le s   o f  

a t t a c k   i n   t h e  NASA/Ames Research  Center   Unitary  Plan  11-Foot   Transonic  
Wind Tunnel .   The  configurat ions  are:   body,   body  with t a i l  panels ,   body 
wi th   cana rds ,   and   body   w i th   cana rds   and   t a i l s .   Fo rces   and  moments from 
t h e   e n t i r e  model   and  each  of   the  e ight   f ins  w e r e  measured  over   the  pi tch 
range  of 20° t o  50°  and Oo t o  45O roll .  Canard  def lect ion  angles   between 
Oo and 15O were   t e s t ed .   Exp lo ra to ry   vapor   s c reen   f l ow  v i sua l i za t ion  tes t -  
ing  was also  performed.  Sample  force  and moment d a t a   a r e   r e p o r t e d   a l o n g  
wi th   observa t ions   f rom  the   vapor   sc reen  tests.  Comparisons made of  body 
and   pane l   l oads   fo r   t he  same models t e s t e d   p r e v i o u s l y   i n   t h e  Ames 6- by  
6-Foot Wind Tunnel showed  good agreement   in  a small overlapping  range  of  
p i t c h   a n g l e s .  

INTRODUCTION 

T e s t s  of a cana rd -c ruc i fo rm  mis s i l e  model w e r e  conduc ted   i n   t he  

NASA/Ames Research C e n t e r  Unitary  Plan  11-Foot  Transonic Wind Tunnel   during 
October  and November 1976.  Force  and moment da ta   were   ob ta ined   a long   wi th  
some exper imenta l   vapor   sc reen   mot ion   p ic tures .  Tests w e r e  performed a t  
unit   Reynolds  numbers  between  3.9  and  13.5  mill ion  per  meter ( 1 . 2  and 4 . 1  

m i l l i o n   p e r   f o o t )   a t  Mach numbers  of 0.8, 1 . 2 2 ,  and  1.3.  Four  model  con- 
f i g u r a t i o n s  w e r e  t e s t e d   a t   p i t c h   a n g l e s   b e t w e e n  20° and 50° us ing   fou r  

c o m b i n a t i o n s   o f   c a n a r d   p i t c h   a n g l e s   a n d   f i v e   r o l l   a n g l e s .  The model  was 

a blunted  ogive-cylinder  body  of  0.127-meter  (5-inch)  diameter  by  1.32 
meters (52  inches)   long.  I t  was loaned t o  NASA f o r   t h e s e  tes ts  by  
M r .  Ray Deep o f   t he  U.  S.  Army Missile Command (MICOM).  The  same model 

c o n f i g u r a t i o n s  w e r e  t e s t e d   i n   J u n e  1974 i n   t h e  Ames 6- by  6-Foot  Super- 

s o n i c  Wind Tunnel a t  p i t ch   ang le s   o f  Oo t o  24O.  

h 

The purpose  of   the t e s t  was t o   o b t a i n  a da t a   base   fo r   compar i son   o f  
t h e o r y   t o   e x p e r i m e n t   a t   t h e   e x t e n d e d   p i t c h   r a n g e   o f  20° t o  50°.  The 
t h e o r e t i c a l   t e c h n i q u e s  w i l l ,  i n   t u r n ,  be a v a i l a b l e   f o r   f u t u r e  missile 



des ign .  An unusual  s e t  o f   s c h e d u l i n g   c i r c u m s t a n c e s   i n   t h i s   v e r y   b u s y   w i n d  

t u n n e l  made it p o s s i b l e  t o  expe r imen t   w i th   t he   vapor   s c reen   f l ow  v i sua l -  
i z a t i o n   t e c h n i q u e .  For t h e   f i r s t  t i m e  v a p o r   s c r e e n   p i c t u r e s  w e r e  ob ta ined  

i n   t h i s  wind   tunnel .   These   resu l t s  are e x p e c t e d   t o  add t o  the  under-  

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

i n v e s t i g a t i o n  a t  Nie lsen   Engineer ing  & Research ,   Inc .  (NEAR).  

This  tes t  r epor t   documen t s   t he   da t a   t aken   du r ing   t he  tests i n   s u f f i -  

c i e n t   d e t a i l   t o   p e r m i t   t h e i r   u s e   b y   o t h e r s .  A comprehensive se t  of DATAMAN 

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

( r e f .  3 ) .  The l is t  o f   symbol s   o f   t h i s   r epor t   i nc ludes   t he   no ta t ions   u sed  

€ o r   b o t h   t h e   c o m p u t e r   d a t a   l i s t i n g  and t h e   p l o t s .  The t e s t  apparatus   and 
p r o c e d u r e s   a r e   d e t a i l e d   i n   s e c t i o n  3 .  The a e r o d y n a m i c   c o e f f i c i e n t s   a r e  

d e f i n e d   i n   c h a p t e r  4 ,  sample r e s u l t s  are p r e s e n t e d   i n   c h a p t e r  5 ,  and 

c o n c l u s i o n s   n o t e d   i n   c h a p t e r  6 .  

The e x c e l l e n t   s e r v i c e s  of t h e  t e s t  e n g i n e e r ,  Mr. Clyde  Allen,  

NASA/Ames Experimental   Invest igat ions  Branch,   are   acknowledged.  
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LIST OF  SYMBOLS 

COMPUTER COMPUTER 
LISTING PLOT 

SYMBOL  SYMBOL  SYMBOL DEFINITION 

a "_ - " Body r a d i u s   a t   p a n e l   a t t a c h m e n t  
p o i n t  0.06350 meter (0.20833  f t .1 .  

A "_  "_ Missile ax ia l   force   measured   a long  
body c e n t e r l i n e   b y  main ba l ance .  
See   f i gu re  8 fo r   s ign   conven t ion .  

BMC j ,  T j  

cA 

C 
B M C j , T j  

C 
HMCj , T j  

"_ 

CA 

"- Dis tance   f rom  pane l   h inge   l i ne   t o  
body moment c e n t e r   ( s t a t i o n   2 6 ) ,  
(see f i g .  81 . For   t he   cana rd  
pane l   a t t achmen t   po in t s ,  
b = 0.2794 meters  (0.916667 f t . )  ; 
f s r   t h e   t a i l   p a n e l   a t t a c h m e n t  
p o i n t s ,  b = 0.598 meters 
(1.66667 T t . ) .  

Root  chord  bending moment f o r  
c a n a r d   o r   t a i l   p a n e l  number j 
measured  about  an  axis  through 
t h e   p a n e l   a t t a c h m e n t   p o i n t   ( a t  
t h e   b o d y ) ,   p e r p e n d i c u l a r   t o   t h e  
p a n e l   h i n g e   l i n e ,   a n d   i n   t h e  
p lane   o f   the   pane l   p lanform,   ( see  
f i g .   9 ) ;  j = 1 , 2 , 3 , 4 .  

cA Missile a x i a l - f o r c e   c o e f f i c i e n t  i n  
unrol led  body  axis   system.  See 
f i g u r e  8 fo r   s ign   conven t ion .  

CBMC j CBMC j Root  chord  bending-moment  coef f i- 
CBMT j CBMT j c i e n t   f o r   p a n e l  j measured 

about   an   ax is   th rough  the   pane l  
a t t achmen t   po in t   ( a t   t he   body)  , 
p e r p e n d i c u l a r   t o   t h e   p a n e l   h i n g e  
l i n e ,  and i n   t h e   p l a n e   o f   t h e  
panel   planform (see f i g .  9) ; 
j = 1 , 2 , 3 , 4 .  

J J  

CHMC j cHMC j Hinge-moment c o e f f i c i e n t   f o r   c a n a r d  
CHMT j CHMT j o r   t a i l   f i n  nuniber j measured 

about   the   pane l   h inge  l i n e  which is  
p e r p e n d i c u l a r   t o   t h e   b o d y   a x i s  (see 
f i s .  9 ) .  - 
C 

H'Cj,Tj 
= HMc 

j , Tj lSrefq ' re f  
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LIST OF SYMBOLS (Continued) 

SYMBOL 

c Q  

C 
‘C (B)  

C 
‘C (B1 +T ( B )  

C 
‘T (B)  

‘m 

‘m C (B)  

COMPUTER 
LISTING 

SYMBOL 

C m  

cmc 

CRMB 

CRMT 

cM 

CMC 

‘m CMB 
C ( B )  +T (B)  

_- 
/--- 

‘m T ( B )  

cN 

CMT 

C N  

COMPUTER 
PLOT 

SYMBOL 

C a  (BODY) 

CRMC 

CRMB 

CRMT 

‘m 

CMC 

CMB 

CMT 

cN 

DEFINITION 

Missile ro l l ing-moment   coef f ic ien t  
obtained  f rom  main  balance.  
Measured  about  body  longitudinal 
a x i s .   S e e   f i g u r e  8. 
C Q  = Mi/Sre fqQre f  

Rolling-moment c o e f f i c i e n t   i n   b o d y  
axis  sys t em  fo r   cana rd   pane l s  
t aken   t oge the r .   Def ined   by  
equa t ion  ( 6 )  . 

Rolling-moment c o e f f i c i e n t   i n   b o d y  
a x i s   s y s t e m   f o r   a l l c a n a r d   a n d  
t a i l   p a n e l s   t a k e n   t o g e t h e r .  
Def ined   by   equat ion  (16) . 

Rolling-moment c o e f f i c i e n t   i n   b o d y  
a x i s   s y s t e m   f o r   t a i l   p a n e l s   t a k e n  
toge the r .   Def ined   by   equa t ion  (111. 

Miss i le   p i tch ing-moment   coef f ic ien t  
measured i n   u n r o l l e d   b o d y   a x i s  

(see f i g .  8 ) .  

system, cm = Mm/Sref9Rref 

P i tch ing-moment   coef f ic ien t   in  
unro l led   body  ax is   sys tem  for  
cana rd   pane l s   t aken   t oge the r .  
Def ined   by   equat ion  ( 4 ) .  

Pitching-moment c o e f f i c i e n t   i n  
u n r o l l e d   b o d y   a x i s   s y s t e m   f o r   a l l  
canard  and t a i l   p a n e l s   t a k e n  
toge ther .   Def ined   by   equat ion  (14) . 

Pi tch ing-moment   coef f ic ien t   in  
u n r o l l e d   b o d y   a x i s   s y s t e m   f o r   t a i l  
pane l s   t aken   t oge the r .   Def ined  
by   equat ion  (9)  . 

Missile n o r n a l - f o r c e   c o e f f i c i e n t  
i n  unrol led  body ax is   sys tem.  
See f i g u r e  8 f o r  s ign   conven t ion .  

CN = N/Sref9 
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LIST OF SYMBOLS (Continued) 

SYMBOL 

C 
N C j  , T j  

COMPUTER 
LISTING 
SYMBOL 

CNC j 
CNT j 

C C NC 
NC (B) 

C CNB 
N~ (B)  +T ( B )  

C C NT 
N~ (B)  

‘n 

‘n 
C (B1 

CYM 

CYMC 

‘n CYMB 
C ( B )  +T ( B )  

‘n CYMT 
T ( B )  

c PXC 
j ’ T j  

cpxc j 
c PXT j 

COMPUTER 
PLOT 

SYMBOL DEFINITION 

CNC j Norma l - fo rce   coe f f i c i en t   fo r  
CNT j c a n a r d   o r   t a i l   f i n  number j .  

Force  measured normal t o   p a n e l  
planform.  See f i g u r e  9. 
c = NC ,Tj”refq  

N C + ,  T +  j 
J J  

CNC Normal- force   coef f ic ien t  i n  
un ro l l ed   body   ax i s   sys t em  fo r  
cana rd   pane l s   t aken   t oge the r .  
Def ined   by   equat ion  ( 2 )  . 

CNB Normal - fo rce   coe f f i c i en t   i n  

I 
unrol led   body  ax is   sys tem  for  
a l l   c a n a r d  and t a i l   p a n e l s   t a k e n  
toge ther .   Def ined   by   equat ion  (12) . 

CNT Normal - fo rce   coe f f i c i en t   i n  
unro l led   body  ax is   sys tem  for  
t a i l   p a n e l s   t a k e n   t o g e t h e r .  
Def ined   by   equat ion  ( 7 )  . 

Cn(BODY) Missile yawing-moment c o e f f i c i e n t  
in   unro l led   body ax is   sys tem.  
See f i g u r e  8 f o r  s ign   convent ion .  

CYMC Yawing-moment c o e f f i c i e n t   i n  
unro l led   body  ax is   sys tem  for  
cana rd   pane l s   t aken   t oge the r .  
Def ined   by   equat ion  ( 5 ) .  

CYMB Yawing-moment c o e f f i c i e n t   i n  
u n r o l l e d   b o d y   a x i s   s y s t e m   f o r   a l l  
canard  and t a i l   p a n e l s   t a k e n  
toge the r .   Def ined   by   equa t ion  (15) . 

CYMT Yawing-moment c o e f f i c i e n t   i n  
unro l led   body  ax is   sys tem  for  
t a i l   p a n e l s   t a k e n   t o g e t h e r .  
Def ined   by   equat ion  (10) . 

c p X C  j Ra t io   o f   cho rdwise   d i s t ance   t o  
C PXT j pane l  center o f   p r e s s u r e   t o   r e f -  

e r e n c e   l e n g t h   f o r   c a n a r d   o r   t a i l  
f i n  number j ,  measured  from 
h i n g e   l i n e   p o s i t i v e   a f t w a r d  (see 
f i g .  9) . 

i ” 

CPXC = -HMC 
j ’ T j  j , T j/Nc , T ’ref 
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LIST OF  SYMBOLS (Continued) 

SYMBOL 

c PXN 

c PXY 

CPYC 
j J j  

C RMC 
j J j  

C 
'C ( B )  

COMPUTER 
LISTING 
SYMBOL 

c PXN 

c PXY 

cpyc j 
C PYT j 

cmc j 
CRMT j 

CY 

CYC 

C CYB 
yC ( B )  +T ( B )  

C 
yT ( B \  

CYT 

COMPUTER 
PLOT 

SYMBOL 

C PXN 

c Pxll 

CPYC j 
CPYT j 

CRMC j 
CRMT j 

CYC 

CYB 

CYT 

DEFINITION 

A x i a l   c e n t e r   o f   p r e s s u r e   f o r  
normal   force,   unrol led  body 
coord ina tes ,   f rom MS=O, non- 
d imens iona l i zed   by   r e fe rence  
l e n g t h ,  Q r e f  - 

CPXN = 5.2 - C /CN m 

Same a s  above b u t   f o r   s i d e   f o r c e .  

