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SUMMARY 

Three-dimensional f l o w  seoara t ions  abou t  a 5' (semiapex anqle, ec), 1.4;m (54- in . )  l onq ,  c i r c u l a r  cone 
up t o  moderate ly  h i g h  r e l a t i v e  inc idences ,  a/Oc - 5, have been i n v e s t i g a t e d  i n  t h e  Mach number ranqe 
0.6 s M, s 1.8. The cone was t e s t e d  i n  t h e  Ames 1.8- b y  1.8-m (6- b 6 - f t )  Wind Tunnel a t  Reynolds num- 
bers .  RL., based on t h e  cone leng th ,  L, f rom 1 . 5  x 10' t o  17.5 x id, under nomina l l y  zero h e a t  t r a n s f e r  
c o n d i t i o n s .  O v e r a l l  fo rces  and mean s u r f a c e  pressures were compared w i t h  e a r l i e r  measurements made i n  t h e  
NAE Ottawa 1.5- b y  1 -5-m (5- by 5 - f t )  Blowdown Wind Tunnel, where RLm .-- 35 x l o 6 .  

The 1 ee-s ide separa ted  f l o w  develops f rom i n i t i a l l y  symmet r i ca l l y  d isposed and near -con ica l  separa t ion  
l i n e s  a t  a/Oc - 1, w i t h  t h e  f r e e  shear l a y e r s  e v e n t u a l l y  r o l l i n g  up i n t o  t i g h t l y  c o i l e d  v o r t i c e s  a t  a l l  
Mach numbers. A t  Elach 0.6, c o n d i t i o n s  i n  t h i s  symmetr ica l  e x t e r n a l  separated f l o w  a t  a /ec  = 2.5, were 
probed w i t h  p i t o t  p ressure  tubes and o p t i c a l l y  v i a  laser /vapor  screen f l o w  v i s u a l i z a t i o n .  Mean shear 
s t r e s s e s  and d i r e c t i o n s  on t h e  cone sur face  were i n f e r r e d  f r o m  a p r e v i o u s l y  c a l i b r a t e d  p a i r  o f  yawed h o t  
w i r e s ,  w h i l e  f l u c t u a t i o n s  a t  t h e  su r face  were measured b y  t h e  h o t  w i r e s  and p ressure  t ransducers,  as t h e  
cone was r o l l e d  i n  smal l  increments through separa t ion .  

The onset  o f  asyninletry o f  t h e  l e e - s i d e  separated f l o w  about  t h e  mean-pitch p lane i s  s e n s i t i v e  t o  Mach 
number, Reynolds number, and t h e  nose b lun tness ,  v a r y i n g  between 2.5 < a/Oc c 4.5 i n  t h e  tllach number 
range 0.6 z M < 1.8. As t h e  Mach number i s  inc reased  beyond M, = 1.8, t h e  c r i t i c a l  ang le  o f  i nc idence  
f o r  t h e  onset  E f  asymmetry inc reases  u n t i l  a t  about  lit, = 2.75 t h e r e  i s  no l o n g e r  any s i g n i f i c a n t  s i d e  
f o r c e  development. 

Suppor t i ve  three-d imensional  l a s e r  ve loc imete r  measurements o f  mean and f l u c t u a t i n g  v e l o c i t y  i n  a 
s l i g h t l y  asymmetric v o r t e x  wake about a s l e n d e r  tangent  o g i  ve c y l i n d e r  a t  inc idencr .  hav ing  r e s p e c t i v e  nose 
and o v e r a l l  body f ineness r a t i o s  o f  3.5 and 12, a r e  inc luded .  These measurements were ob ta ined  a t  
a/eC = 2.3; a t  Mach 0.6; and a t  RL, = 2 x 106, where L = 0.3 ni (1 ft). 

A a cons tan t ,  see Eq. (1)  

8 a constant ,  see Eq. (1 )  

C = l o c a l  r e s u l t a n t  s k i n  f r i c t i o n  c o e f f i c i e n t  
f qm 

C~ 
normal f o r c e  c o e f f i c i e n t  f rom balance, based on cone base area 

C = Xm- l o c a l  s t a t i c  p ressure  c o e f f i c i e n t  
P 

Pp-Pm l o c a l  p i  t o t  p ressure  c o e f f i c i e n t  Cpp = - 
qm 

C~ s i d e - f o r c e  c o e f f i c i e n t  f rom balance,  based on cone base area 

D base d iameter  o f  cone 

d d iamete r  o f  tangen t  o g i  v e / c y l i n d e r  model 

d diamet'er o f  ven t  p o r t  t o  p ressure  t ransducer  beneath cone s u r f a c e  
P 

E mean o p e r a t i n q  vo l  taoe  o f  h o t  w i r e ,  f l o w  on 

Eo mean o p e r a t i n q  v o l t a o e  of  h o t  w i r e ,  f l o w  o f f  

e l ,  e ( t )  i ns tan taneous  f l u c t u a t i o n  v o l t a q e  from h o t   ire 

< e l >  rms v o l t a g e  f rom h o t  w i r e  

h h e i g h t  above cone sur face ,  measured a long  extended r a d i u s  o f  conk 



h h = -  
r nondimensional height above cone surface 

K a constant ,  see  Eq. (1 )  

L ax i a l  length o f  cone 

M local  Mach number 

P local  s t a t i c  pressure 

P '  instantaneous level  of pressure f luc tuat ion  a t  cone surface 

< p t >  rms c f  pressure f luc tuat ion  a t  cone surface  

P~ 
local  pi t o t  pressure 

9 local  dynamic pressure 

R ohmic res is tance  

A R  = (Rap-Rw) d i f ference  between res is tances  of  a wire a t ,  respect ive ly ,  operating temperature and local 
wall temperature 

R~ 
Reynolds number based on axia l  length of cone and tunnel free-stream conditions 

r local  cone radius 

S e l e c t r i c a l  "power" term, defined in Eq. (2 )  

t time 

time delay 

u local  velocity i n  d i rec t ion  of tunnel axis 

u local  ve loci ty ,  pa ra l l e l  t o  model axis  

uT = V$ shear  s t r e s s  ve loci ty  

v l a t e r a l  ve loci ty  normal t o  tunnel o r  model ax i s  

w ve r t i ca l  ve loci ty  normal t o  tunnel axis 
- 
w ve r t i ca l  ve loci ty  normal t o  model axis 

x dis tance  along tunnel axis 
- 
x d is tance  along model ax i s  

Y l a t e r a l  distance from tunnel o r  model axis 

z ve r t i ca l  d is tance ,  normal t o  tunnel axis  

z ve r t i ca l  d is tance ,  normal t o  model axis  

a angle of incidence 

6 boundary-1 ayer d i sp l acemnt  thickness 

6 anqle between local  shear s t r e s s  vector and l i n e  bisectinq in t e rna l  angle between individual 
wires of buried wire skin - f r i c t i o n  yaqe, see Fiq. 4 (a )  

Oc cone semi anqle 

11 coe f f i c i en t  o f  v iscos i ty  

v = U  kinematic v iscos i ty  
P 

P local  density 

T mean shear  s t r e s s  

T '  instantaneous level  of shear  s t r e s s  f luc tuat ion  a t  cone surface  

$ circumferential  angle around cone surface ,  ~neasured from windward generator 