CPXY = 5 . 2  - cn/cy 
3 

R a t i o   o f   s p a n w i s e   d i s t a n c e   t o  
p a n e l   c e n t e r   o f   p r e s s u r e   t o  
r e f e r e n c e   l e n g t h   f o r   c a n a r d   o r  
t a i l   f i n  number j ,  measured 
from  body  surface a t   a t t a c h m e n t  
p o i n t  (see f i g .  91 

c PYc - 
j J j  - BMCj,Tj'NCj,TjQref 

Rolling-moment c o e f f i c i e n t   f o r  
c a n a r d   o r   t a i l   f i n  number j .  
Def ined   by   equat ion  (1) . (For  
i s  t aken  i n  t h e  same s e n s e   a s  
p o s i t i v e   b e n d i n g  moment) . 

Missile s i d e - f o r c e   c o e f f i c i e n t   i n  
unro l led   body  ax is   sys tem  ( see  
f i g .  8 )  . 

S i d e - f o r c e   c o e f f i c i e n t   i n   u n r o l l e d  
body  ax is   sys tem  for   canard   pane ls  
t aken   t oge the r .   Def ined   by  
equa t ion  (31 . 

S i d e - f o r c e   c o e f f i c i e n t   i n   u n r o l l e d  
body  axis   system  for   canard  and 
t a i l   p a n e l s   t a k e n   t o g e t h e r .  
Def ined   by   equat ion  ( 1 3 )  . 

S i d e - f o r c e   c o e f f i c i e n t  i n  u n r o l l e d  
b o d y   a x i s   s y s t e m   f o r   t a i l   p a n e l s  
t aken   t oge the r .   Def ined   by  
equa t ion  (8). 
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LIST OF SYMBOLS (Continued) 

COMPUTER  COMPUTER 
LISTING  PLOT 

SYMBOL  SYMBOL  SYMBOL DEFINITION 

mC. , T  
-" "- Hinge moment f o r   c a n a r d   o r   t a i l  

~j f i n  number j measured  about  the 
pane l   h inge   l ine   which  i s  perpen- 
d i c u l a r   t o   t h e  body a x i s ,  (see 
f i g .  9 for  s i g n   c o n v e n t i o n ) .  

' ref  -" "- Reference   l ength  €or a l l   c o e f f i -  
c i e n t s ,  0.1270 meters (0.416667 
f t . )  (missile body  d iameter   for  
c y l i n d r i c a l   p o r t i o n )  . 

M 

Ma 

Mm 

Mn 

N 

NCj  , T j  

MACH MACH Mach number. 

-" "_ Missile r o l l i n g  moment i n   u n r o l l e d  
body  axis   system.  See  f igure 8 
fo r   s ign   conven t ion .  

P 

PT 

Q 

RN/L 

"_ Missile p i t c h i n g  moment i n  
unrol led  body  axis   system.  See 
f i g u r e  8 fo r   s ign   conven t ion .  

"- Missile yawing moment i n  u n r o l l e d  
body  axis   system.  See  f igure 8 
fo r   s ign   conven t ion .  

"_ Missile normal   force   in   unro l led  
body  axis   system. See f i g u r e  8 
€or s ign   convent ion .  

"_ Normal f o r c e   f o r   c a n a r d  o r  t a i l  
f i n  number j .  Force  measured 
normal to   pane l   p l an fo rm (see 
f i g .  91 . 

"- F r e e - s t r e a m   s t a t i c   p r e s s u r e ,   p s f  
i n   d a t a   l i s t i n g .  

"_ F r e e - s t r e a m   t o t a l   p r e s s u r e ,   p s f  
i n   d a t a   l i s t i n g .  

"_ Free-st ream  dynamic  pressure,   psf  
i n  d a t a   l i s t i n g .  

"_ Free-stream  Reynolds number pe r  
u n i t   l e n g t h ,   m i l l i o n s   p e r   f o o t  
i n   d a t a   l i s t i n g .  

"_ R e f e r e n c e   a r e a   f o r   a l l .   c o e f f i c i e n t s ,  
0.01267 m2 (CI.136354 f t 2 1 .  

cyT?gdrical   por t ion  of   model] .  
( S  = c r o s s - s e c t i o n a l   a r e a  of 
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LIST OF SYMBOLS (Conc ludedl 

COMPUTER COMPUTER 
L I S T I N G   P L O T  

SYMBOL  SYMBOL  SYMBOL D E F I N I T I O N  

-” ”- Missile s i d e   f o r c e   i n   u n r o l l e d  
body  ax is   sys tem.   See   f igure  8 
€or s ign   convent ion .  

ALPHA Q Included  angle  between  model 
l o n g i t u d i n a l   a x i s  and  wind 
d i r e c t i o n   o f   f r e e   s t r e a m  (see 
f i g .  81. 

D 
j 

PHI-C 
PHI”  

D 
j 

Def l ec t ion   ang le   o f   cana rd   pane l s .  
See   f i gu re  10 fo r   s ign   conven t ion .  

P H I  Missile bank  angle .   See  f igure 8 
$J fo r   s ign   conven t ion .  

8 



TEST  APPARATUS AND PROCEDURES 

Model,  Balances,  and  Mounting 

The  model  body  was f u r n i s h e d   b y   t h e  U. S. Army Missile command 
(MICOM). I t  was   des igned   and   fabr ica ted   by  CALSPAN and i s  d e s c r i b e d  
in   Cornel1  Aeronaut ical   Laboratory  Drawing W19-BO1 dated  January  1973.  
I t  c o n s i s t s   o f  a t h r e e - c a l i b e r  nose h l u n t e d   b y  a 0.0142 meter (0.36- 

i n c h )   r a d i u s .  A c y l i n d r i c a l   a f t e r b o d y   o f  0.127 meter (5-inchl diam- 
e ter  comple t e s   t he   body .   Neg lec t ing   t he   b lun tness   o f   t he   nose ,   t he  

l e n g t h  i s  1.32 meters (52   inches)   and   the   l ength- to-d iameter   ra t io  
is  10.4.  

Four   conf igura t ions  w e r e  t e s t ed :   body   a lone ,   body   and   t a i l s ,  
body  and  canards,   and  body  with  canards  and  ta i ls .   Canards w e r e  
de f l ec t ed   i n   va r ious   combina t ions   f rom O o  t o  15O. I n  t he   p rev ious  
6-  by  6-Foot Wind Tunnel tests a t   t h e  A m e s  Research  Laboratory  with 
t h i s  missile t e s t  model ( t e s t  number 66-036,   see   re f .  1) s e v e r a l  

d i f f e r e n t   c a n a r d   a n d   t a i l   s h a p e s  w e r e  t e s t e d .  Two of   these   shapes  

w e r e  u s e d   f o r   t h i s  t e s t ,  t h e  "Navy t a i l   p a n e l s "   ( d e n o t e d   t h e r e   a s  T2l  

and   the  "Navy l a r g e   c a n a r d s "   ( d e n o t e d   t h e r e   a s  C61 . They w e r e  mounted 
t o   t h e  body i n  t h e  same l o c a t i o n s   i n   b o t h  tes ts .  The body-canard- ta i l  
c o n f i g u r a t i o n  i s  shown i n   f i g u r e  1, and the   cana rd   and   t a i l   shapes  
a r e  shown i n  f i g u r e s  2 and 3 ,  r e s p e c t i v e l y .  The same T2 t a i l   p a n e l s  
were  used  as i n  t he   p rev ious  t e s t .  The canard  panels  were  remachined 
t o   p r o v i d e  a s m a l l   f l a r i n g   o u t   t o  a t h i c k e r   s e c t i o n   a b o u t   t h e   a t t a c h -  
ment p o i n t   f o r   r e d u c e d  maximum stress. Th i s   bu lge   t ape r s   f rom a 
0.25 cm (0 .100- inch)   g rea te r   th ickness   than   the   sur rounding   canard  

t o   t h e   o r i g i n a l   t h i c k n e s s   i n   Q . 5 1  c m  (0.20-inch) , see f i g u r e  2 .  This  
d e v i a t i o n   i n   s h a p e   f r o m   t h e   p r e v i o u s   c o n f i g u r a t i o n  i s  e x p e c t e d   t o  
h a v e   a n   i n s i g n i f i c a n t   e f f e c t  upon t h e  resu l t s .  

The 6- by  6-Foot Wind Tunnel tes ts  w e r e  performed a t  a t o t a l  
pressure  of  27.6  kilonewtons  per  square meter ( 4   p s i a )  , w h i l e   t h e  

p r e s s u r e  was a s   g r e a t   a s  103  ki lonewtons  per   square meter (15   ps ia l  
for   the   11-Foot  Wind Tunnel tes ts .  T h i s   r e q u i r e d   h i g h e r   c a p a c i t y  
ba l ances   t han   t hose   u sed   fo r   t he   p rev ious  test .  New MICOM t h r e e -  
component b a l a n c e s   w i t h  a normal - force   capac i ty   o f  667  newtons 
(150 lbs) w e r e  u s e d   f o r   t h e   t a i l   b a l a n c e s ,  and  three-component 
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c a n a r d   b a l a n c e s   w i t h  a normal-force  capacity  of  623  newtons  (140 lbs) 

w e r e  suppl ied   by   Sandia .   Also ,  a new model center   body was f a b r i c a t e d  

t o  accommodate a l a r g e r  main ba l ance   (no   ex te r io r   d imens ions  w e r e  
changed) .  The Ames 6.35-cm (2.5-inch)  diameter,   six-component Mark X I V  

Task  balance was used. A s  i n  t h e   p r e v i o u s  t e s t ,  t h e  model could  be 

r o l l e d  on t h i s   b a l a n c e   t o  Oo, loo, 2 0 ° ,   3 0 ° ,  and 45' (c lockwise 

fac ing   ups t ream)  . 
Figure  4 shows a schemat i c ,   and   f i gu res  5 and 6 show photographs 

of  how t h e  missile was  mounted i n  the  11-Foot Wind Tunnel t o   a c h i e v e  
a p i t ch   r ange   o f  20° t o  50°. Added onto   the   wind- tunnel   body  of  

r e v o l u t i o n  w e r e :  s t ra ight   adaptor   0 .76-meter   (30- inch)   ex tens ion ,  

a n   a v a i l a b l e  45' s t r u t  w i t h  i t s  top  and  bot tom  adaptors ,   and a newly 

f a b r i c a t e d   t a p e r e d  loo b e n t  s t i n g  (NEAR Drawing  #337-002). 

An e c c e n t r i c   r i n g   o f  10.2 c m  ( 4   i n .  1 by  3.6 c m  (1.4 i n .  1 long 

w h i c h   c o n t a i n e d   e i g h t   i d e n t i f i c a t i o n   l i g h t s  (see f i g .   6 )   f o r   v a p o r  

s c r e e n   p i c t u r e s  was  mounted o n t o   t h e   s t i n g   s e v e r a l   c e n t i m e t e r s   b e h i n d  
t h e  missile base .  A 16mm Mil l iken   mot ion   p ic ture   camera  was  mounted 

on i t s  s i d e   i n s i d e  a p r o t e c t i n g   b o x   a t   t h e   t o p   o f   t h e  s t r u t  a s  shown 

i n   f i g u r e s  4 ,  5 ,  and  6. The vapor   sc reen   appara tus  i s  d e s c r i b e d   i n  

t h e   n e x t   s e c t i o n .  

Vapor Screen  Apparatus 

The NASA/Ames Research  Center  has a permanent   mercury  l ight  s l i t  

a r r angemen t   fo r   t he  6- by  6-Foot Wind Tunnel   for   vapor   sc reen   f low 
v i s u a l i z a t i o n .   T h i s   s y s t e m  was  used f o r   t h e   p r e v i o u s  tes ts  w i t h   t h i s  

missile mode l ,   and   vapor   s c reen   r e su l t s   were   r epor t ed   i n   r e f e rence  2 .  

These r e s u l t s  have  provided a v e r y   v a l u a b l e   i n s i g h t   i n t o   t h e   v o r t i c a l  

f l o w   f i e l d  on the   l eeward   s ide   o f   the   body,   showing  the   in te rac t ion   of  

nose ;   cana rd ,   and   a f t e rbody   vo r t i ce s .  No f l o w   v i s u a l i z a t i o n   s y s t e m  

e x i s t s   f o r   t h e  11-Foot Wind Tunnel,   and  the  6-  by  6-foot  system 

cannot  be a d a p t e d   t o   t h i s   t u n n e l  and   provide   an   adequate   l igh t  s l i t .  

Vapor screen  photography  had  not   been  previously  performed  in   the 
1 1 - f o o t   f a c i l i t y .  
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It was d e c i d e d   t o   i n c o r p o r a t e   v a p o r   s c r e e n   f l o w   v i s u a l i z a t i o n  

i n t o   t h i s  t e s t  program as a secondary  object ive  even  though  makeshif t  
arrangements  would be necessary.   For  a l i g h t   s o u r c e  an e x i s t i n g   l i g h t  
s l i t  was used   t ha t   had   been   eng inee red   and   bu i l t   by   N ie l sen   Eng inee r ing  
& Research,   Inc.  (NEAR) and   t he  Ames Research  Center   for  smoke f low 
v i s u a l i z a t i o n   i n   t h e  40- b y   8 O - ~ o o t  Wind Tunne l .   Th i s   l i gh t   sou rce  

c o n s i s t s  of an  800-watt Xenon lamp  and  power  supply  manufactured  by 
t h e  Eimac Div is ion   of   Var ian ,  a l i g h t  s l i t  i r is ,  f r o n t   s u r f a c e  mirror ,  
and a 0 .305-meter   (1- foot )   square   P lex ig lass   cy l indr ica l   l ens .   These  
e l e m e n t s ,   o t h e r   t h a n   t h e  lamp  power supp ly ,  are mounted i n s i d e  a 
0.305-by  0.61-by 1 . 2 2 - m e t e r  (1-by 2-by 4 - foo t )   enc losu re   w i th   t he  
mi r ro r   s imp ly   fo ld ing   t he   l i gh t   pa th   be tween   t he  lamp  and t h e   l e n s .  