9 angle between normal t o  buried wire and local surface  shear s t r e s s  d i r ec t ion ,  Fig. 5 ( a )  



angle between tangent  t o  l i ~ ~ ~ i t i n g  s t r e ? m l i n e  ( s u r f a c e  shear s t res t :  t r a j e c t o r y )  and cone 
genera t o r  
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w i r e s  1 and 2 o f  b t r r ied  w i r e  qaqe, see Fiq.  4(d)  

l i n e  o f  d i v e r g e n t  s u r f a c e  shear s t r e s s  t r a j e c t o r i e s  ("attachmenti1 o r  " reat tachment1 '  l i n e )  

cone base 

f ree-s t ream n~ean-f low c o n d i t i o n s  

o p e r a t i n g  t e n ~ p e r a t u r e  o f  h o t  w i r e  

p r i e ~ a r y  s e p a r a t i o n  li lie 

secondary s e p a r a t i o n  1 i n e  

cone s u r f a c e  ( w a l l  ) 

1 . INTRODUCTIT N 

1 .1 Oesi gn Aims 

To be success fu l  th roughou t  a wide range 01' f l i g h t  c o n d i t i o n s ,  t l i e  aerodynan~ic design o f  a l i f t i n g  
body nlust ensure t l i a t  t h e r e  i s  adequate c o n t r o l  w i t h  no un l e a s a n t  chanqes i n  f o r c e  and ~ ~ ~ o ~ ~ l e n t  charac te r -  
i s t i c s .  I n  assoc !a t io l i  w j t h  s teady boundary condi  t i o ~ i s ,  tRe o b j e c t i v e  i s  t o  a1 low o n l y  s teady three-  
d imensional  swept separa t ions  t o  develop, t o  e l i n i a i z e  b u f f e t .  A model f o r  a d e s i r a b l e  separated flo\v i s  
p r o v i d e d  by t h e  sharp-edged s l e n d e r  d e l  t a  \\ring o r  a body o f  r e v o l u t i o n  w i t h  f i x e d  separatio!? l i n e s  (Ref. 1 ) .  
I n  s i n l i n g  f o r  t h i s  i d e a l  o a l ,  we F i n d  t h a t  f l ows  should be do~n ina ted  b y  c o i l e d  v o r t i c e s  - t h e  sinews and 
~ u s c l e s  o f  f l u i d  motion1' f ~ e t .  2) - r a t h e r  t h a n  b y  l a r g e  unsteady s c y a r a l l a n  bubbler .  Th is  much w i d e r  than 
usua l  v iew o f  t h e  a e r o d y n a ~ ~ ~ i c  des ign  problem, a t t r i b u t a b l e  t o  Maskel l  and K l c l i e ~ ~ ~ a n n  (Ref, 3 ) ,  should be 
c o n t r a s t e d  w i t h  t h e  r e s t r i c t e d  o u t l o o k  o f  a l l o w i n g  separa t ion  o n l y  a t  a t r a i l i n g - e d g e ,  as i n  t l i e  des ign  of 
t l i e  c l a s s i c a l  a i r p l a n e .  

1 $ 2 ,  A s y ~ n ~ ~ ~ e t r i c  Separa t ions  

Our present-day m i s s i l e s  and n r i l i  t a r y  f i g h t e r  a i r c r a f t  must per fo rm and be c o n t r o l l a b l e  a t  h i q h  angles 
o f  combined inc idence  arid yaw, where three-d in~er is ional  f l o w  separa t ions  f ros i  t l ie  fo rebod ies  may beco~r~e asynl- 
m e t r i c  (Refs. 4-7). These separa t ions ,  o f t e n  i n  a s s o c i a t i o n  \ v i t l i  f ixed-edqe separa t ions  f row s t r a k e s  
ex tend ing  f o ~ ~ v a r d  o f  t h e  winq, lrlay i n t e r f e r e  w i t t i  da~ns t rea ln  c o n t r o l  su r faces  t o  n r o v i d e  n o n l i n e a r i t i e s  
and s i d e  fo rces  t h a t  a r e  n o t  r e a d i l y  p r e d i c t a b l e .  Here t h e r e  i s  s t r o n q  i n t e r a c t i o n  between t l i e  coupled 
v iscous  and i n v i s c i d  f l o w  donlains on t h e  l e e - s i d e  o f  t h e  v e l ~ i c l e ,  The onse t  o f  asyametry i s  respons ive  t o  
snla l l  chanqes i n  qeon~et ry  a t  t l i e  nose, Reynolds nu~nber and Mach nu~nber up t o  inc idences  where t r a n s o n i c  
c ross f low c o n d i t i o n s  a r e  formed. There t h e  s i o n i f i c a n t  s i d e  fo rces  disanpear. The a s y ~ ~ i n ~ e t r i e s  occ i r r  i n  
b o t h  la l i l i na r  and t u r b u l e n t  f l ows ,  so t h a t  t r a n s i  t i 011  i s  p r e s u ~ ~ ~ a b l y  n o t  t h e  e s s e n t i a l  i n q r e d i e n t  causing 
asyaunetry. Bu t  l o c a l  i n f l e x i o n a l  i n s t a b i l i  t v  o f  t h e  wean v e l o c i t y  p r o f i l e s  i n  t h e  v iscous f l o w  laay, per-  
haps, be mooted as a c o n t r i b u t o r  (see Tobakls d iscussion,  Ref. 8, o f  a l i n e a r i z e d  theory o f  two- and three-  
d i~nens iona l  i n c o ~ ~ i o r e s s i b l e  v i scous  f lows  r e s u l t i n q  fro111 l o c a l l y  uns tab le  v e l o c i t y  p r o f i l e s ) ,  It i s  con- 
c e i v a b l e  t l i a t  v o r t i c i t y  and a c o u s t i c  d i s t u r b a n c e  l e v e l s  i n  t h e  wind tunne l  w i l l  a l s o  a f f e c t  t l i e  onse t  o f  
asy~nmetry, As t h e  develop~nent  o f  t h e  asyownetry i s  p a r t i c u l a r l y  s e n s i t i v e  t o  s u r f a c e  c u r v a t u r e  and rouqh- 
ness a t  t h e  nose, a p o t e n t i a l  lneans o f  c o n t r o l l i n g  t h e  forebody f l o w  c o u l d  be by deploy~nent  o f  a s i n g l e  
smal l  s t r a k e ,  s111a11 amounts o f  asyannetric b low ing  ( o r  s u c t i o n ) ,  o r  by s p i n n i n g  t l i e  nose, On t l i e  o t h e r  
hand, s i n c e  we know t l i a t  m i s s i l e s  hav ing  l o n q  c y l i n d r i c a l  a f t e r b o d i e s  w i l l  e v e n t u a l l y  develop asynimetrical 
f l ows  regard less  o f  nose c o n d i t i o n s ,  we ~ ~ ~ i g h t  be l e d  t o  expec t  t l i a t  such l o c a l  t r e a t m e n t  a t  t h e  nose \ ~ o u l d  
p r o b a b l y  n o t  i n f l u e n c e  t h e  downstream f l o w  s u b s t a n t i a l l y ,  N o t w i t h s t a n d i ~ i g ,  Rao (Ref, 9 )  has demonstrated 
t h a t  t h e  u t i l i z a t i o n  o f  h e l i c a l  (i .e,, S-shaped) t r i p  w i r e s  fro111 t h e  1 eeward t o  t l i e  windward mer id ian  on 
t h e  nose, d i s r u p t s  t h e  normal development o f  separa t ion ,  and i s  ve ry  e f f e c t i v e  i n  a l l e v i a t i n g  h i c h  
ang le -o f -a t tack  s i d e  fo rces  on s h o r t  l n i s s i l e  and fuselage shapes. I t i s  considered t l i a t  t h e  h e l i c a l  t r i p s  
upset  t h e  we l l -o rgan ized  n ~ o t i o n  o f  t h e  l e e - s i d e  v o r t i c e s  and cause a I - e l a t i v e l y  r a p i d  d i f f u s i o n .  