The l e n s  is  mounted  on a t r a c k   f o r   a d j u s t i n g   t h e   f o c u s   p o i n t   o f   t h e  
l i g h t  s l i t .  T h i s   l i g h t   s l i t   b o x  was set  on  an a u t o   j a c k  on a c a r t .  
I t  could  be moved up  and down and r o l l e d   a l o n g   i n   t r a c k s   p a r a l l e l   t o  
and  5.5 meters (18 f e e t )   f r o m   t h e   t u n n e l   c e n t e r l i n e   ( t h e  minimum focus  

d i s t a n c e   f o r   t h e   l i g h t  s l i t )  , see f i g u r e  7 .  

Normally a l i g h t  s l i t  is  o r i e n t e d   p e r p e n d i c u l a r l y   t o  a missile 

b o d y   c e n t e r l i n e  t o  v i s u a l i z e  cross sec t ions   o f   the   f low.   Because   o f  
t h e   l a r g e   p i t c h   a n g l e s   o f   t h i s  t e s t  and a l ack   o f   app ropr i a t e   equ ip -  

m e n t ,   t h e   l i g h t  s l i t  o r i e n t a t i o n  was k e p t   v e r t i c a l .   S e v e r a l   o t h e r  
f ac to r s   compl i ca t ed   o r   deg raded   t he   vapor   s c reen   f l ow  v i sua l i za t ion  
photography. They a r e   n o t e d   h e r e   a s  items t o  be cons idered   in   any  
fu ture   such   exper iments .  The 11-Foot Wind Tunnel  has a l a r g e  window 
a r e a   i n   t h e  t e s t  s e c t i o n  b u t  it is  d i v i d e d   i n t o   s m a l l   s e c t i o n s   o f  
t h i c k  window panes   s epa ra t ed   by   w ide   d iv ide r s   con ta in ing   t he   duc t s  
f o r   t h e   p o r o u s   w a l l .  The t e s t  s e c t i o n  is  surrounded  by a plenum w i t h  

similar g lass   panes   and   d iv iders .   These  two sets o f   h o r i z o n t a l   d i v i -  
d e r s   c r e a t e   w i d e  shadows when a t t e m p t i n g   t o   i l l u m i n a t e  a c r o s s   s e c t i o n  
o f   t he  tes t  a r e a   f r o m   o u t s i d e   t h e   t u n n e l  (see f i g .  7 ) .  The v e r t i c a l  

d i v i d e r s  make it i m p o s s i b l e   t o   i l l u m i n a t e   c e r t a i n   c r o s s   s e c t i o n s .  
Dur ing   t he  t e s t  e i t h e r   t h e   l i g h t  source or t h e  model w a s  t r a n s l a t e d  

v e r t i c a l l y   t o  move t h e   p o s i t i o n s   o f   t h e  shadow w i t h   r e s p e c t   t o   t h e  
model ,   then  the  photography was r e p e a t e d .   L i g h t   r e f l e c t i o n s   f r o m   t h e  
f o u r  sets of  windows  and t h e   l i g h t   t u n n e l   i n t e r i o r   p a i - n k  added t o  t h e  
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l i g h t   s c a t t e r i n g   a n d  loss of   con t r a s t .   Fo r   fu tu re   vapor   s c reen  

e x p e r i m e n t s   i n   t h i s   t u n n e l  a da rkened   t unne l   i n t e r io r   and  a remote ly  

c o n t r o l l e d   l i g h t   s o u r c e  mounted i n   t h e   t u n n e l  plenum a rea   shou ld  be 

cons idered .  Camera placement was a l s o  a p r o b l e m   f o r   t h i s  t es t .  
Normally  the  camera i s  mounted t o   t h e   s t i n g   i n   s u c h  a manner a s   t o  

l o o k   d i r e c t l y  up along  the  leeward  s ide  of   the  body.  The s t i n g   f o r  

t h i s  t e s t  had a 10' bend  tha t   pushed   the   forebody down, away from 

t h e  view  of   the  usual   camera  locat ion.  The camera  had t o  be mounted 
t o   t h e   t o p   a d a p t e r   o f   t h e  s t r u t ,  and so  it had a downward view  of   the 

model.   This  caused a c o n s i d e r a b l e  loss of   cont ras t ,   even   though  the  

model  was p a i n t e d   f l a t   b l a c k ,  and it also makes t h e   p i c t u r e s   d i f f i c u l t  

t o  i n t e r p r e t .  

The motion  picture  camera  mounted t o   t h e   t o p   a d a p t e r   w i t h i n   t h e  

p r o t e c t i v e   e n c l o s u r e   t h a t  i s  s e e n   i n   f i g u r e s  5 and 6 w a s  a v a r i a b l e  

speed 16mm Mi l l iken   w i th  a lOmm f /1 .8  l e n s  and 160' s h u t t e r .  

Ba lance   Ca l ib ra t ions ,  Check  Loads, 
and   Def lec t ions  

The  main b a l a n c e ,   f o u r   t a i l   b a l a n c e s ,  and   four   canard   ba lances  

w e r e  c a l i b r a t e d   a t   t h e  ARC Balance Room. The a p p r o p r i a t e   c o e f f i c i e n t s  

f o r   e a c h   b a l a n c e  were c a l c u l a t e d   b y  ARO, I n c .  a t  Ames us ing   s t anda rd  

procedures .  The d e f l e c t i o n s  of t he   cana rd   ba l ances  w e r e  found t o  be 

a p p r e c i a b l e   a t   t h e  maximum loads   expec ted ,  so  d e f l e c t i o n s  w e r e  a l s o  

noted.  A l l  b a l a n c e s  w e r e  check   l oaded   i n   t he   w ind   t unne l   be fo re   t he  

t e s t i n g  commenced. These items are   descr ibed   be low.  

The main ba lance  w a s  t h e  6.35 c m  (2 .5- inch)   d iameter ,   s ix-  

component Mark X I V  Task   ba l ance .   Th i s   ba l ance   has   an   excep t iona l ly  

l a r g e   c a p a c i t y   f o r  i t s  s i z e :   1 7 , 8 0 0 ,  8 , 9 0 0 ,  17,800  newtons,  and 226 

newton  meters (4000, 2000, 4000 lbs, and 2000 inch-pounds)   for   f ron t  
and a f t  n o r m a l   f o r c e ,   f r o n t   a n d   a f t   s i d e   f o r c e ,   a x i a l   f o r c e ,   a n d   r o l l i n g  

moment, r e s p e c t i v e l y .   T h i s   l a r g e   c a p a c i t y   b a l a n c e  was  necessary  s ince 

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

r e s u l t i n g   i n   l a r g e   p i t c h i n g  moments, p a r t i c u l a r l y   f o r   t h e   c a n a r d - b o d y  
c o n f i g u r a t i o n .   T h i s   r e l a t i v e l y   r e a r w a r d   b a l a n c e   p o s i t i o n  was  due t o  

t h e   i n t e r n a l   s p a c e   r e q u i r e d   f o r   t h e   c a n a r d   a c t u a t i o n   p a c k a g e .  The 

ba lance  was c a l i b r a t e d   b y   s t a n d a r d   p r o c e d u r e s .  
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Check loading  of   the  normal-force  and  s ide-force  gages  during 
t h e   t u n n e l   i n s t a l l a t i o n   p r o c e s s  showed i n d i c a t e d   v a l u e s   t o  be w i t h i n  

0 .2   pe rcen t   o f   fu l l   s ca l e   o f   app l i ed   l oads .   Check ing   t he  r o l l  gage 
r e q u i r e d  ex t r a  c a r e   s i n c e  a l l  fou r  of t he   fo rward   p in   ho le s  w e r e  used 
a t  one t i m e  o r   a n o t h e r  as t h e  model  was r o l l e d   t o  i t s  f i v e   d i f f e r e n t  
r o l l   a n g l e s .   T h e r e f o r e ,   a f t e r   c a l i b r a t i n g   t h e   b a l a n c e   u s i n g  one p i n  
loca t ion ,   check   l oad ing  was  performed fo r   each   o f   t he   o the r   p in  lo- 

c a t i o n s .   T h i s  showed t h e   l a r g e s t   p e r c e n t a g e   v a r i a t i o n   o f   i n d i c a t e d  
r o l l   t o  be 0 .7   pe rcen t   o f   fu l l   s ca l e ,   caused   by   l oad ing   t he   fo rward  
no rma l - fo rce   gage   t o   capac i ty .  A l l  o t h e r   p o s s i b l e   f u l l - s c a l e   l o a d -  
i n g s   c r e a t e d  less than  a 0 . 3   p e r c e n t   c h a n g e   i n   t h e   i n d i c a t e d   r o l l  

due t o  p i n   l o c a t i o n .  

B o t h   t h e   t a i l  and  canard  balances  were mounted i n   p l a c e   i n   t h e  
t e s t  missile b o d y   f o r   c a l i b r a t i o n .   F o r   t h e  t a i l  ba l ances  a s t anda rd  

c a l i b r a t i o n   f i n  was a t t a c h e d   t o   e a c h   b a l a n c e   i n   t u r n   a n d   c a l i b r a t i o n  

l o a d s   t o  445 o r  623  newtons (100 t o  140 lbsl w e r e  a p p l i e d   a t   t h r e e  
success ive   l oca t ions ,   deno ted  N 1 ,  N 2 ,  and N3, and  then  check  loads 
w e r e  a p p l i e d   a t   f o u r   o t h e r   l o c a t i o n s   o n   e a c h   s i d e .   U s i n g   t h e  model 
r a d i u s   a n d   t h e   f i n   h i n g e   l i n e   f o r  a l o c a l   x f , y f   c o o r d i n a t e   s y s t e m  
( s e e   f i g s .  2 and 3 ,  the   gap  between  each  f in   and  the  body is  inc luded  
i n   y f ) ,   t h e  N 1 ,  N 2 ,  and N3 l o a d i n g   p o s i t i o n s  w e r e  l o c a t e d   a s   f o l l o w s  

N 1  

N 2  

N3 

xf  

2.54 
-2.54 

0.00 

TAILS CANARDS 

Yf f Yf X 

4.059 -2.286 1 .778  

4.059 0 IO00 1 .778  

6.162 0.00 4.572 

Locat ion   of   ca l ibra t ion   and   check  
l o a d   p o i n t s ,  c m .  

A f t e r  a p p l y i n g   e a c h   l o a d ,   t h e   f i n   s u r f a c e  was l eve led   be fo re   r eco rd -  
ing  the  measurements.  The cana rd   ba l ances  w e r e  c a l i b r a t e d   i n   e s s e n -  
t i a l l y   t h e  same manner,   except  each  canard was c e n t e r d r i l l e d   t o  
produce a 0.025 c m  (0 .010- inch ldeep   con ica l   dep res s ion   fo r   l oca t ing  

the   weight   pan  a t  e a c h   c a l i b r a t i o n   p o i n t .  
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A l l  c a n a r d s   a n d   t a i l s  w e r e  check- loaded   dur ing   the   tunnel  

i n s t a l l a t i o n   p r o c e d u r e .  Example comparisons  of  applied  and  measured 

l o a d s   a r e   p r e s e n t e d   i n   T a b l e  I. The d i f f e r e n c e s   a r e   t y p i c a l  for  t h e s e  

types   o f   ba lances .   Presumably ,  much o f   t h e   d e v i a t i o n  is  due t o   t h e  

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

measured  balance  components. A l s o ,  t h e   f i n s  w e r e  n o t   l e v e l e d   a f t e r  

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

The def lect ions  of   the   mounting  system  and  main  balance w e r e  

measu red   du r ing   t he   i n s t a l l a t ion   check   l oad ing   o f   t he   Task   ba l ance .  

This   in format ion  was u s e d   t o   c o r r e c t   t h e   i n d i c a t e d   p i t c h   a n g l e s   d u r i n g  

t e s t i n g ,  a c o r r e c t i o n  of less than  one  degree.  

The de f l ec t ions   o f   t he   cana rds   appea red  t o  be l a r g e  a t  t h e   f u l l  

capacity  load  of  489  newtons (110 lbsl s o  a comprehensive se t  of  

def lect ion  measurements  w e r e  made b e f o r e   t h e   t u n n e l   e n t r y .   T h i s  

cons i s t ed   o f   measu r ing   t he   d i sp l acemen t s   a t   t h ree   l oca t ions  on each 
canard   whi le   loads  w e r e  s u c c e s s i v e l y   a p p l i e d   a t  N1, N2, and N 3 .  Using 

a n o m i n a l   c e n t e r   o f   p r e s s u r e   o f   t h e   h i n g e   l i n e   a t  40 pe rcen t   o f   t he  

s p a n ,   t h e   n e g a t i v e   l o a d i n g   d i r e c t i o n   f o r   c a n a r d  1 produced a d e f l e c -  

t i o n   t h e r e   o f  0.78X10-3cm/newton (0.0014  in/ lb)  , whi le   t he   r ema in ing  

f ive   conib ina t ions   o f   canards   and   loading   d i rec t ions   p resented  a less 

s t i f f  mounting  of 1.14Y10-3cm/newton (0.002 i n / l b l   d e f l e c t i o n .  