The asymmetric v o r t e x  wake u s u a l l y  develops f rom a s y r ~ ~ n e t r i c  s e p a r a t i o n  l i n e  p o s i t i o n s  all t h e  body, 
b u t  t h e  l a t t e r  does n o t  appear t o  be a necessary c o n d i t i o n  f o r  t h e  for111e1- t o  occur .  An appra isa l  (Ref. 10)  
o f  some e a r l i e r ,  l ow s t ~ b s o n i c  speed t e s t s  o f  Shanks (Ref, 11) wliere fo rces  and lnolllents were measured on 
v e r y  s lender ,  f l a t  p l a t e ,  d e l t a  wings (sweep angles f rom 70' t o  84") a t  i nc idence ,  i n d i c a t e s  t h a t  eve11 
though t l i e  s e p a r a t i o n  l i n e s  were f i x e d  a t  t h e  sharp leading-edges, asylrenetry i n  t l i e  leading-edge v o r t i c e s ,  
as d e t e r n ~ i n e d  by t h e  onse t  o f  s i g n i f i c a n t  r o l l i n g  n~o~r~ent ,  occur red  when t h e  ang le  o f  i nc idence  was about  
3 t o  4 t i ~ n e s  t l i e  w i n g  s e ~ i ~ i n o s e  angle. Nonetheless, t l i e  sharp edges have a b e n e f i c i a l  c f f e c t  i n  d e l a y i n g  
t l i e  onse t  o f  asynu~~et ry  t o  h i g h e r  r e l a t i v e  inc idences  than those  ob ta ined  w i t h  smooth p o i n t e d  fo rebnd ies  o r  
f o r e b o d y l c y l i n d e r  c o n f i g u r a t i o n s  (Refs. 5-7). 



1.3. Model ing o f  Asymmetries 

The mode l ing  o f  t h e  lee -s ide  f l o w  asymmetries poses severe problems because t h e  development o f  t h e  
t u r b u l e n t  f low s t r u c t u r e s  i n  t h e  three-d imensional  swept s e p a r a t i o n  zones and i n  t h e  t i g h t l y  c o i l e d  f r e e  
shear l a y e r s  i s  v i r t u a l l y  unexplored.  Recourse has t y p i c a l l y  been taken  f o r  rough p r e d i c t i o n s  of  t h e  f l ows  
about  m i s s i l e  shapes, t o  i n v i s c i d  f l o w  approximat ions o f  t h e  l e e - s i d e  r e g i o n  u t i l i z i n g  a r rays  of 1 i n e -  
v o r t i c e s  (see N i e l s e n ' s  rev iew i n  Ref .  12 o f  n o n l i n e a r i t i e s  i n  t r i s s i l e  behav io r  a t  h i g h  angles o f  a t t a c k ) ,  
o r  t o  t h e  i m p u l s i v e l y  s t a r t e d  f l o w  analoqy proposed many years  ago b y  A l l e n  and Perk ins  (Ref. 13 ) .  I n  t h i s  
hypothesis ,  t h e  developnrent o f  t h e  c r o s s f l o w  w i t h  d i s t a n c e  a l o n g  an i n c l i n e d  body o f  c o n s t a n t  d iameter  i s  
l i k e n e d  t o  t h e  growth w i t h  t ime  o f  t h e  two-dimensional f l o w  p a s t  t h e  corresponding c i r c u l a r  c y l i n d e r  s t a r t -  
i n g  i m p u l s i v e l y  f rom r e s t .  Useful eng ineer ing  formulae have r e s u l t e d ,  b u t  g iven  t h e  complex i t i es  o f  t h e  
three-d imensional  boundary- layer  growth, separat ion,  and v o r t e x  development on s lender  bodies,  i t  seems 
u n l i k e l y  t h a t  methods o f  t h i s  k i n d  can  adequate ly  descr ibe  t h e  f lo \v .  I n  general ,  we shou ld  note t h a t  t h e  
growth o f  t h ~  l tnsteady two-dimensional s p i r a l i n g  v o r t e x  d i f f e r s  e s s e n t i a l l y  from t h a t  o f  t h e  steady, th ree-  
dimensional v o r t e x  i n  space. Kbchemann and Weber (Ref, 14)  p o i n t  o u t  t h a t  i n  t h r e e  dimensions, f l u i d  en te r -  
i n g  t h e  co re  o f  t h e  v o r t e x  can be d ischarged  a x i a l l y ,  whereas i n  two dimensions no such escape i s  a v a i l a b l e ,  
The core  must expand c o n t i n u o u s l y  outward w i t h  t i m e  t o  acconunodate a l l  o f  t h e  f l u i d  e n t e r i n g  t h e  vo r tex ,  
They show f u r t h e r  (Ref. 14) t h a t  t h e r e  i s  o n l y  one case i n  i n v i s c i d  f l o w  where t h e  two k inds  o f  v o r t e x  a re  
f o r m a l l y  i d e n t i c a l :  where t h e  steady,  three-d imensional  f l o w  i s  c o n i c a l  (so t h a t  s lenderness assumptions 
can be invoked);  and where t h e  unsteady f l o w  i s  p e r m i t t e d  t o  grow l i n e a r l y  wi th  t ime.  Lamont and Hunt 
(Ref .  15) and Deffenbaugh and Koerner (Ref. 16) have p robab ly  e x t r a c t e d  t h e  l i m i t s  o f  usefulness o f  t h e  
q u a l i t a t i v e ,  two-dimensional ,  unsteady analogue t o  descr ibe  t h e  n a t u r e  o f  "out-of-plane1' forces on a 
p o i n t e d  body ai h i g h  angles o f  i nc idence .  

1.4. Cone a t  Inc idence  ( o r  Yaw) - A Simple Model o f  Three-Dimensional Separat ion 

Next t o  t h e  s l e n d e r  d e l t a  wing, t h e  s i m p l e s t  c lass  o f  bod ies  on which three-d imensional  separa t ion  can 
be s t u d i e d  i s  t h e  cone. As w e l l  as b e i n g  a t y p i c a l  forebody shape used i n  f l i g h t ,  the  cone a t  i nc idence  
p rov ides  a v e r y  u s e f u l  model t o  develop three-d imensional  boundary l a y e r s ,  up t o  and beyond separa t ion ,  t o  
check a g a i n s t  theory .  On a c o n i c a l  su r face ,  t h e  c o n d i t i o n  f o r  f l o w  s e p a r a t i o n  i s  s imple;  namely, t h a t  t h e  
l i m i t i n g  s t r e a m l i n e s  a t  t h e  base o f  t h e  skewed boundary l a y e r  (whose p r o j e c t i o n s  on t o  t h e  su r face  a r e  t h e  
d i r e c t i o n s  of  sur face shear s t r e s s )  coalesce from b o t h  s i d e s  t o  form an  envelope (Refs. 17. 18)  along, o r  
a r e  asympto t i c  (Refs. 19, 20) to ,  a cone genera to r .  Even i n  incompress ib le  f l o w  about  s lender  cones, t h e  
c o n i c a l  n a t u r e  o f  t h e  s u r f a c e  c o n d i t i o n s  w i t h  s e p a r a t i o n  i s  preserved.  Th is  i s  because a t  r e l a t i v e  i n c i -  
dences s u f f i c i e n t  t o  cause separa t ion ,  t h e  c i r c u m f e r e n t i a l  p ressure  q r a d i e n t s  a r e  much l a r g e r  than those 
i n  t h e  a x i a l  sense ( t h e  l a t t e r  due t o  th i ckness  and base e f f e c t s ) .  For  t h e  incompressib le case as w e l l ,  
then, t h e  p r i m a r y  s e p a r a t i o n  l i n e  l i e s  e s s e n t i a l l y  a long a genera to r  as i l l u s t r a t e d  by t h e  l i m i t i n g  stream- 
l i n e s  i n  l a m i n a r  f l o w  abou t  a 1.5: l  e l l i p t i c  cone w i t h  ma jo r  a x i s  v e r t i c a l  a t  30' i nc idence  (Ref. 21), 
shown i n  F ig .  1.  

1.5. Computation o f  t h e  Symmetrical Lee-side Flow about Cones 

The conlputat ion o f  t h e  symnet r i ca l  separated l e e - s i d e  f l o w  about cones i s  c u r r e n t l y  f o l l o w i n g  two 
paths.  One i s  t h e  r e p r e s e n t a t i o n  o f  t h e  cone f l o w  by p a r a b o l i z e d  approximat ions t o  t h e  Navier-Stokes 
equat ions i n  supersonic f l o w  (Refs. 22-24); t h e  second i s  t h e  i n v i s c i d  model ing i n  incompress ib le  f low o f  
t h e  f r e e  shear l a y e r s  b y  s p i r a l  v o r t e x  sheets as f o r  d e l t a  wings (Ref. 25) .  

McRae (Ref .  22) i n c o r p o r a t e d  t h e  c o n i c a l l y  sy l lmet r i c  f l o w  approximat ion a long w i t h  MasCormackls 
f i n i t e - d i f f e r e n c e  t ime-dependent scheme (Ref. 26) t o  s o l v e  t h e  laminar  v iscous f low f i e l d  about a p o i n t e d  
c i r c u l a r  cone. The c a l c u l a t i o n  takes p l a c e  on a s p h e r i c a l  s u r f a c e  cen te red  on t h e  cone apex. The o u t e r  
boundary c o n d i t i o n  f o r  t h e  i n t e g r a t i o n  i s  t h e  f r e e  stream, so t h a t  t h e  bow shock wave i s  captured and 
a l lowed f o r  i n  t h e  use o f  t h e  conserva t i ve  fo rm o f  t h e  govern ing  equat ions.  A conlparison w i t h  t h e  Mach-8 
su r face  p ressure  and p i t o t  measurements o f  Tracy (Ref. 27) showed good agreement w i t h  t h e  c a l c u l a t i o n s  of 
t h e  lee -s ide  f l o w .  McRae (Ref .  23) has now i n c l u d e d  a s c a l a r  eddy-v iscosi  t y  model based on mix ing- leng th  
hypotheses i n  h i s  f o r m u l a t i o n .  P rov ided  c e r t a i n  constants a r e  used t o  a d j u s t  t h e  l e v e l s  o f  eddy v i s c o s i t y  
i n  each c o o r d i n a t e  d i r e c t i o n ,  coupled w i t h  r e l a x a t i o n  b e g i n n i n g  j u s t  p r i o r  t o  t h e  p r imary  separa t ion ,  he 
f i n d s  ve ry  s a t i s f a c t o r y  agreement between h i s  c a l c u l a t i o n s  o f  s u r f a c c  pressure and sur face  shear s t r e s s  
d i r e c t i o n s  and t h e  r e s u l t s  o f  t h e  h i g h  Reynolds number exper iments o f  R a i n b i r d  (Refs. 28, 29) .  Both 
p r imary  and secondary s e p a r a t i o n  l i n e  p o s i t i o n s  were found t o  agree v e r y  c l o s e l y  w i t h  exper imenta l  r e s u l t s  
i n  a Mach 1 . 8  f l o w  a t  a/Oc = 2.5 and RLm - 30 x l o 6 .  

Rakich and Lubard (Ref. 24) c a l c u l a t e d  t h e  e n t i r e  l a m i n a r  separated f l o w  f i e l d  about a s p h e r i c a l l y  
b l u n t e d  15' c i r c u l a r  cone i n  a Mach 10.6 f l o w  t o  compare w i t h  t h e  measurements o f  C leary  (Ref. 30) a t  
a/ec - 1. The c a l c u l a t i o n s  a r e  based on a s i n g l e  l a y e r  system o f  three-d imensional  p a r a b o l i c  equat ions 
t h a t  a r e  approximat ions t o  t h e  f u l l  s teady Navier-Stokes equa t ions  v a l i d  f rom t h e  body s u r f a c e  t o  t h e  bow 
shock wave. T h i s  system o f  equat ions i n c l u d e s  t h e  c i r c u m f e r e n t i a l  shear s t r e s s  terms as w e l l  as t h e  
e f f e c t s  o f  v i s c o u s - i n v i s c i d  i n t e r a c t i o n  and e n t r o p y  g r a d i e n t s  due t o  b o t h  t h e  curved bow shock and ang le  
o f  a t t a c k .  The c a l c u l a t e d  leeward s u r f a c e  pressures and h e a t i n g  d i s t r i b u t i o n s  were i n  s a t i s f a c t o r y  agree- 
ment w i t h  exper imenta l  r e s u l t s  and t h e  c a l c u l a t i o n  p rov ided  ev idence o f  r e v e r s a l  i n  t h e  boundary- layer  
c ross f low;  p r i m a r y  s e p a r a t i o n  was p l a c e d  a t  about  13" f rom t h e  leeward mer id ian .  The r e s u l t s  from a v a r i a n t  
o f  t h i s  program (Ref. 31 ), wherein an eddy v i s c o s i t y  model i s  i n s e r t e d  a r e  a l s o  be ing  compared a g a i n s t  
Rai nb i  r d l s  Mach 4.25 exper iments (Ref .  29). 

P u l l i a m  and Steger  (Ref. 32) have a l s o  made a n o t a b l e  c o n t r i b u t i o n  t o  t h e  c a l c u l a t i o n  o f  f l ows  about 
m iss i le -shaped  bodies u s i n g  a " t h i n  l a y e r "  approximat ion o f  t h e  Navier-Stokes equat ions.  
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The second avenue o f  modeling the lee-side vortex wake, i n  t h i s  case, by whol ly i n v i s c i d  means, i s  
t h a t  due t o  J. H. B. Stnit)' (Ref, 25). He proposes an i n v i s c i d  vortex sheet model f o r  inconlpressible 
(sym~i letr ical ,  a t  t h i s  t ime) con ica l  f low i n  which the vortex sheet 111ust depart  from t h e  surface o f  the  cone 
tangen t i a l l y  i f  v o r t i c i t y  i s  t o  be shed, The separat ion l i n e  pos i t i on  may be given fro111 boundary-layer 
ca l cu la t i ons  (see Smi t h ' s  review (Ref. 33) i n  AGARD CP-168) o r  from experiment (see Fig,  2). A t  the sepa- 
ration l i n e  i n  Snli t h ' s  model, the  i n v i s c i d  f l o \ f  on the downstream s ide i s  constrained t o  be p a r a l l e l  w i t h  
the separat ion l i n e ,  a cond i t ion  t o  replace the  Kutta cond i t ion  a t  a sharp edge; whereas on the upstream 
side of  t h e  separat ion l i n e ,  the  surface s t r e a ~ ~ i l i n e s  o f  t he  i n v i s c i d  model are i n c l i n e d  t o  the separat ion 
l i n e  (bu t  are, of  course, tangent ia l  t o  the w a l l ) .  The c o i l e d  i n v i s c i d  vor tex  sheet i s  then constructed as 
f o r  t h e  sharpedged d e l t a  wing (Refs. 33, 40). 