The i n c r e a s e   i n   t h e   c a n a r d   d e f l e c t i o n   a n g l e  AA due t o   t h e   c a n a r d  

normal  force,   hinge  and  bending moments can be e x p r e s s e d   a s  

T h e s e   c o e f f i c i e n t s  were found t o  be ( n e a r   t h e  base o f   t h e   c a n a r d ) :  

normal   force 0 .9x10-~  deg/newton (0.004  deg/lb) 
hinge moment 0.15 deg/newton-meter (0.017  deg/in-lb) 
bending moment 0.01 deg/newton-meter (0.001 deg/in-lbb) 

f o r   a l l   l o a d i n g s   o f   t h e   c a n a r d s ,   e x c e p t   t h e   n e g a t i v e   l o a d i n g   o f  car.ard 

one,  which w a s  s t i f f  enough so t h a t   t h e s e   a n g u l a r   d e f l e c t i o n s  

w e r e  n e g l i g i b l e .  
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As an   example   o f   t he   impac t   o f   t hese   f l ex ib i l i t i e s ,  we w i l l  
use   da ta   f rom a run a t  t h e   g r e a t e s t  tes t  Reynolds  number, R e  = 1.25X106 
p e r  meter (4.1X10" p e r   f o o t ,   t h e   p r e s s u r e   i s ' 2 . 5  times t h e   u s u a l   v a l u e  

fo r  t h e  t e s t ) ,  a t  t h e  maximum p i t c h   a n g l e  of 50.0° for  20' r o l l  w i th  
a l l   c a n a r d s  a t  a nominal   va lue   o f   no   def lec t ion  ( 6 ' s  = 0 ) .  This   pro-  

d u c e s   l a r g e   f o r c e s  on  canard 4 r e s u l t i n g   i n  a no rma l - fo rce   coe f f i c i en t ,  
CNC4 = 0.635,  hinge-moment c o e f f i c i e n t ,  CHMC4 = 0.0297,  and  bending- 
moment c o e f f i c i e n t ,  CBMC4 = 0.159. The r e s u l t i n g   i n c r e a s e   i n   c a n a r d  

angle   f rom  these  aerodynamic  loads,  as ca l cu la t ed   u s ing   t he   above  
c o e f f i c i e n t s ,  w a s  0.23O,  and t h e   c a l c u l a t e d   d e f l e c t i o n   o f   t h e   n o m i n a l  
cen te r   o f   p re s su re  i s  0.29 c m .  For approximately  90  percent  of t h e  
t e s t  p o i n t s   t h e   d e f l e c t i o n s  w e r e  less t h a n   h a l f   t h e s e   v a l u e s .  

T e s t  Procedure 

The r ange   o f   mode l   p i t ch   ang le s   fo r   t h i s  t es t  was  20° t o  50°. 
This  was obtained  by  mounting a loo b e n t   s t i n g   o n t o  a 45O s t r u t  
adap to r  t o  o b t a i n   a n   o v e r a l l   r o t a t i o n   o f  35O, thus   t r ans fo rming   t he  
t u n n e l   s t i n g  moun t  p i t c h   r a n g e  of + 1 5 O  t o  20' t o  50°. T o  perform 

the   check   loading   of   the  m a i n  ba lance ,   pane l   ba lances ,   and   canard  
p i t c h   a n g l e s ,   t h e  model  was f i r s t  mounted i n   t h e   t u n n e l   w i t h o u t   t h e  
4 5 O  s t r u t   a d a p t o r  so t h a t  it could  be p l a c e d   i n  a l e v e l   a t t i t u t e   f o r  
hanging  weights .  To e l i m i n a t e   a n y   p o s s i b i l i t y   o f   w i r i n g   m i s t a k e s   a f t e r  

check   l oad ing ,   t he  model w a s  t hen   r emoun ted   on to   t he   f i na l   s t ru t - s t i ng  
a r rangement   wi thout   d i sconnec t ing   any   of   the   ba lance  w i r e s .  S tandard  

wind  tunnel   procedures  w e r e  u sed   fo r   nu l l i ng   t he   ba l ances   and   u s ing  
c a l i b r a t i o n  resistors. All t h e  model w i r i n g  w a s  f a s t e n e d   i n t o   g r o o v e s  
i n   t h e   s t i n g   i n   t h e   r e a r   a f t e r b o d y   r e g i o n   a n d  a f o u l i n g   s t r i p   p l a c e d  

o v e r   t h e  w i r e s .  Pane l   ba lance   check   loading  w a s  performed  with  the 

pane l   cove r s  i n  place.   There w a s  neve r   any   i nd ica t ion   o f   fou l ing  
d u r i n g   t h e  t e s t  program. 

Table I1 l ists  t h e   c o n d i t i o n s   f o r   e a c h   r u n  of t h e  t e s t  program. 
For   comparison  purposes   with  the 6- by  6-Foot Wind Tunnel t e s t  pre-  
v i o u s l y   m e n t i o n e d ,   t h e   b o d y - t a i l   c o n f i g u r a t i o n  w a s  tested a t  Mach 

nunibers  of 0.8 and 1 . 2 2 ,  and   t he   o the r   t h ree   conf igu ra t ions   (body ,  

body-canards ,   and   body-   canards- ta i l s )  w e r e  t e s t e d  a t  0.8 and  1.3. 
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F o r   t h i s   l a s t   c o n f i g u r a t i o n   f o u r   c o m b i n a t i o n s   o f   c a n a r d   d e f l e c t i o n s  

0 ,  5 ,  10, and 1 5  degrees ,  w e r e  t e s t e d   a t   t h e   f i v e  r o l l  angles   and  two 
Mach numbers f o r   t h e   p r i m a r y  t e s t  Reynolds number pe r  meter of  

6.9X106  (2.1X106 p e r   f o o t ) .  A l i m i t e d  amount   o f   t es t ing  w a s  a l s o  

performed a t   t h e   u n i t  Reynolds  numbers  of 3.9,   9.5,  and 13.5X106 

per  meter (1.2,  3.9, and 4.1X106 p e r   f o o t ) .   T h i s   s m a l l e s t   v a l u e  i s  

t h e  same a s  w a s  u s e d   f o r   a l l   t h e   p r e v i o u s  6-  by  6-Foot Wind Tunnel 

t es t ,  so d i r ec t   compar i sons   cou ld  be made between some of t h e   r e s u l t s  

A t  e ach   run   cond i t ion   da t a  w e r e  ob ta ined  a t  each   of   the   fo l lowing  

nominal   p i tch   angles :  20°,  22O,  24O,  27O, 30°, 33O,  36O,  39O,  42O, 

45O, 4 8 O ,  and 50' .  

To ob ta in   vapor   s c reen   f l ow  v i sua l i za t ion   t he   t unne l  was on ly  

pa r t i a l ly   pu rged   o f  w a t e r  vapor t o  a spec i f ic   humidi ty   be tween 
0.0004 and 0 .0006 ,  as measured  by  the  tunnel   humidi ty   gage.  The 
l i g h t  s l i t  p rev ious ly   desc r ibed  was l o c a t e d  on t h e   l e f t   s i d e   o f   t h e  

tunnel   ( looking  upstream) . . I t  made t h e   v o r t i c e s   r e a d i l y   v i s i b l e  t o  

o b s e r v e r s   o u t s i d e   t h e  wind tunne l .   Fo r   pho tography ,   t he   l i gh t  s l i t  

was r o l l e d   a l o n g  i t s  t r a c k ,   s t o p p i n g   f o r   a b o u t  2 0  seconds t o  illum- 

i n a t e   e a c h   o f   s e v e n   d i f f e r e n t   s t a t i o n s   w h i c h  w e r e  marked by   wh i t e  

d o t s  on the   b lackened  missile, a s   i n d i c a t e d   i n   f i g u r e  1. The motion 

p ic ture   camera ,  mounted t o   t h e   t o p   o f   t h e  45' s t r u t   ( f i g .  4 1 ,  was 

s ta r . ted   and   f i lmed  each   sweep  of   the   l igh t  s l i t  from s t a t i o n s  1 t o  7 .  

Double X f i l m  was  used  with a f i lming   speed   o f  2.8 frames  per  second. 

T o  v i s u a l i z e   t h e   f l o w  i n  t h e   r e g i o n s   w i t h i n   t h e  shadow, e i t h e r   t h e  

l i g h t   s o u r c e   o r   t h e  model  was t r a n s l a t e d   v e r t i c a l l y   a n d   a n o t h e r  sweep 

was f i lmed.  Sweeps w e r e  made a t   p i t c h   a n g l e s   o f  20°,  24O, 30° ,  36O, 

42O, and 4 8 O .  Numerous d i f f i c u l t i e s   w i t h   t h e   p h o t o g r a p h y   l i m i t e d  

t h e  number o f   r u n s   f o r   w h i c h   u s e f u l   r e s u l t s  w e r e  ob ta ined  t o  Runs 

94 t o  97.  
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D E F I N I T I O N  O F  AERODYNAMIC COEFFICIENTS 

A l l  main balance  coefficients and panel  load summations w e r e  
calculated i n  an  unrolled body axis  system. Note ( f ig .  8) t ha t   t he  
canard and t a i l  panels  are  both numbered i n  the  counter  clockwise 
direction  looking  upstream  (tails  2 and 4 are  switched from t h i s  

convention i n  references 1 and 2 ) .  

Main Balance  and  Individual  Panel  Coefficients 

The main balance  coeff ic ients ,  CN,  Cm, Cy, Cn, C a ,  and CA and 
the  individual  panel-balance  coefficients,  C , c  , and 

N C j , T j  BMC j, T j  

C are  defined i n  the  conventional manner (see L i s t  of Symbols). 
H M C j , T j  

The moment center of  the model is  miss i le   s ta t ion  26  (see L i s t  of 

Symbols,  and f igs .  1, 8-10) . 
The rolling-moment coefficient  for  each  panel i s  defined  as 

f 01 lows : 

Note t h a t  6 = 0 fo r  t h e  t a i l  pane l s   fo r   a l l   t e s t s .  
j 

Coefficients  for Canard Panels Taken Together 

For t h e  canard  panels  taken  together, t h e  following aerodynamic 
coef f ic ien ts  were calculated i n  an unrolled body axis  system: 

Normal-force coef f ic ien t  

C (B)  NC 1 
cN = c  - cos 6 ,  

+ c  - cos 6, 
NC3 

- s i n  @+c - cos 6, - cos qi 
Nc4 

Side-force  coefficient 

-C - cos 6, 
Nc3 

- cos @+CN - cos A, - s i n  qi 
c2 

cos @+C - cos 6, . s i n  qi 
Nc4 
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P i t c h i n g - m o m e n t  coeff ic ient  

- c  + (‘HM +C ) . cos @ + ( C  +c ) . s i n  6 
NC (B)  c2 HMC, HMC , HMC, 

+ (%Mcl . s i n  6 l - ~ B M  . s i n  A s )  . cos @ c3 

+ (‘BM . s i n  6,-c . s i n  6,) . s i n  @ c2 BMC, 

Y a w i n g - m o m e n t  coeff ic ient  

C 
nC (B)  = (&) - + (‘HM 

-iC ) . s i n  @-(c +C ) . cos @ 
c (B) c2 HMC, mc 1 HMC, 

+ (‘BM~ . s i n  A,-c . s i n  f i 3 )  . s i n  @ 
1 BMC, 

- (CBM . s i n  K2-c . s i n  fi,) . cos @ 
c2 BMC, 

R o l l i n g - m o m e n t  coef f ic ien t  

“C (B) 
= -c + c  + c  - c  

RMC, RMC, R’C, RMC, 

Coef f ic ien ts  f o r  T a i l  Panels Taken Together 

For t h e  t a i l  panels taken together,  t h e  f o l l o w i n g   a e r o d y n a m i c  
coef f ic ien ts  w e r e  calculated i n  an unro l led  body axis  s y s t e m :  

N o r m a l - f o r c e  coe f f i c i en t  

C 
NT (B) T1  T3 T 2  NT4 

= (CN +CN ) . s i n  @+( cN  +c ) . cos @ 

Side-force coe f f i c i en t  

C 
yT (B)  NT1 T3 T 2  NT4 

= - ( C  +CN ) . cos @ + ( C N  +C . s i n  @ 

18 



Pitching-moment coeff ic ient  

Yawing-moment coef f ic ien t  

Rolling-moment coef f ic ien t  

Coefficients  for Canard  and Tai l  
Panels Taken Together 

For the  canard  panels and t a i l  panels  taken  together,  the 
following  coefficients were calculated i n  anunrolledbody  axis  system: 

Normal-force coef f ic ien t :  C = c  + c  
NC (B) +T (B) NC (B) NT (B) (12) 

Pitching-moment coef f ic ien t :  C = c  + c  
mC (B)  +T (B) mC(B)  % ( B )  ( 14) 

Rolling-moment coef f ic ien t :  C = c  + c  
'C (B) +T (B) (B) 0-3) ( 16 
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TEST  RESULTS AND DISCUSSION 

Presen ta t ion   o f   t he   Da ta  

The run   schedule  i s  p r e s e n t e d   i n  Table 11. Table I11 i s  a sample 

computer   sheet   showing  the  data   format .  The c o n f i g u r a t i o n s   n o t e d   t h e r e  

a r e  coded as: 1, body; 2 ,  body-tail ;   3,   body-canard;  and  4,   body-canard- 

t a i l .  

S t a r t i n g   w i t h  Run 25 the   pos i t i on   po ten t iome te r   fo r   cana rd  3 mal- 

f u n c t i o n e d   f o r   t h e  15O s e t t i n g  and it was pos i t ioned   manual ly  t o  ?1/2O 

b e f o r e   t h e   s t a r t   o f   e a c h  se t  of  runs . * 

The e x t e n s i v e   r e s u l t s   o f   t h i s  t e s t  are p r e s e n t e d   e l s e w h e r e   i n   t h e  

form  of DATAMAN p l o t s   ( r e f .   3 ) .   T a b l e  I V  i s  a l i s t  o f   t h e   f i g u r e  t i t l e s  

and   dependen t   and   i ndependen t   va r i ab le s   i n   t ha t   r epor t .   F igu res  11 t o  

39 a r e   i n c l u d e d   h e r e   t o   i n d i c a t e  some o f   t h e  phenomena t h a t  w e r e  observed.  

These   f i gu res   a r e   d i scussed   be low.  

The body  force  and moment c o e f f i c i e n t s  and c o e f f i c i e n t s   b a s e d  on 

summed panel   loads  w e r e  examined f o r  a l l  non-vapor  screen  runs  for m a x i -  

mum panel   loads   for   the   body- ta i l   and   body-canard- ta i l   models .  Under 

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

l e t te rs  and  numbers i n d i c a t e ,   f r o m   l e f t   t o   r i g h t :  

a:  20, 2 2 ,  24, 2 7 ,  30,  33,  35-36,  39, 4 2 ,  45,   48,  50° 

L K J I H G  F E D C B A  

M: .8 ,  1.22, 1.3  Re.10-6:  3.9,  6.9,  9.5,  13.5  per meter 

X Y  Z A B C D 

@: 0 ,  10, 20,  30, 45O fi : 0, 15O 6 0, 15O 
1,s 2'4' 

0 1 2 3 4  A B  A B  

For  example,  from Table V t h e  m a x i m u m  Cn fo r   t he   body-cana rd - t a i l   con -  

f i g u r a t i o n  is 3 . 5 .  T h i s   v a l u e   o c c u r s   a t  GZBlAA, so a = 33 , M = 1.3, 

R e  = 6.9'10 , = IOo, 6 

0 

6 
= oo, 6 Z Y 4  = oo. 

1,3 

* 
Run  25 h a s   a n   e r r o n e o u s   s e t t i n g   f o r   t h i s   c a n a r d ,   a n d  it was r ep laced   by  

Run 26. S t a r t i n g   w i t h  Run 38,   canard 3 d e f l e c t i o n  w a s  se t  on a thumb 
wheel.  For  runs  between 26 and  37,  the 15O s e t t i n g   s h o u l d  be cons ide red  

a c c u r a t e  , + 1 / 2 O ,  i n   s p i t e  of   an   ind ica ted   va lue   o f  lSO+ 2O. 
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Vapor screen  photography w a s  pe r fo rmed   fo r   s eve ra l  tes t  c o n d i t i o n s  
a t  M = 1.3 f o r   t h e   b o d y - c a n a r d - t a i l  model.  The f l o w   v i s u a l i z a t i o n  

q u a l i t y  t o  t h e   o b s e r v e r   a p p e a r e d   t o  be e x c e l l e n t ,   h o w e v e r ,   t h e   r e s u l t i n g  
f i l m   r e c o r d i n g  is of   poor   qua l i ty ,   though  readable .  The c o o r d i n a t e  
t r a n s f o r m a t i o n s  w e r e  fo rmula t ed   and   t he   vo r t ex   pos i t i ons   de t e rmined   fo r  
one tes t  c o n d i t i o n ,  a r o l l  angle   o f  20 , canards  1 and 3 a t  15O and 

p i t c h   a n g l e   o f  20°. More u s e f u l   t h a n   t h e   r e s u l t s   f r o m   t h i s   ‘ p a r t i c u l a r  
case a r e   t h e   f o l l o w i n g   v i s u a l   o b s e r v a t i o n s   f o r   t h e   e n t i r e   s w e e p   i n   p i t c h  
o f   t he  symmetric case (Oo r o l l  angle  and Oo c a n a r d   d e f l e c t i o n s )  . 

0 

“C 
= 20° 

“C 
= 24O 

“C 
= 30° 

CL = 36O 
C 

ac = 42O 

a = 48O 
C 

“Af terbody  vor t ices   appear  t o  s t a r t  about  midway between 
t h e   f i n s .  A t  the   l ead ing   edge   of   the  t a i l  t h e y  w e r e  about  
1.5 r a d i i  above t h e  body c e n t e r l i n e .  

“The  phenomena are abou t   t he  same e x c e p t   b o d y   v o r t i c i t y  
a p p e a r s   t o   r o l l   u p   r i g h t   a f t e r   t h e   c a n a r d s .  

I 1 N o s e  v o r t i c e s   a n d   t r a i l i n g   e d g e  wake of t he   cana rds  are 

c l e a r l y   v i s i b l e   i m m e d i a t e l y   b e h i n d   t h e   c a n a r d s .  Two 

c a l i b e r s  l a te r  t h e   n o s e   v o r t i c e s  are swep t   i n to   t he   cana rd  
wake. A t  the   l ead ing   edge  of t h e  t a i l s  t h e   a f t e r b o d y  

v o r t i c e s  are unsymmet r i ca l   and   qu i t e   e longa ted   i n   t he  Z 

d i r e c t i o n .  The l e f t   v o r t e x   ( l o o k i n g   f o r w a r d )  is  f u r t h e r  
f rom  the   body   t han   t he   r i gh t   vo r t ex .  

“ T h e r e   a r e   s t r o n g   n o s e   v o r t i c e s  a t  the   l ead ing   edge   of   the  
top   cana rd .   These   vo r t i ce s   a r e   abso rbed   i n to   t he   cana rd  
and  afterbody  wake. The a f t e r b o d y   v o r t i c e s  are symmetr ical ,  
s t r o n g ,  and  very  e longated.  

“The behav io r  is  t h e  same, the  f low is  q u i t e   s t e a d y .  

“AS ac i n c r e a s e d   t h e   c a n a r d  wake has  become p r o g r e s s i v e l y  

t h i c k e r .  The  wake has  become  more and more e longa ted   (no te  
t h a t   t h e   l i g h t   p l a n e s  are v e r t i c a l ,   n o t   p e r p e n d i c u l a r   t o  
t h e   b o d y ,   t h u s   a c c e n t u a t i n g   t h e   v e r t i c a l   s t r e t c h i n g   o f   t h e  
v o r t i c e s ) .  The t o p  of t h e   e l o n g a t e d   p a t t e r n   a p p e a r s  t o  be 

more d i s t i n c t  and   probably   cons is t s  of t h e   c a n a r d   v o r t i c e s .  
The f low i s  s t e a d y .  ‘ I  
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D a t a  Accuracy,  Repeatabil i ty,   and  Comparison 
w i t h  6- by  6-Foot Wind Tunnel Test R e s u l t s  

W e  f i r s t  e x a m i n e   t h e   d a t a   f o r  possible errors a c c r u e d   i n   t h e   c o u r s e  

o f   t he  t es t .  I t  is  convenient  t o  d i v i d e   t h e  error i n t o  t w o  types :  

s e n s i n g ' a n d   r e c o r d i n g   e r r o r s  a t  t h e   i n i t i a t i o n   o f   t h e  t es t ;  and errors 
caused   by   changing   condi t ions ,   such  as c h a n g i n g   c a l i b r a t i o n s ,   t u n n e l  

condi t ions,   and  model   condi t ions.  Model check   loading  w a s  used t o  examine 

t h e   f i r s t   t y p e   o f   e r r o r .  The  main ba lance   accuracy  w a s  found t o  be 0.2 

p e r c e n t   o f   f u l l   s c a l e .  A comprehensive set  of  sample  panel  check  loads 

are p r e s e n t e d   i n  T a b l e  1. The pe rcen tage   s t anda rd   dev ia t ion   be tween  

a c t u a l  and  recorded  loads  obtained  f rom a more complete l i s t  of  check 

loads  was 1.0 percent   for   pane l   normal   forces   and   h inge  moments,  and 

1.7 p e r c e n t   f o r   t h e   b e n d i n g  moments on both .canards   and  t a i l s .  

An i n d i c a t i o n   o f   t h e   s e c o n d   t y p e   o f  error is  obtained  by  comparing 

r e s u l t s  f rom  r epea t   runs ,   by   compar ing   r e su l t s   w i th   t hose   f rom  p rev ious  

6- by  6-wind t u n n e l  t e s t ,  and   by   ana lyz ing   apparent   d i f fe rences .   Those  

are discussed  below.  

F igure  11 shows t h e  t a i l  no. 2 normal  force  and missile s i d e   f o r c e  

c o e f f i c i e n t s   f o r   t h e   b o d y - c a n a r d - t a i l  model f o r   r u n  39 and   r epea t   run  77 .  

These  curves are t y p i c a l   o f   t h e   r e p e a t a b i l i t y   o f   t h e   d a t a .  The s t a n d a r d  

dev ia t ion   o f   t he   pe rcen tage   change   i n   ma in   ba l ance   l oads   f rom  run  39 t o  
run  77 is  f o u r   p e r c e n t .  The d i f f e r e n c e s  are t y p i c a l l y   o n l y   o n e - t h i r d  as 
g r e a t   f o r   p i t c h   a n g l e s   b e t w e e n  2 0  and 33O as compared t o   t h e   l a r g e r  

p i t c h   a n g l e s .  The r e a s o n   f o r   t h e s e   r e l a t i v e l y  large d i f f e r e n c e s  i s  
unknown, however ,   there  w e r e  a moderate number of   sc rew  holes   and   jo in ts  

t h a t  w e r e  waxed,   and  then  f requent ly   touched  up as t h e  w a x  o c c a s i o n a l l y  

deformed. The  main b a l a n c e   l o a d s   f o r  a r epea t   run   w i th   t he   body-on ly  
conf igura t ion   gave  much bet ter  agreement   than  the  above case. 

0 

For the   pane l   l oads   t he   s t anda rd   dev ia t ion   o f   t he   pe rcen tage   change  

be tween  runs  39  and 77 i s  about  t w o  p e r c e n t   ( e x c l u d i n g   t h e   t a i l  no. 1 

c o e f f i c i e n t  CPXT) and   t he re  is on ly  a s l i g h t l y  less d e v i a t i o n   i n   v a l u e s  

i n   t h e  lower   p i tch   range  as compared t o  the   h ighe r   va lues   o f   p i t ch .  The 

t a i l   c o e f f i c i e n t  CPXT is  o b t a i n e d   b y   d i v i d i n g   t h e   h i n g e  moment b y   t h e  

normal   force.  When t h e   l a t t e r  becomes v e r y   s m a l l   l a r g e   e r r o r s   i n  CPXT 

a re   encoun te red .   These   da t a   po in t s  are e a s i l y   i d e n t i f i e d   i n   t h e  DATAMAN 

p l o t s   b y   t h e i r   l a r g e   s c a t t e r ;  (a lso,  t h e  t a i l  normal   force is p l o t t e d  and 

i t s  magnitude  can be checked) .  
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A phenomenon t h a t   f r e q u e n t l y   o c c u r s   i n   h i g h   a n g l e  missile model 
d a t a  is  vortex  switching  between t w o  stable c o n f i g u r a t i o n s .   T h i s  phen- 
omena has   no t   been   obse rved   i n   t he   da t a .   F igu res  12-18 and 23-26 show 
data  f o r   t h e   b o d y - t a i l  and   body-canard- ta i l   models ,   respec t ive ly ,  a t  t h e  
v a r i o u s  test  c o n d i t i o n s   f o r   b o t h   t h e  6- by  6-Foot  and  11-Foot Wind Tunnel 
tests. These   da ta   over lap   be tween 20° and 24O p i t c h .  The Reynolds  numbers 

are matched in   f igures   14,   15,   24,   25,   and  26.  The comparison is g e n e r a l l y  
q u i t e  good.   S ide   force   coef f ic ien ts   match  up within  0.15,  which is  1 or 
2 percent   of  CN, and  yawing moments ag ree  t o  w i t h i n  10 pe rcen t   o f   t he  
p i t c h i n g  moment. 

The d i f f e r e n c e   b e t w e e n   t h e   p a n e l   c o e f f i c i e n t s   f o r   t h e  6- by  6-Foot 
and  11-Foot Wind Tunnel   data  w e r e  examined f o r   t w e l v e   d i f f e r e n t  tes t  
cond i t ions .  The s t a n d a r d   d e v i a t i o n s   o f   t h e s e   d i f f e r e n c e s   f o r   e a c h   p a n e l  
c o e f f i c i e n t  w e r e  determined t o  be : 

* 

ACNC = 0.031 

ACm = 0.0085 

AcHMc = 0.004 

“HMT = 0.020 

“BMC = 0.008 

ACBMT = 0.042 

For   compar ison ,   these   va lues   for   the   forces  are 4.1  and 0.4 p e r c e n t ,  
r e s p e c t i v e l y ,  of t h e  maximum v a l u e s   l i s t e d   i n  Table V. The bending 

moments on t a i l s  2 ,  3 ,  and 4 a p p e a r   t o  be s i g n i f i c a n t l y   l a r g e r   f o r   t h e  
11 - foo t   t han   t he  6- by   6- foot  t e s t ,  and   l ikewise   for   the   normal   force  
on  canard 1. A n o t h e r   p o s s i b l e   s i g n i f i c a n t   d i f f e r e n c e  is t h e   c a n a r d  4 

h inge  moment, where  11-foot resul ts  a r e   c o n s i d e r a b l y  less t h a n   t h e  
6 -   by   6 - foo t   t e s t  resul ts .  

I t  should be n o t e d   t h a t   t h i s  model a t  20° t o  24O pi tch   appeared  
t o  c r e a t e  a s i g n i f i c a n t  amount o f   o b s t r u c t i o n   i n   t h e  6-  by  6-Foot Wind 

T u n n e l ,   p a r t i c u l a r l y   f o r   t h e  M = 0.8   f low  condi t ion .  Some t u n n e l   w a l l  
e f f e c t s  w e r e  p r o b a b l y   i n e v i t a b l e   f o r   t h a t   f l o w   c o n d i t i o n .   T h e s e   e f f e c t s  

s h o u l d   h a v e   b e e n   a l l e v i a t e d   i n   t h e  much l a r g e r  11-Foot Wind Tunnel. 

23 

* 
It has   been   conc luded   t ha t   t he   cana rd   h inge  moments for t h e  6-  by  6-Foot 

Wind Tunnel t es t  a l l  have  the  wrong  sign. The l i s t e d   s t a n d a r d   d e v i a t i o n  

of  0.004 for t h i s   c o e f f i c i e n t  is  f o r   t h e  corrected s i g n ,  



Phenomena Exh ib i t ed   by  Data 

F igu res  1 2  th rough 39 are p resen ted  t o  i n d i c a t e  some o f   t h e  phenomena 

observed.  A comprehensive set  of  DATAMAN p l o t s  are i n c l u d e d   i n   r e f e r e n c e  3 .  