1.6 Cone f o r  Experiment 

The cone, then, i s  the  bas ic  nose o f  many f l i g h t  vehic les.  A t  incidences t yp i ca l  l y  below u/oc - 1, 
i t  provides a usefu l  c o n f i g u r a t i o ~ l  t o  develop a symnetrical three-dimensional attached boundary l a y e r  
growing frolr  the  windward t o  the  leeward meridian. Because o f  t he  near c o n i c i t y  o f  the separation l i n e s  
and vor tex  development i n  botl i  subsonic and supersonic f lows (neglect ing e f f ec t s  o f  t r a n s i t i o n ) ,  i t  a lso  
provides a convenient experinlental nlodel t o  explore three-dimensional separations f rom deta i led  nleasure- 
nlents a t  only one a x i a l  s ta t i on .  

The essent ia l  ob jec t ive  o f  t he  present work i s  t o  achieve an understanding o f  t l te f l u c t u a t i n g  quant i -  
t i e s  i n  three-dimensional separated flows, and how three-dimensional separations and t h e i r  asymmetries 
may be cont ro l led .  The cone i s  a very convenient model on which t o  generate both three-dinrensional 
at tached and separated viscous flows. The present experiments then, extend the symmetric separation mean 
flow nleasurenlents o f  Rainbird (Refs. 28, 29) about c i r c u l a r  cones (see a lso  Ref. 41) t o  determine exper i -  
menta l ly  add i t iona l  quan t i t i es  a t  the  cone s.lrface (mean and f l u c t u a t i n g  pressures, f l u c t u a t i n g  heat  t rans- 
f e r  combined w i t h  nlean shear s t ress  magnitudi s and d i rec t i on )  and t o  measure a t  the same time the mean and 
f l uc tua t i ng  flow f i e l d  above the cone a t  moderately l a rge  r e l a t i v e  incidence. Test r e s u l t s  a t  Mach 0.6 
are discussed herein.  Force measureliients i n  the  range o f  Mach number 0.6 < M, < 1.8 have y ie lded  the 
onsets o f  asymmetry o f  the  lee-s ide f low f o r  vary inq Reynolds nur~rbers and f o r  b lun t  and sharp nose shapes. 
These were supplemented here in  by p ic tures  o f  the crossf low f a c i l i t a t e d  by a laser-vapor screen f low 
v i s u a l i z a t i o n  technique. 

2. EXPERIMENTAL METHOD 

Measurements have been made on a 1,4 m (54 i n . )  long, 5" semiangle c i r c u l a r  cone, sting-alounted i n  the 
Arnes 1.8- by 1.8-m (6- by 6 - f t )  closed c l r e u i t  wind tunnel a t  Mach numbers i n  t he  range 0.6 e M, c 1.8 
(Fig.  3). The cone 111odel was f i t t e d  w i t h  a sharp nose (0.13-nim, i .e., 0.005-in. t i p  rad ius)  and a blunted 
nose w i t h  a radius o f  4 %  o f  t he  base radius. Stagnation pressures were subambient y i e l d i n g  Reynolds num- 
bers based on the  cone ax ia l  l eng th  and tunnel free-stream condi t ions o f  between 4.5 x 106 and 13.5 x l o 6 .  
No a r t i f i c i a l  t r i p p i n g  o f  the  boundary l aye r  was employed. A t  the r e l a t i v e l y  h igh acoust ic disturbance 
l e v e l s  pe r ta in ing  i n  t h i s  tunnel, f o r  exanlple, zpls/qm - 3% a t  M, = 0.6, a Reynolds nuwber based on wetted 
length  t o  t r a n s i t i o n  might be expected t o  be 3 x 10%2001 (Ref. 42). A t  zero angle o f  attack, therefore,  
we a n t i c i p a t e  t r a n s i t i o n  t o  have been located, respect ive ly ,  from about 0.7 t o  0.2 o f  the cone length,  cor- 
responding w i t h  t h e  aforenlentioned range o f  t e s t  Reynolds numbers w i t h  a tunnel stagnat ion temperature i n  
t he  range o f  20P-40°C. The t y p i c a l  va r i a t i on  dur ing a run o f  20 min was less  than 3", however, so t h a t  
w i t h  t h i s  inl~rlersion time, cond i t ions  o f  near zero heat t r ans fe r  ex is ted a t  the cone surface. 

Because o f  t h e  nominal c o n i c i t y  and synmetry o f  t he  f l ow  (Refs. 4, 28, 29) up t o  angles o f  incidence 
a t  l e a s t  2.5 t imes the nose semiangle, oC, a l l  de ta i led  measurenlents were made a t  an ax ia l  s t a t i o n  0.85 o f  
the cone length a f t  o f  the (pointed) apex and upon each h a l f  o f  t l ie cone (0' < $ c 2180"). Mean circulil- 
f e r e n t i a l  pressure d i s t r i b u t i o n s  were obtained w i t h  0.51-III~ (0.020-in.) dianleter s t a t i c  holes spaced 45" 
apa r t  a t  the 0*85 s t a t i o n  (see Fig. 4 (a) ) .  These o r i f i c e s ,  as we l l  as others along a cone generator a t  
the 0.95 s ta t i on  and i n  t he  base region, were connected v i a  a "Scanivalve" t o  an unbonded strain-gage 
pressure transducer. The s t a t i c  pressure from each p o i n t  a t  t h e  0.85 s t a t i o n  was a lso  f ed  as a h i g h l y  
ds~nped signal  t o  the  reference p o r t  o f  a 2.36-mil (0.093-in. ) diameter "Ku l i  t e "  pressure transducer s i  tu -  
ated on the same conical  generator. The diaphragm was vented t o  the f low throuqh a 1.00-mn (0.040-in. ) 
diameter s t a t i c  ho le  b u t  submerged beneath t h e  surface i n  accordance w i t h  Hanly's recomn~endations about 
the  e f fec ts  of transducer f lushness on f l u c t u a t i n s  surface pressure ~ileasurenients (Ref. 43) (see Fiq. 4 (b) ) .  
Preston tubes o f  diameter 0.42 rnm (0.016 i n . )  were i n s t a l l e d  a t  the 0.85 s ta t i on  t o  determine the  mean 
l e v e l s  o f  s k i n  f r i c t i o n  a t  zero angle o f  a t tack  and along the  windward generator (F ig .  4(c)) .  

Two b i d i r e c t i o n a l ,  burjed-wire, s k i n - f r i c t i o n  gages ( ~ e f .  44) were also s i t ua ted  i n  the  cone surface 
a t  t h e  0.85 l eng th  s t a t i o n  (see Fig. 4(a)) ,  t o  measure the  nlagni tude and d i rec t i on  o f  the  r e s u l t a n t  shear 
s t r e s s  a t  t he  surface. The conf igura t ion  o f  t l ie  gage i s  shown i n  Fig. 4(d), i t s  f ab r i ca t i on  f o l l ow ing  
b a s i c a l l y  the same procedure as pron~oted f o r  s i n g l e  wires by Murthy and Rose (Ref. 45) a f t e r  t he  work o f  
Rubesin e t  a l .  (Ref. 46). The fo l l ow ing  equations, the rriethod o f  manufacturing the gages, and a f u l l  d is -  
cussion o f  t l ie  ca l i b ra t i ons  are given i n  Ref. 44. I n  b r i e f ,  temperature-resistance ca l i b ra t i ons  were 
obtained by p lac ing  the  gages i n  an oven. Magnitude and d i rec t i ona l  s e n s i t i v i t i e s  were four~d by f lush-  
mounting the gages i n  a known subsonic channel f low and operat ing each w i re  w i t h  an overheat r a t i o  o f  1.1, 
u t i l i z i n g  "Disa" constant tenioerature anenlometers. The wi res  were capable o f  operat ing w i th  upper fre- 
quency responses c lose t o  15 kHz, The s e n s i t i v i t i e s  were checked again a f t e r  i n s t a l l a t i o n  i n  the  cone 
surface and running a t  zero angle o f  at tack,  The shear s t ress  a t  a s t a t i o n  c lose by the  gage was deduced 
from a Preston tube n~easurenient i n  conjunct ion w i t h  the c o r r e l a t i o n  due t o  Bradshaw and Unsworth (Ref. 47) 
Rotat ion o f  t he  probe about i t s  ax is  t o  known angles o f  yaw permit ted t he  d i rec t i ona l  s e n s i t i v i t y  t o  be 
obtained a t  each Mach number and Reynolds number tested siinultaneously w i t h  the  shear stress magnitude 
according t o  t he  fo l l ow ing  equations. If the  output o f  a s i n g l e  wire,  yawed t o  the  loca l  shear s t ress  
d i r e c t i o n  a t  (90 - 9)" (see Figs. 4(d) and 5(a) ) ,  i s  assumed t o  be of  t he  form: 



where the symbols a re  defined a t  the beginning of the report,  and 

then for our pair of nlrltually perpendicular wires, respectively labeled 1 and 2 ,  where + 92 = $, we 
obtain 

dnd 

By eliminating the wall shear s t ress  i s  given by 

Ile note that  values of the coefficients of directional sensi t ivi ty  K1 and K 2  can be obtained from a plot 
of Sl($q) or Sk($*) when $1, $2 = 0'. In general, K1 J; K2, but the difference between the two sen- 
sors on each gage was found to be relat ively small. I f ,  for  sinlplicity, we l e t  Kt = K2 = K ,  then the 
absolute magnitude of the shear s t ress  takes the fornu 

(sl" szfi)1/2 
= 

(1 + K?)'/' 
(6)  

As for the direction of the skin fr ic t ion vector, we see froln Eqs. (3 )  and (4) that  the quotient S1/S2 
i s  a unique function of the direction $1 and i s  independent of the magnitude of the skin f r i c t ion .  The 
assumption K1 = K2 i s  not a necessary one provided each wire of a pair i s  calibrated. YcCroskey and 
Durbin (Ref. 48) discussed measurenlents of the direction of surface shear s t ress  with a hot film gage and 
proposed that  

where e i s  the direction of the flow relat ive to  the probe centerline, and equals (yl  - n/4) in our present 
frame of reference. 

The resul ts  of the directional calibration for one of the pairs of buried wires i s  shown inoFig. 5 (a ) .  
We see that  the direction of the skin fr ic t ion vector can be determined to an accuracy within lr5 inde- 
pendently of i t s  magnitude. The variation of the quantity (s16 + s Z 6 ) u 2  il! a +40° yaw angle range was 
demonstrated t o  be small. The magnitude of skin fr ic t ion obtained with the Preston tube i s  plotted 
against the measured values of (S16 + ~ ~ ~ ) 1 / 2  in  Fig. 5 (b) .  From Eq. (6), the value of K i s  0.35 for  
t h e  particular gage shown. The surface shear s t ress  directions obtained with the hot wire pair were 
compared against Tlow visualization traces taken with an oil-dot technique. Signals from the off-surface 
hot wires were also measured but await analysis. 

Pitot pressures i n  the external flow above the cone surface were measured using an array of 77 pi tot  
tubes mounted a t  the 0.85 s tat ion (Fig. 3 ) .  

Overall force and moment measurements were obtained with an internal strain-gage balance. 

The cone was pitched to the desired angle of incidence, and for  the measurements with symmetrical 
separation of the lee-side flow, the cone was rolled in  increments from O n  t o  180° and paused for  typically 
1 lnin while data were taken. Increments of 5' in  roll  were generally used. Neither fluctuating pressures 
nor hot wire data were collected a t  angles of incidence where asymllletric lee-side conditions prevailed. 

Visualization of the vortex wake was obtained a t  the 0.85 s tat ion by saturating the tunnel flow with 
water vapor and illuminating a thin cross section of the flow with a 15-W laser  beam passed through a 
cylindrical lens, Photographs of the scattered l ight  were taken with a camera mounted to the s t ing /s t ru t  
support, the camera axis being s e t  nominally parallel with the cone surface. Prior to  the runs, a grid 
placed a t  the t e s t  s ta t ion was photographed against which the dinlensions of the shear ?ayer could be sub- 
sequently compared. 

Some supportive three-component velocity measurements in the lee-side vortex wake just  downstream of 
the junction between a 16' semiangle tangent ogive forebody joined to a cylinder aft-body were made by 
Owen and Johnson (Ref. 49) a t  a relat ive incidence of 2.3. These Mach 0.6 data are also presented here to 
provide an insight into possible orders of magnitude of fluctuation levels on the lee side of the cone. 



3. RESULTS AND DISCUSSION 

3.1 Symmetrical Separation of the lee-Side Cone Flow 

3.1.1 Forces 

The physical cliaracteristics of the mean flow f ield about the 5" circular  cone in the Mach nuniber 
range 0.6 z f& 2,c 1.8 follow the descriptions by Rainbird (Refs. 28, 29) of the surface and external 
flow conditions tha t  he measured a t  Mach 1.8 and 4.25. 

The overall effects  of boundary-layer growtli and incidence on the development of normal forces on the 
5" cone are i l lus t ra ted  in Fig. 6 up to relat ive incidences of alniost 5. A t  re lat ive incidences typically 
l ess  than 0.7, the circu~~iferential pressure gradient i s  favorable a l l  the way from the windward t o  the lee- 
ward generator. The boundary layer grows i n  a regular manner developing very small crossflows. The 
nonnal force develops linearly i n  th i s  range, and the slopes dC /da near a = 0°, are  affected only 
s l igh t ly  by viscosity. In subsonic flow, the values are  typicalyy 62 larger than the slender body value 
of 2.0 (per radian). In supersonic flow, the discrepancies between experilllent and those slopes given in 
Sinls ' tables (Ref. 50) are even less  for  both the blunt and sharp noses. 

Figure 6 i l l u s t r a t e s  that ,  a t  Mach 1.8, there i s  substantial development of nonlinear l i f t *  above a 
relat ive incidence of 1 ,5  (as found by Rainbird (Ref. 28), where the Reynolds number was more than double 
the existing t c s t  value) consistent with the fornlation of a well organized, symmetrical, coiled, free 
shear-layer flow on the lee s ide of the tnodel. From pitching-moment data, a fixed center of pressure posi- 
t ion a t  0.667 L is in good agreement with the conical flow value of (2/3)L sec2 0,. B u t  below Mach 1.8, 
there i s  an apparent sensi t ivi ty  of the onset of nonlinear normal force to both Reynolds number and nose 
shape, as we see on Fig 7. At any given Mach number, we note tha t  reduction in Reynolds nu~i~ber and intro- 
duction of bluntness delays the onset of nonlinear normal force. This dependency reduces rapidly as Mach 
number increases until  a t  Mach 1.8, i t  has nolainally disappeared. 

The resul ts  in  Fig. 7 fo r  our cone model of fineness ra t io ,  L / D  = 5.7, are unexpected for  the dis- 
t inc t ive  tardiness displayed in producing nonlinear noiinal force i n  the high subsonic and transonic speed 
ranges. Even though a t  Mach 0.6 and a/Oc - 2.5, fo r  example, where there was substantial vortex flow 
(see Figs. 8 and 51). the overall nohnal force l i e s  just  below the slope (dCN/da),,,. 