The behav io r   obse rved   i n  some o f   t h e   f i g u r e s   p r e s e n t e d   h e r e   l e a d  t o  con- 

c lus ions   t ha t   have   been  drawn b y   e x a m i n i n g   f i g u r e s   i n   r e f e r e n c e  3. Th i s  

i s  i n d i c a t e d   b y   r e f e r e n c i n g   t h a t  document. First t h e   f i g u r e s  are consid-  

e r e d   f o r   t h e   g e n e r a l   b e h a v i o r  of the  11-Foot tes t  data ,   then  Reynolds  

number e f f e c t s   a r e   n o t e d .  

The onset  of  flow  asymmetry i s  best ind ica t ed   by   s ide   fo rce ,   yawing  

moment, r o l l i n g  moment, and  normal  force on p a n e l s   i n   t h e   t o p   v e r t i c a l  

p o s i t i o n   ( p a n e l  1). For the  body-tail   model,   f low  asymmetry  appears t o  
s t a r t  between 20° and 24O as i n d i c a t e d   i n   f i g u r e s  12 and  13. The l a r g e  

v a r i a t i o n s   i n  yawing moment above a p i t ch   ang le   o f  30° ( f i g .  1 3 )  are 

l a r g e l y   d u e   t o   t h e   t a i l s   i n   t h e   s u p e r s o n i c   c a s e   ( r e f .   3 ) .  The  model 

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

s t a b l e   f o r   t h e   s u p e r s o n i c   f l o w   c a s e .  

F igu res  14  and 15 show resu l t s  f o r   t h e   b o d y - t a i l  model r o t a t e d   t o  

20°.  The large  yawing moments a t  l a r g e   p i t c h   a n g l e s   ( f i g .  1 4 )  a re   due  

n e a r l y   e n t i r e l y   t o   t h e   l o a d s  on the   body  (wi th   nose)   and   no t   an   in te rac t ion  

of n o s e   v o r t i c e s   w i t h   t h e  t a i l  p a n e l s   ( r e f .   3 ) .  For i n s t a n c e ,  a = 30 

t h e  yawing moment is -2.64  and t h e  component  of t h i s  due t o   t h e   t a i l s  

i s  -0.24. Most of t h i s   t a i l  yawing moment c o e f f i c i e n t  is due t o  normal 

f o r c e s ,   w h i c h   a r e   p l o t t e d   i n   f i g u r e  15 .  The  model h a s   v e r t i c a l  symmetry 

a t   b o t h  Oo and 45 r o l l .  I n  f i g u r e s  16 and 17 it is  n o t e d   t h a t  s ide f o r c e s  

are cons ide rab ly  less f o r   t h e  45O r o l l   c a s e   t h a n   f o r  O o  r o l l .  Maximum 

s i d e   f o r c e s   o c c u r   f o r  l o o  and 20° r o l l .  

0 

0 

For t h e   b o d y - c a n a r d - t a i l  model a t  O o  r o l l ,   t h e   e f f e c t   o f   t h e   c a n a r d s  

a t  0.80 Mach nuniber is to   reduce   asymmetr ies   up   to  a p i t ch   ang le   o f  34O, 

where  yawing moments r each  a modest  value.   Significant  asymmetry  does 

n o t   a p p e a r   u n t i l  a p i t c h   a n g l e   o f  48O ( f i g .  18) As i n d i c a t e d   i n   f i g u r e  19 

yaw c o n t r o l   ( c a n a r d s  1 and 3 de f l ec t ed )   p roduces  a s t r o n g   s i d e   f o r c e   i n  

t h e   e x p e c t e d   d i r e c t i o n   a t   l o w e r   a n g l e s   o f   a t t a c k ,   b u t   t h e   d i r e c t i o n   o f  

t h e   s i d e  force changes   s ign   a t   abou t  33 . The l a r g e r  component  of t h i s  

s i d e   f o r c e  i s  a t t r i b u t a b l e   t o   t h e   a f t e r b o d y ,   a s  compared t o  t h e  summed 

p a n e l   l o a d s   ( r e f .  3). Figures  20 t o  2 2  p r e s e n t  r e s u l t s  f o r   t h e  same c a s e  

b u t  M = 1.30. P i t c h   c o n t r o l   ( c a n a r d s  2 and 4 d e f l e c t e d )   d e c r e a s e d   s i d e  
forces and  yawing  moments. From vapor   sc reen   observa t ions   (undef lec ted  

0 
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c a n a r d s )   p r e v i o u s l y   p r e s e n t e d ,   v o r t e x  asymmetry w a s  no ted  a t  t h e  t a i l s  
a t  on ly  30° p i t c h .  Yaw c o n t r o l   p r o d u c e s   a n   , e f f e c t   s i m i l a r  t o  the   sub-  
son ic   f l ow case, t h a t   o f   r e v e r s i n g   t h e   s i g n  on the   s ide   force   and   yawing  

moment. The r o l l i n g  moments ( f i g .  2 2 )  when yaw c o n t r o l  i s  a c t u a t e d   a r e  
d u e   a l m o s t   e n t i r e l y  t o  t h e  t a i l  p a n e l s   ( r e f .   3 ) .   F i g u r e  23  shows selected 

panel   loads.   Very little asymmetry i n   t h e   p a n e l   l o a d s  is  i n d i c a t e d .  

I n d i v i d u a l   p a n e l   l o a d s   f o r  a r o l l  angle  of 20° are i n d i c a t e d   i n  
f i g u r e s  24 t o  26.  The shadowing e f f ec t   o f   t he   nose   and   body  on canard  1 

and t a i l  1 i s  e v i d e n t .   T h i s  creates a r o l l i n g  moment which i s  s e e n   i n  
f i g u r e  27.  The maximum r o l l i n g  moment o f   t h e  tes t  is  i n c l u d e d   i n   t h i s  

f i g u r e .  A t  t h e  r o l l  angle   o f  l oo  t h e  yawing moment is s t r o n g l y   a f f e c t e d  
b y  a change  from  subsonic t o  supe r son ic  Mach numbers ( f i g s .  28 and  29) .  
The maximum yawing moment f o r   t h e  t e s t  o c c u r s   i n   f i g u r e  29. 

F igu res  30 and 31  show f o u r   d i f f e r e n t   d e p e n d e n t   c o e f f i c i e n t s ,  model 

yawing moment C n ,  yawing moment due t o   t h e   p a n e l s  CYMB, model r o l l i n g  
moment C and r o l l i n g  moment due t o   t h e   p a n e l s  CRMB, e a c h   v e r s u s   r o l l  
angle .   These   p lo ts   convenient ly  show b o t h   t h e   e f f e c t s  of r o l l   a n g l e  and 
t h e   c o n t r i b u t i o n   o f   t h e   a p p r o p r i a t e l y  summed components   of   the   panel   loads 
t o   t h e  t o t a l  c o e f f i c i e n t .   T h u s ,   i n   f i g u r e  30 CYMB c o n t r i b u t e s   a s  much 

as 1.8 t o   t h e   l a r g e s t   v a l u e s   o f  Cn.  The t o t a l  and summed pane l   l oad  
r o l l i n g  moments, C j  and CRMB, r e s p e c t i v e l y ,  are shown i n  f i g u r e  31. The 

o n l y   a d d i t i o n a l   s o u r c e   o f   r o l l i n g  moment besides CRMB i s  t h e   t a n g e n t i a l  
component  of  body  skin  friction,  which is  expec ted  t o  be n e g l i g i b l e .  

I n d e e d ,   t h e   p a i r s   o f   v a l u e s   a r e   w i t h i n  0.025 excep t   one   l a rge r   d i f f e rence  

of  0.04. 

J' 

Tests w e r e  performed a t  fou r   d i f f e ren t   Reyno lds  numbers. The lowest  
o f   t h e s e  w a s  t h e  same as i n   t h e  6- by  6-Foot Wind Tunnel. Not much t e s t i n g  
could  be performed a t   t h a t  low Reynolds nurriber c o n d i t i o n  because of  ex- 
treme cond i t ions   p l aced  upon t h e   I l - F o o t  Wind Tunnel  equipment.  The 
changing  Reynolds number is not   expec ted  t o  change   t he   f l ow  sepa ra t ion  
on   t he   pane l s   t hemse lves ,   bu t  w i l l  a f f ec t   t he   body   boundary   l aye r  be- 

hav io r   and   t hus   a f f ec t   pane l   l oads   by   chang ing   vo r t ex   l oca t ion   nea r   t he  
panels.   Figures  15,   24,   25,   and 26 show t h e   e f f e c t s  on canards  and t a i l s  
b y   i n c r e a s i n g   t h e   R e y n o l d s  number by   2 .4 .and   3 .5  times a t  va r ious  t e s t  
cond i t ions .   F igu re   15  shows a c h a n g e   i n   t h e   f o r c e  on t a i l  1 of  20 pe rcen t  
o f   t h e  maximum load   and   an   apprec i ab le   e f f ec t  on t a i l  2 a t  36O p i t c h  

a n g l e .   L a r g e   e f f e c t s  on C and Cn o c c u r   f o r   t h e   b o d y   t a i l   c o n f i g u r a t i o n  Y 
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c o r r e s p o n d i n g   t o  f igure  15 as shown i n  f igu res  32 and  33.  Figures 34 t o  
36 e x h i b i t . t h e   e f f e c t   o f   R e y n o l d s  number on the   body-cana rd - t a i l   con f ig -  

u r a t i o n  a t  a r o l l  angle   o f  2 0 ~ .  A 10 p e r c e n t   i n c r e a s e   i n  CN i s  noted  

f o r  3.5 times greater Reynolds  nurrber,  and a large e f f e c t  is observed on 
C y  ( f ig .   35 )  . 

Vapor s c r e e n   e f f e c t s  on loads  are e x h i b i t e d   i n   f i g u r e s  36 t o  39. 

Two p o s i t i o n s  are i n c l u d e d   i n   t h e s e   c u r v e s   f o r   t h e  yaw canards .  The 

e f f e c t  on t h e   p a n e l s  i s  s m a l l   e x c e p t   a t  m a x i m u m  l o a d s  on t a i l s  2 and 4 

( f i g .   3 6 )   a n d   t h e s e   d i f f e r e n c e s   l e a d   t o  some r o l l i n g  moment changes as 

n o t e d   i n   f i g u r e  37. There i s  a n   e f f e c t  on CN of a s  much a s  5 p e r c e n t  

f o r   p i t c h   a n g l e s   g r e a t e r   t h a n  35O. The p a n e l s   c o n t r i b u t e   a b o u t   h a l f   t h e  

change t o  t h e   p i t c h i n g  moment o b s e r v e d   i n   f i g u r e  39 ( r e f .  3 ) .  
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CONCLUSIONS 

A b lun t   og ive -cy l inde r  missile model w i t h  a length- to-diameter  r a t i o  
of   10 .4   has   been   tes ted  a t  t r a n s o n i c   s p e e d s   i n   t h e  NASA/Ames Research 
Cen te r   Un i t a ry   P l an   I l -Foo t   T ranson ic  Wind Tunnel .   Four   configurat ions 

w e r e  tested: body,  body  with t a i l  panels ,   body  with  canards,   and  body 
wi th   canards   and  t a i l s .  Forces  and moments f r o m   t h e   e n t i r e  model  and 

e a c h   o f   t h e   e i g h t   f i n s  w e r e  measured  over   the  pi tch  range  of  20° t o  50° 
and Oo t o  45O r o l l .  Canard  def lect ion  angles   between Oo and 15O w e r e  
t e s t e d .   E x p l o r a t o r y   v a p o r   s c r e e n   f l o w . v i s u a l i z a t i o n  tests w e r e  a l so  made 
using  an 800 w a t t  Xenon lamp t o  produce a f o c u s e d   l i g h t - s l i t .  

Sample force   and  moment d a t a  are r epor t ed   he re in   a long   w i th   obse r -  
va t ions   f rom  the   vapor   sc reen  tes ts .  Comparisons made of  body  and  panel 

l o a d s   f o r   t h e  same  models t e s t e d   p r e v i o u s l y   i n   t h e  Ames 6- by  6-Foot 
Wind Tunnel showed  good  agreement i n   t h e   o v e r l a p p i n g   r a n g e   o f   p i t c h   a n g l e s  
of 20° t o  24O. For t h e   b o d y - t a i l  model i n   t h e  symmetric c o n d i t i o n   t h e  
advent  of  asymmetric  flow  appeared a t  2 0  t o  24O. For  the  body-canard- 

t a i l  model a t  M = 1.3 symmetry appeared  between 25 and 33O, b u t  w a s  
t h e n   s m a l l   f o r   l a r g e r   p i t c h   a n g l e s  t o  48O, where asymmetric e f f e c t s  

became l a r g e .   D e f l e c t i n g   t h e   c a n a r d s   f o r   p i t c h   c o n t r o l   g r e a t l y   r e d u c e d  
t h e  asymmetry.  Canard yaw control  produced  yawing moments o p p o s i t e   t o  
t h e   d i r e c t i o n   o f   t h e   d e f l e c t i o n   a t  20° t o  24O a t  M = 1.3.  

0 

0 

A Reynolds nuniber r ange   o f   3 .5 :1   ( t o   13 .5   mi l l i on   pe r  meter) was 

t e s t e d   € o r   s e l e c t e d   c o n d i t i o n s .   L a r g e   e f f e c t s   i n   s i d e   f o r c e s   a n d   y a w i n g  
moments w e r e  no ted   €or  some c a s e s .  

27 



REFERENCES 

1. Hemsch, M. J. and N i e l s e n ,  J. N . :  Test R e p o r t  fo r  Canard 
Missile Tests i n  A m e s  6- by 6 -Foo t   Supe r son ic  Wind  Tunnel. 

NEAR TR 7 2 ,  Aug . 1974. 

2 .  Hemsch, M. J. : Reduced  Vapor-Screen Data from  Canard Missile 
Tests i n  Ames  6- b y   6 - F o o t   S u p e r s o n i c  Wind  Tunnel. NEAR 

TR 81, Mar. 1975.  

3 .  A l l e n ,  C. Q.,  Schwind, R.  G. and Malcolm, G.  N . :  Canard-Body- 

T a i l  Missile Test a t  Angles  o f   A t t a c k  t o  50° i n   t h e  A m e s  11-Foot  

T r a n s o n i c  Wind Tunne l ,  NASA TM-78,441, 1 9 7 8 .  

2 8  



TABLE I - SAMPLE PANEL CHECK LOAD COMPARISONS .~ .. . . -_ . -  "- . 

APPLIED LOADS 
:- ~ - . 

.MEASURED LOADS 
I I 1 

Resul tg  Momt 
In-Lbs In-Lbs 

Normal  Hinge  Bending  Normal  Hinge  Bending  Normal  Hinge  Bendiqg 
f o r c e  momt  momt f o r c e  momt  momt f o r c e  momt  momt 

Ldad a t  N; Canard 3 L Canard 
"" 

. _  . 
;+.5,~ -. . k1.Z . 
-20 -%?k-" -1.49 4 0 . 2 0  .--I. 16. _.-19-94_--1,_50._ -1.26 

":+io - . I+. 7.5 
' 

t.25- - +la05 t54 t. 26 -+,x~-~~..a ." 
.. 

3.75 
2 -3.75  -49.92  '-2.91 -3.75 --2.92-p49.85 -150 ~ -&>.a : +2.91  +3.75 +50.07 +2.97 ' t3.85 +48.14 +2.92 .. ". ~ .. - ___ - " - .1 - .~ 

.~ -" 

. - -I- 
- 

"" ~~ 

Load a t  N, 
" "_ ." 

-e?- 
+ 5 .  A 5  + -  0 3  +99.68 t. 14 +97.84 +5.84 -.-TlOF-- 

- 

~" * .~ . .. ~ 

L.2,3_3 - +2.33 ~ + 4 0 . 1 3 - . 0 1  t. 03  +39.47 
-50 +.03 -50.60 - 2 . 8 8  t . 05  -50.44  -2.92 - - - ~ .  ...~ . " . " """2L8-9 

- ." 
-110 -6,42.-- -&0.9.7f-.01 --.-6.37 6.42_--110.33+.07 - - - - -. - - ~- 

Load a t  N 
-______ " 

+4.47 30.09  -.02 1+4,50 

+11.97 79.78  +.01 +12.02 
-6.00  -40.47  .06  -5.95  -40.79  +.04  -5.99 

-11.92  -79.80  -.01  -12.00 

Load a t  N, 
+?O +5.833  +9.32 

+140  k11.67  +18.64 
-70 -5.833  -9.32 

" _ .  - - .. ~ ___ 
-~ 

70.19L5.74 1-9.47 

140.7  11.39  +18.94 
-70.68  5.67  -9.34 

I:+-} -141.6 11. 2 8  ~ 1 8 ~ 6 - 0 -  
1-2" __ "37' 69.57 .+S,.7_1 

-69.79  -5.82  -9.34 
139.3  +11.51  18.91 

. 139.8 - -11.64 - a . . 56  

"1_?_-" 
T a l l  3 - - -. " . . . - " 

69.22 -5.85 9.45 
-68.97 +5.81 -9.32 

. "_ 
" --t-----l 

I. ! I 
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TABLE 11. - RUN SCHEDULE 
w 
0 I 

" Configuration 

1 (Body) 
2 (Body & t a i l s )  

Y 

4 (Body & canards 
& tails) 

Roll 
@ 

0 

0 

30 

45 
10 

20 

1 
0 

0 

0 

0 

0 

\I 

pT 
PSf 

1008 

1 
576 

1008 

1440 

1008 

1440 

1008 

7 

2 . 1  

1 
1 . 2  

2 . 1  
2.9 

2 . 1  

2.9 

2 . 1  

I 

Canard 6 ' s  

l a 3  

0 

0 

15 

15 

15 

15 
15 

0 

0 

15 

2 & 4  

0 

15 

15  

15 

0 

0 

15 
0 

15 
0 

Run number  at 
Mach  number 

1.8 - 

5 
7 

9 

11 
13 

14 

17  
20 

2 1  
29 

27 

2 8  

1 . 2 2  

4 

6 

8 
10 

1 2  

15  

16 

19 

1 

33 
32 

34 

35 ' 

" 

- 
1.3 
- 

2 

3 

18 

2 2  

23 

24 

25 

26 

30 

31 1 
37 ; 
36 ' 

Vapor  run 
specific 
humidity 

38 High 
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TABLE 11. - CONTINUED 

Configuration 

4 (Body & canards 
& tails 

Rol l  pT ~ Re/ft 
4 PS f 

x10-6 T 
20 1 1008 

I ’  

45 

1 
10 J 
30 

1 1008 

~ 580 

1440 

1008 

1008 

580 

1440 

1008 

I L 

2 . 1  

2 . 1  

1 . 2  

2.9 

2 . 1  

2 . 1  

1.2 

2.9 

2 . 1  

Canard 6‘s 

1 & 3  

15 

15 

15 

15 

0 

0 

0 

0 

15 

15 

0 

0 

15 

15 

0 

0 

15  

1 5  

0 

0 

2 & 4  

1 5  

0 

0 

0 

0 

15 

0 

0 

15 

0 

0 

15 

0 

15 

0 

15 

0 

1 5  

0 

15 

Run  number  at 
Mach  number 

0.8 1 1.22 
-7 

~ 

4 1  J 

42 I 
I 

43 1 44 

45 ’ 

46 I 
i 

53 

54 

55 

1 

62 

56 

63 

6 1  

64 

69 

70 

72 

7 1  

i 

- 
1.3 - 

40 

39 

48 

47 

49 

50 

52 

5 1  

58 

57 

59 

60 

66 

65 

67 

68 

74 

73 

Vapor  run 
specific 
humidity 



i 
I 
! W 

i 

N 

I 

Configuration 

4 (Body & canards 
& tails 

R o l l  
@ 

2 0  

20 

J 

TABLE 11. - CONCLUDED 

pT 
PS f 

1008 

1008 

144 0 

580 

2  160 

5 80 

144 0 

2160 

1008 

2160 

1008 

2160 

I 
1008 

Re/f t 
x10-6 

2 . 1  

2 . 1  

2.9 

1 . 2  

4 . 1  

1 . 2  

2.9 

4 . 1  

2 . 1  

4 . 1  

2 . 1  

4 . 1  

1 
2 . 1  

I 
I 

I 
i 

Canard 6 ' s  

1 & 3  

15 

0 1 
0 1 
0 

i 
15 

0 

15 

1 5  

0 

2 & 4  

0 

V 
5 

5 

10 

10 

1 5  

0 

1 

Run  number at 
Mach  number 

1.8 - 

79 

80 

8 1  

82 

83 

84 

88 

89 

87 

90 

9 1  

92 

1.22 

- 
1.3 - 

75 

77 

78 

76 

85 

86 

93 

94 

95 

96 

97 

Vapor  run 
specific 
humidity 

0.00055 

0.00063 

0.00058 

0.00070 

0.00039 

0.00039 



TABLE 111.- SAMPLE OF DATA OUTPUT 

. .  
C P ! C I  CPYC1 CPXC? CPYC2  CPXC3  CPYC3  CPXC4 CPYC4 CPXTl   CPYTl  CPXTZ C.PYT2 CPXT3  CPYT3  CPXTIt  CPYT4 

. " _  
-.:L'sll4---0.'.6S5 5.0751 0,3076 0.0U3 0.3180 0.0539 0.7656 10.673 4 - 7 2 0 0  0.2750  0.3118  0.1543  0.2773  0.1551  0.2207 
1T5T-1 I3 pH-1 lti-I1 4 9  12 IO-PRE SSOUTU 1 5  CEC 7 6 9 d 3  50 PEGE 5 7 5  

W 
W 



w 
P TABLE I V  - DATAMAN PLOT TITLES, DEPENDENT APID INDEPENDElT  VARIABLES (KEF, 3) 

T I T L E  VALUES PLOTTED ON: Y-AXIS (VARIOUS PLOTS) 

F I G ,  1 BODY-ALONE  CHARACTERISTICS  CNJ   CMJ  CPXNJ CY, CYMJ  CRM 

F I G ,  2 B O D Y - T A I L   C H A R A C T E R I S T I C S J   M A I N   C N J   C N B J  CMJ  CMBJ CY, CYBJ  CYMJ  CYMBJ  CRMJ  CRMB 
BALANCE  AND  PANEL  LOAD  SUMMATIONS D I T T O  

F I G ,  3 BODY-CANARD  CHARACTERISTICS,   MAIN  
BALANCE  AND  PANEL  LOAD  SUMMATIONS 

F I G ,  4 B O D Y - C A N A R D - T A I L   M A I N   B A L A N C E   A N D  
T O T A L   P A N E L   L O A D S   V S   P I T C H   A N G L E  

F I G ,  5 B O D Y - C A N A R D - T A I L   M A I N   B A L A N C E   A N D  
T O T A L   P A N E L   L O A D S   V S   R O L L   A N G L E  

D I T T O  

D I T T O  

D I T T O  

F I G ,  6 B O D Y - T A I L   C H A R A C T E R I S T I C S )   I N D I -  CNTiJ CBMTiJ CPXTiJ CPYTiJ i = 1, 2, 3, 4 
V I D U A L   P A N E L   L O A D S   A N D   C E N T E R S   O F  
P R E S S U R E   D I T T O  

F I G ,  7 B O D Y - C A N A R D   C H A R A C T E R I S T I C S J   P A N E L   C N C i J   C B M C i J   C P X C ~ J   C P Y C ~ J  i = ' J  2~ 3J  
LOADS  AND  CENTERS  OF  PRESSURE 

F I G ,  8 B O D Y - C A N A R D - T A I L   C H A R A C T E R I S T I C S ,   A L L   C O E F F I C I E N T S   I N   B O T H   F I G S ,  6 AND 7 
PANEL  LOADS  AND  CENTERS  OF  PRESSURE  VS,  
P I T C H   A N G L E  

F I G ,  9 B O D Y - C A N A R D - T A I L   C H A R A C T E R I S T I C S ,  
PANEL  LOADS  AND  CENTERS  OF  PRESSURE  VS,  
ROLL   ANGLE 

F I G ,  IO BODY-CANARD-TAIL)  REYNOLDS  NUMBER 
E F F E C T S  ON P A N E L S  

D I T T O  

D I T T O  

F I G ,  1 1  B O D Y - C A N A R D - T A I L ,   R E P E A T   R U N S   A L L   C O E F F I C I E N T S   I N   F I G S ,   2 J 6 A N D  7 

X-AX I S 

a 

a 
m 

a 

a 

a 

4 

a 

a 

a F I G ,  12 EFFECT  OF  VAPOR  SCREEN  TUNNEL 
H U M I D I T Y  

D I T T O  



TABLE v - EXTREME VALTJES FOR SELECTED COEFFICIENTS* 
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32.3 42.5 62.2 75.7 94.0  109.2 127.0 
W Missile  station (12,72) ( 1 6 . ~ ~ 1  
o\ (24.5)  (29.8) (37.0) (43.0)  (50.0) for 

vapor  screen  locators 

3 Caliber  ogive 
I 7  

15.2 
(6.0) 

I - 

I 
0 -  1 . 

( 5 . 0 )  

I 2 

Moment 
Hinge  line 

I 
Missile  station - 38.1 

(15.0) 

center 

66.0 
(26.0) 

Hinge ' line 
I I 

116. a 132.1 
(46.0) (52 .0 )  

Figure 1.- Body-canard-tail  test  configuration  and  vapor  screen  markers. 



I 

0.381 
(0.150) 

Centimeters 
( Inches)  

a s p e c t   r a t i o  -- 3.53 
t a p e r   r a t i o  = 0.06 

Figure 2. - Canard. 

Centimeters 
( Inches ) 

a s p e c t   r a t i o  = 1.33 
t a p e r   r a t i o  = 0.50 

A L I 5 2  
(0.060) 
c 

8.89 
(3.50) 

- 0.508 

3.814 
(1.50) 

Figure  3.- T a i l .  
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Ceiling 

Straight  adapter -- """ - 
10' Bent  sting \\ / 

//45 o strut \ I  
WL 

"" 

. .""" 

- Floor - - - -  

Figure 4. - Model  mounting arrangement. 



w 
W 

Figure 5.- Model i n s t a l l e d  i n  the 11-Foot 
Wind Tunnel, looking downstream. 



0 

Figure 6.- Model i n s t a l l e d   i n  the 11-Foot 
Wind Tunnel,  looking  upstream. 



I 

Figure 7. -  Vapor screen l i g h t  s l i t  arrangement,  ll-Foot Wind Tunnel. 

Shadow 



/ 
Hinge l i n e  

V 

Side  view 

Canard / ta i l   € in  2 

Canard / ta i l   € in  1 

Canard / t a i l   € in  3 Canard / ta i l  ? - G  € i n  4 

I 

V i e w  looking  forward 

Figure 8.- Axis system  and  posi t ive  s ign  convent ion;  
un ro l l ed  body axis   system. 
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're 
4" 

r--* 
4" 

Canards and t a i l s  1 and 4 Canards and tails  2 and 3 

Figure 9." Axis systems and posi t ive  s ign  convent ion  ( typical)  
canards and t a i l  f ins .  Normal forces  are measured 

perpendicular  to  the  panel planform. Note t h a t  
both  canard and t a i l  panels are numbered 

counterclockwise. 
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. 
Pitch  plane 

4' 

Yaw plane 

(Top view) 

Figure 10.- Sign  convention  for  canard  deflection  angles. 
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1.2 I I I 

cNT2 

0 1  t 

CY 

P 
Ln 

- . 2  - - 

-.4 - =l. 30, @=20 - 
0 

1 3  2 4  
-.6 - 6 =6 =15 , 6 =6 =O - 

Re/m-G .9 x106 
-.8 - 0 Run 3 9  - 

-1.0 - 0 Run 77 - 

-1.2 - - 

-1.4 - I 
15 20 25 30 35 40 45 50 

Included  Angle of At tack ,  Degrees 

Figure  11  Typical Repeat Run Results, Body-Canard-Tail Model 



Included angle of attack, degrees 

Figure  12 . -  Comparison of main  balance d a t a  from 6- by 6- and 
11-foot tests a t  pr imary  tes t   Reynolds  numbers. Body-tail  model 
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**Or Coefficient  Data 
I .8 

C Y 0 

'n 0 

6x6 test 
Re/m = 3 . 9 ~ 1 0 ~  0 ,  0, etc. 