The high negative values of base pressure coefficient (Fig, lo) ,  are  niooted as the key to the para- 
dox, f o r  a t  2 0.6 near the base, they induce so~newliat larger incre~nents of suction pressure on tlie 
windward side of the cone near the base than on ttie leeward; see for  examale, the cone surface pressures 
along the windward and leeward generators on Fig. 11. Hence the developnient of nonlinear normal force 
appears suppressed by the base effect .  This suppression reduces as Mach number increases until  a t  
M, - 1.8, the upstream propagation from the base i s  negligible. 

In Fig. 10, we also note tha t  changes in Reynolds nuniber and sting/base diameter a t  Mach 0.6 cause 
substantial changes of the base flow (see Ericsson (Ref. 53) fo r  a discussion on aerodynamic support inter-  
ference). 

3.1.2 Mean Flow Measurements 

The changes i n  three-dimensional boundary-layer developnient as the circu~nferential surface pressure 
distributions steepen with increasing angle of incidence are discussed in detail in  Refs. 28 and 29. 
Herein, we shall concentrate on the flow a t  a relat ive incidence of 2.5, for  tlie cone with nose radius 
equal to 4% of base radius. A t  t h i s  incidence (Figs. 12(a)-12(c)),  display the surface pressure coeffi- 
cients o b t a i ~ e d  a t  a constant length Reynolds number of RLm = 13.5 x loG,  for  Mach nu111bers 1.8,  1.2, and 
0.6. The pressures are plotted with respect to  circumferential angle nieasured from ttie windward (g = 0") 
t o  the leeward generator (g = 180"). Figure 12(a) shows good agreement a t  M, = 1.8 between the measured 
circumferential pressures plotted a t  three axial s ta t ions along the cone. The present resul ts  a t  
R L ~  = 13.5 x 10"en~nstrate a small but variable s h i f t  re lat ive to the higher Reynolds number data of 
Refs. 28 and 29. The present resul ts  are  uncorrected for  errors due to s t a t i c  hole size (Refs. 54, 55) 
which, i f  included, would margi hally increase the difference between the two s e t s  of ~neasurements. The 
calculation of surface pressures from McRae's Navier-Stokes code, corresponding with the Reynolds number 
RL, = 32 x 106, are i n  close agreement with Rainbird's measurements (Refs. 28, 29). Figures 12(a)-12(c) 
i 11 ustrate corresponding qual i ta t ive trends in tlie circu~nferential pressure distributions a t  the 0.85 axial 
s ta t ion for  a l l  Mach numbers tested. 

As the three-dimensional boundary layer develops fronl the windward attachment 1 ine region (g = 0') 
toward the minimum pressure point a t  $ - 100°, the crossflow grows rapidly. A t  Mach 0.6, toward which 
the bulk of the remaining discussion i n  t h i s  paper will be devoted, Fig. 13 provides a cornparison between 
some preliminary surface shear s t ress  directions (relat ive to  the cone generators), w ,  obtained frow a i l  
dot streaks and those angles deduced from the bidirectional buried hot-wire gage. The maximum value of w 
given from the gage i s  close t o  40" in  the vicinity of the ~ninilnu~n pressure point. The boundary layer, i n  
proceeding around the lee s ide of the cone, now encounters a strong circumferential adverse pressure gra- 
dient  and thickens rapidly (see Fig. 8 ) .  The crossflow angle, w ,  reduces progressively to zero, Fig. 13, 
a t  which point the shear s t ress  t rajector ies  converge and run parallel to a generator, the primary 

*Me should be aware, however, that  in solving the Euler equations of motion for the  inviscid flow about a 
circular  cone a t  incidence i n  supersonic flow (Refs. 51, 52), we find that  nonlinear norn~al forces begin to 
develop also at: a relat ive incidence close to  1.5 f o r t h i s  M, = 1.8 case. These inviscid components of 
overall normal force are more than 50% of the total nonlinear force, as we see from the additional symbols 
plotted on Fig. 6. The effects  of viscous growth on the windward circumferential pressure distribution 
are  niinor b u t ,  as  expected, the inviscid lee-side pressures are changed substantially due t o  the vortices 
(see Fig. 12(a)) .  



s e n a r a t i o n  l i n e ,  4sl (see t h e  schemat ic  drawing i n  F iq .  4 (a ) ) .  Discrepancies between t h e  o i l  f l o w  r e s u l t s  
and shear s t r e s s  d i r e c t i o n s  as deduced front t h e  w i r e  vo l tages  awa i t  r e s o l u t i o n  i n  a fo r thcoming  r e p e a t  
experiment. The l a s e r  f low v i s u a l i z a t i o n  i n  F iq .  8 and t h e  contours o f  l o c a l  p i t o t  pressure d e f i c i t  
p l o t t e d  i n  F ig .  9 i l l u s t r a t e  t h e  v o r t e x  c o r e  p o s i t i o n  and t h e  c l o s e  comparison between t h e  boundar ies of  
t h e  f ree  shear l a y e r s  f rom these two measurements. The d isc repanc ies  i n  co re  p o s i t i o n  between t h e  p i t o t  
and vapor screen measurements and t h e  disagreement between 4 s l  p o s i t i o n s  on Figs.  9 and 13 may be  due 
t o  a d isp lacement  e f f e c t  caused by t h e  b lockage o f  t h e  p i t o t  a r ray .  Beyond t h e  c i r c u m f e r e n t i a l  an l e  
(Si, Fig,  12 i n d i c a t e s  t h e r e  i s  a p l a t e a u  o f  v i r t u a l l y  c o n s t a n t  p ressure    particular!^ a t  Mach I .8! f o l -  
lowed by a second pronounced p ressure  minimumand f i n a l l y  a recovery  toward t h e  leeward  generator .  The 
second p ressure  minimum caused b y  t h e  induced e f f e c t  o f  t h e  pr imary v o r t i c e s  d r a i n s  f l u i d  f rom t h e  r e g i o n  
of  t h e  leeward generator ,  a p p r e c i a b l y  t h i n n i n g  t h e  f l o w  there .  T h i s  moven,ent o f  f l u i d  beneath t h e  v o r t i c e s  
i t s e l f  separates f rom t h e  cone s u r f a c e  a t  4 ~ 2  on a s c a l e  s u b s t a n t i a l l y  s ~ n a l l e r  than  t h e  p r imary  f l ow.  The 
l o b u l a r  r e g i o n  o f  secondary f l o w  i s  shown b y  t h e  p i t o t  con tours  o f  F ig .  9, a l though  i t  i s  n o t  e v i d e n t  on 
t h e  vapor screen photograph shown i n  F i g .  8. Between 4 ~ 1  and $s2, t h e r e  must be  y e t  another  d i v e r g e n t  
at tachment  l i n e  r e g i o n  where w = 0 (see F igs .  4(a) and 13) f rom which f l u i d  d ive rges  t o  feed b o t h  separa- 
t i o n  l i n e s .  