Re/m = 6.9X10° 6, d, etc. 
11-foot  test 

2 

Included  angle of attack, degrees 

Figure 13.- Comparison  of data  for 6- by 6- and 11-foot  tests 
for  primary  test  Reynolds numbers showing Onset of asymmetry. 

Body-tail  model. 
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Included  angle of attack, degrees 

15 

IO 

5 

E 

3 -  
0 

z 
0 

-5 

-10 

-15 

Figure 14.- Comparison of main  balance  data  from 6- by 6- and 
11-foot tests  at  same  Reynolds  number,  body-tail  model. 
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-0.2b 4 I a I I I I I I I I I I I I 12 16 20 24  28 32 36 40  44 48 50 

Included angle of attack, degrees 

Figure 15.- Comparison of tail fin  balance data for 6- by 6- and 
ll-foot tests for  different  Reynolds  numbers, body-tail model. 
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Figure 17.- Comparison  of  side  force for 6- by 6- and 11-foot tests, 
body-tail, M = 1.22. 
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Figure 18.- Comparison of main  balance  data for 6-by  6-and 
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DATA SET 

JAUOh9 
JAUOSI 
JAW0 I9 
JAW0 17 
JAW0 16 

JAUO I a 

a 

FIGURE 19 DATN-VU PLOT OF SIDE FORCE FOR BODY-CANARD-TAIL CONFIGURATION, M = 0 , 8 0  



DATA  SET  SYMEOL CONFIGURATION 
JAWO I8 
JAW049 
JAW051 
JAWO I9 
JAWO I7 
JAWO I6 D 

BODY + CANARDS + TAILS 
EODY + CANARDS t TAILS 
BODY + CANARDS + TAILS 

BODY + CANARDS + TAILS 
BODY + CANARDS + TAILS 

BODY + CANARDS + TAILS 

D l  02 03 04 RNlfl PT-NSC PHI 
.OOO .OOO .OOO .OOO 6.@90 4.826 .OOO 
.OOO 5.0CO ,000 5.000 6 .890  4.826 .OOO "" - ~~~ 

.a00 10.000 . O O O  10.000 6 .890  4.825 .OOO 

15.000 15.000 15.000 15.000 6.890 '4.826 .OOO 
.GOO 15.COO .OOO 15.000 6 .830  4.826 .OOO 

15. COO ,000 15.000 ,000 6 .890  4 .E26 .OOO 

Q 

FIGURE 20 DATMWN PLOT OF SIDE FORCE FOR BODY-CANARD-TAIL CONFIGURATION, M = 1830 



a 

FIGLRE 21 D A T M  PLOT OF YAWING MOENT FOR  BODY-CANARD-TAIL  CONFIGURATION, M = 1 ,  30 



D A T A  SET 
JAWO I8 
J A W 0 4 9  
J A W 0 5 1  
JAWO I9 
JAWO I7 
J A W 0  I6 

0 

FIGURE 2 2  D A T W N  PLOT OF ROLLING MOMENT FOR BODY-CANARD-TAIL CONFIGURATION, M = 1 30 
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Figure 23 .- Comparison of selected  fin  data for 6- by 6- and 
11-foot tests,  body-canard-tail model. 
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Figure 24 Comparison  of  canard  balance  data for 6- by  6 
and 11-foot tests  and  Reynolds  number  effect, 

body-canard-tail model. 
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Figure 25.- Comparison  of t a i l   f i n   b a l a n c e   d a t a   f o r  6- by 6- and 
11-foot tests fo r   d i f f e ren t   Reyno lds  numbers. 
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DATA  SET  SYHBOL  CONFIGURATION D l  02 03 04 RN/M  PT-NSC PHI 
JAW025 0 EODY t CANARDS t TAILS 
JAW026 0 BODY t CANARDS t TAILS 
JAW021 0 BODY t CANARDS t TAILS 
JAW022 A BODY t CANARDS t TAILS 

.OOO .OOO .OOO . O O O  6.890 4.826 20.000 

15.000 15.000 15.000 15.000 6 . 8 9 0  4.826 20.000 
.OOO 15.000 .OOO 15.000 6.890 4.826 20.000 

15.000 . O O O  15.CGO .OOO 6.890 4.826 20.000 

a 
FIGURE 27 DATWN PLOT OF ROLLING  KIMENT FOR BODY-CANARD-TF,IL CONFIGURATION, M = 0,80 



DATA  SET  SYMBOL CONFIGURATION 
JAW039 0 BODY 4 CANARDS 4 TAILS 
JAWOLlO 0 BODY 4 CANARDS 4 TAILS 
JAW038 0 BODY 4 CANARDS TAILS 
JAW037 A BODY 4 CANARDS + TAILS 

D l  D2 0 3  04 RNlM PT-NSC PHI 
,000 ,000 .ooo , ooo 6. ego rl .e26 10.000 
.ooo 15.000 .ooo 15.000 6.890 1f.826 10.000 

15.000 15,000 15.000 15.000 6.890 '1.826 10.000 
15.000 .OD0 15.000 ,000 6 . 8 9 0  rl.826 10.000 



m 
W 

DATA SET SmBoL CONFIGURATION 
JAW039 0 BODY + CANARDS t TAILS 

JAW038 0 BODY + CANARDS + TAILS 
JAW040 eoDy + CANARDS + TAILS 

JAW037 A BODY + CANARDS t TAILS 

>. 
0 
0 m 
v 

Dl  02 D3 D4 RNlH PT-Nsc P H I  
.OOO .OOO .OOO .OOO 6.890 +,.E26 10.000 
,000 15.000 .OD0 15.000 6.890 4.826 10.000 

15.000 ,000 15.000 .OOO 6.890 4.826 10.00~7 
15.000 15.000 15.000 15.000 6.890  4 .826 10.000 



CONFIGLAATION BODY + CANARDS + TAILS 
ALPHA  PARAMETRIC  VALUES  DATASET PHI 
20.000 01 
24.000 02 

.OOO PT-NSC 4.826 JAW018 

30.000 03 
* 000 
* 000 

JAW039 

35.000 04 
JAW025 

.ooo 
‘42.000 RNlM 6 .  E90 

JAW035 
JAW03 I 

0 5 10 15 20 25 30 35 4’0 4 5  0 5 10 I 5  20 25 30 35 40 45 
0 0 

FIGURE 30 D A T W  PLOTS  SHOWING ROLL ANGLE  EFFECTS  FOR BODY-CANARD-TAIL CONFIGURATION, M = 1 13 



SYMBOC 
COMIGURATION BIK)Y + CANARDS + TAILS 
ALPHA  PARAMETRIC  VALUES  DATASET PHI 
20.000 D l  15.000 PT-NSC 4.8X JAHOI7 .ooo 
24.000 D2 15.000 
30.030 D3 

JA!4@39 IO. 000 
15.000 

35.000 D4 15.000 
JAW021 20.000 

42.000 RNlM 
JAN039 30.000 

6.890 JXdO23 45.000 



DATA SET SYMBOL CONFIGURATION RNlM PT-NSC PHI 

JAW007 0 60DY + TAILS 
JAM06 0 BODY + TA[LS  3.937 2.758 20.000 

JAW000 0 BODY + TAILS 9 .515  6 .895 20.000 
6.890 ~1.826 20.000 



DATA  SET SYMBM CONFIGURATION RNlM PT-NSC PHI 
JAW006 0 EODY + TAILS 

JAW008 0 BODY + TAILS 
JAW007 0 BODY + TAILS 

- 1  

-2 

-3 

-3 

-4 

-4 

I m 
U 

I 

I 

3.937 2.758 20.000 
6.890 r1.826 20.000 
9.515 6.895 20.000 

a 

FIGURE 33 D A T W  PLOT  OF  REYNOLDS N W E R  EFFECT  FOR BODY-TAIL mDEL, M = 0,80, 
YAWING MOMENT COEFFICIENT 3 



DATA SET SYMBOL  CONFIGURATION 
JAW044 0 BODY + CANARDS + TAILS 
JAW022 0 BODY + CANARDS + TAILS 
JAW043 0 BODY + CANARDS + TAILS 
JAW045 A BODY + CANARDS + TAILS 

D l  02 03 D4 RN/M PT-NU:  PHI _. " 

15.000 .OOO 15.000 .OOO 3.937 2.758 20.000 

15.000 ,000 15.000 .OOO 9.515 6.895 20.000 
15.000 .OOO 15.000 .OOO 13.452 10.342 20.000 

-~ 

15.000 .ooo 15.000 ,000 6.630 4.826 20.000 

16 18 20  22  24 26 28  30  32  34  36  38 40  42 44 46  48 50 52  54  56 
0 

FIGURE 34 DATAMAN  PLOT  OF  REYNOLDS  NUMBER  EFFECT  ON  BODY-CANARD-TAIL RIDEL, M = 0,8OJ 
NORMAL FORCE COEFFICIENT 



DATA  SET SYMBOC CONFIGURATION 
JAUO44 0 BODY + CANARDS + TAILS 
JAW022 0 BOOY + CANARDS + TAILS 
JAW043 0 BODY + CANARDS + TAILS 
JAW045 A BODY + CANARDS + TAILS 

m 
W 

- 

u -. 

- 1 .  

- 1 .  

- 1 .  

- I .  

- 1 .  

-2.  

-2. 

D l  D2 D3 04 RNlM PT-NSC PHI 
15.000 .OOO 15.000 .OOO 3.937 2.758 20.000 
15.000 ,000 15.000 .OOO 6.830 4.826 20.000 
15.000 .OOO 15.000 .OOO 9.515 6 .895  20.000 
15.000 .OOO 15.000 ,000 13.452 10.342 20.000 

1’6 18 20 22 24 26 28 30 32 39  36 38 4 0  4 2  44 46  48 50 52 54 56 
0 

FIGURE 35 DATAM4N PLOT OF REYNOLDS  NUMBER  EFFECT  FOR  BODY-CANARD-TAIL PDDEL, M = 0 , 8 0 ,  
SIDE  FORCE  COEFFICIENT 



DATA SET SYMBOL CONFIGURATION Speci f ic  Humidity DI D2 D3 D4 RNlM PT-NSC P H I  
KAH(II8 0 BODY + CANARDS + iA lLS 
KAHO56 u BODY + CANARDS + TAILS 
KAWOI6 0 8CDY + CPUAFIDS + TAILS ,00058 

0 .ooo .ooo  .ooo .OOO 6.890 4 .E26 .OOO 
.003 .OOO ,000 .OOO 6.890 q .  826 .OOO 

15.0CO .CCO 15.000 ,000 6.890 4.826 .OOO 
4 KAkIJ55 A BCD'I + CANARDS + TAILS 0 15.000 .OOO 15.000 ,000 6.890 4.825 -000 
0 

.00063 

a 

FIGURE 36 DATAM4N  PLOT OF THE  EFFECT OF VAPOR  SCREEN CONDITIONS ON T A I L  2 N O W L  FORCE, M = 1,30 

" 



DATA SET S Y m  CONFIGURATION Specific Huniditv D l  D2 D3 D4 RNlM PT-N!X PHI 
JAW025 0 BODY + CAN4EDS + TAILS 
JAW058 0 BODY + CANARDS + TAILS 
JAM342 0 BODY + CANAPDS + TAILS .00039 15.003 .OOO 15.000 ,000 6.6’30 4 . @ X  20.000 
JAW059 A BODY + CANAIDS + TAILS 15.0CO .OOO 15.000 .OD0 6.890 4.826 20.000 

0 .OOO .OCO .OOO .OOO 6.R30 ‘t.826 20.000 . ooo .ooo .oOO .OOO 6.890 4 .E26  20.000 

0 

1 .  

1 .  

16 18 20 22 24 26 28 30 32 34 36 39 40 42 44 46 48 50 52 54 56 
0 

FIGURE 37 I M T M  PLOT OF VAPOR  SCREEN  CONDITIONS ON ROLL, M =1,30 



Specific Humidity 0 1  02 D3 D4 RNlM PT-NSC PHI 

16 19 

FIGURE 38 

0 
.00039 

0 
.00039 

,000 .OOO .OOO .OOO 6.830 4.826 20.000 
,000 .030 .OD0 .OOO 6.890 4.826 20.000 

15.COO .OOO 15.000 ,000 6.890 4.826 20.000 
15.C03 .OOO 15.000 .OOO 6.E90 4.826 20.000 

2'9 22 24 26 28 30 32 34 36 38 40  42  44 46 48 5 0  52 54 56 
a 

DATWN PLOT OF EFFECT OF VAPOR SCREEN CONDITIONS ON NORMAL FORCE, M = t 3 0  



DATA SET S W L  CONFIGURATION Specific Humidity 01 02 D3 09 RNlU PT-NSC PHI 
JANOR 0 EODY + CANARDS + TAILS 
JAN059 D BODY + CANARDS + TAILS 
JAW092 0 BODY + CANARDS + TAILS .00039 
JAW059 A BODY + CANARDS + TAILS 0 

0 ,000 ,000 .OOO .OOO 6.890 q.826 20.000 . ooo , ooo . ooo ,000 6.e90 9 .et6 20.000 
15.000 .On0 IS.000 .OOO 6.890 9.826 20.000 
15.000 .OCO 15.0t0 -000 6.890 '4.e26 t0.000 

-3.  

-4. 

-4. 

-5. 

-6. 

-7. 

-8 .  

2 -a. 

-9. 

-10. 

- 1 1 .  

-12. 

-12. 

-13. 

-14. 

a 

FIGURE 39 DATAM4N  PLOT OF THE EFFECT OF VAPOR  SCREEN  CONDITIONS ON PITCHING WMENT, M = 1 30 
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