The magnitude o f  t h e  r e s u l t a n t  s u r f a c e  shear s t r e s s  a t  t h e  0.85 a x i a l  s t a t i o n  i n  subsonic f l o w  o b t a i n e d  
f r o m  t h e  yawed b u r i e d  h o t  w i r e  p a i r  i s  shown i n  b ig .  14. The maximum u n c e r t a i n t y  i n  t h e  abso lu te  l e v e l s  
o f  shear  s t r e s s  deduc ib le  f rom t h e  w i r e s  i s  about t151. Again, t h e  v a r i a t i o n  of  t h e  l o c a l  s k i n  f r i c t i o n  
c o e f f i c i e n t  w i t h  c i r c u m f e r e n t i a l  ang le  a t  Mach 0.6 f o l l o w s  t h e  t rends  e s t a b l i s h e d  i n  R a i n b i r d ' s  Mach 1 . 8  
and 4.25 measurements (Refs. 28, 29). T t e  s k i n  f r i c t i o n  reduces sn~oo th ly  t o  a minimum, b u t  f i n i t e ,  va lue  
a t  t h e  p r imary  s e p a r a t i o n  l i n e  t h a t  i s  lower  than  t h e  zero  inc idence  a t tached  f'low value.  The s k i n  f r i c t i o n  
i s  aga in  a minimum a t  t h e  secondary s e p a r a t i o n  w i t h  h i g h  values due t o  t h a  d i v e r g e n t  at tachment  l i n e  f l o w s  
between t h e  s e p a r a t i o n  l i n e s  and a long  t h e  leeward mer id ian.  The boundary l a y e r  a long  t h e  leeward genera- 
t o r ,  i n  f a c t ,  acce le ra tes  r a p i d l y  i n  t h e  l a t e r a l  sense due t o  t h e  v e r y  favorab le  p ressure  g r a d i e n t  caused 
b y  t h e  v o r t i c e s  (see F ig .  12 (c ) ) .  The shear s t r e s s  increases t o  a va lue  w e l l  above t h a t  a t  t h e  windward 
genera to r  w i t h  a concomitant  s u r f o c e  shear d i r e c t i o n  o f  -20" a t  + - 170'. 

3.1.3 F l u c t u a t i o n  Measurements 

The f l u c t u a t i n g  p ressure  f i e l d  w i t h i n  a v iscous f l o w  i s  assoc ia ted  w i t h  t h e  i r r e g u l a r   notions o f  t h e  
tu rbu lence ;  f rom t h e  i n t e r a c t i o n  o f  t h e  t u r b u l e n t  f l u c t u a t i o n s  normal t o  t h e  w a l l  w i t h  t h e  mean shear, and 
f r o m  t h e  i n t e r a c t i o n  o f  t h e  tu rbu lence  w i t h  i t s e l f .  I n  incompress ib le  f l o w ,  t h e  pressure f l u c t u a t i o n s  a t  
one s t a t i o n  i n  t h e  f l o w  a r e  produced by momentum f l u c t u a t i o n s  a t  Inany o t h e r  s t a t i o n s  (Poisson's  equa t ion ) .  
Thus t h e  p ressure  a t  one p o i n t  w i l l  n o t  c o r r e l a t e  w i t h  v e l o c i t y  f l u c t u a t i o n s  a t  ano ther  p o i n t  i n  c l o s e  
p r o x i m i t y  (Ref, 56). 

NOW t h e  p ressure  f l u c t u a t i o n s  have a wide range o f  s i z e s  t y p i c a l l y  equaT i n  s c a l e  t o  boundary- layer  
t h i c k n e s s  on down t o  v/u,. But  accord ing  t o  Bradshaw (Ref. 57), t h e  spectrum o f  p ressure  f l u c t u a t i o n s  a t  
a w a l l  beneath a two-dimensional t u r b u l e n t  boundary l a y e r  as i t  approaches separa t ion  i s  c o n s t i t u t e d  of  
e s s e n t i a l l y  h igh- f requency and low-f requency energy. The h igh- f requency coniponents a r e  generated i n  t h e  
s m a l l - s c a l e  i n n e r  r e g i o n  ( t h e  s o - c a l l e d  l a w  o f  t h e  w a l l  r e g i o n )  whereas 'he low-f requency pressure f l u c -  
t u a t i o n s  emanate f ro in t h e  l a r g e r - s c a l e  o u t e r  reg ion .  I n  t h e  l a t t e r ,  t h e  f l u c t u a t i o n s  i n t e n s i f y  as t h e  wake 
r e g i o n  o f  t h e  boundary l a y e r  inc reases  i n  th i ckness .  Under two-dimensional a t tached  boundary l a y e r s ,  t h e  
l e v e l  o f  p ressure  f l u c t u a t i o n  a l s o  sca les  w i t h  t h e  mean w a l l  shear s t r e s s ,  I n  adverse pressure g rad ien ts ,  
t h e  pressure f l u c t u a t i o n  s c a l e s  w i t h  t h e  o u t e r  v a r i a b l e s  as t h e  law-o f - the -wa l l  r e g i o n  now becomes very  
sma l l .  I r r e s p e c t i v e  o f  t h e  p ressure  g r a d i e n t ,  however, t h e  abso lu te  l e v e l  o f  t h e  w a l l  p ressure  f l u c t u a -  
t i o n s  i s  small ,  and i t  i s  d i f f i c u l t  t o  i s o l a t e  t h e  f l u c t u a t i o n s  f rom tu rbu lence  and sound generated by 
f ree -s t ream d is tu rbances  i n  a t y p i c a l ,  l a r g e  w ind  tunnel .  A t  Mach 0.6,. t h e  d is tu rbance  l e v e l  o f  t h e  
NASA 1.8- by 1.8-m t u n n e l  s t ream i s  h igh,  and probably c o n s i s t s  o f  f l u c t u a t i o n s  i n  v o r t i c i t y ,  temperature, 
and sound. I t  i s  though t  t h a t  t h e  s i g n a l  a t  t h e  cone s u r f a c e  i s  e s p e c i e l l y  contaminated w i t h  t h e  r a d i a t e d  
sound from t h e  t u n n e l  w a l l  boundary l a y e r s  and s l o t s  i n  t h e  tunnel  c e i l i n g  and f l o o r .  F igure  15 shows t h e  
rms pressure f l u c t u a t i o n  a t  t h e  cone s u r f a c e  beneath t h e  Mach 0.6 a x i s g m e t r i c  boundary ?ayer  t o  be 
cp8>/qm-0.03,  a va lue  10 t i m e s  t i l e  l e v e l  o f  mean shear s t r e s s  (see F ig .  14 ) .  T h i s  i s  i n  c o n t r a s t  w i t h  a 
v a l u e  of  3 t imes  t h e  mean shear s t r e s s  quoted by K i s t l e r  and Chen (Ref. 58) f o r  a two-dimensional, sub- 
son ic ,  a t tached  f low, beneath a reasonab ly  " q u i e t "  f r e e  stream. The spec t ra  a t  ze ro  ang le  o f  a t t a c k  ( n o t  
shown) e x h i b i t e d  peaks a t  f requenc ies  o f  800 and 1600 Hz. N e i t h e r  t h e  l e v e l s  o f  t h e  peaks n o r  t h e  areas 
beneath them appeared dependent on r o l l  o r i e n t a t i o n  o r  ang le  o f  i nc idence ,  however, and these peaks were 
n o t  f i l t e r e d  o u t  i n  t h e  resu:ts t o  be presented.  The i n t e r f e r e n c e  o f  t h e  tunnel  n o i s e  f i e l d  on t h e  develop- 
ment o f  t h e  a t tached  boundary layers ,  may w e l l  have a d i f f e r e n t  e f f e c t  than  on t h e  f r e e  shear l a y e r s .  Par- 
t i c u l a r  f requencies,  i f  dominant, may e x c i t e  i n s t a b i l i t i e s  i n  t h e  l a t t e r  f l ow.  Under these  circumstances 
then, F ig.  15 a l s o  shows t h e  rms p ressure  f l u c t u a t i o n s  a t  t h e  0.85 s t a t i o n  f o r  t h e  Mach 0.6 f l o w  a t  a r e l a -  
t i v e  inc idence  o f  2.5. These f l u c t u a t i n g  pressures were measured s imu l taneous ly  w i t h  t h e  mean pressures 
a l r e a d y  d iscussed on F i g .  12(c) .  We n o t e  f rom F i g .  15 t h a t  t h e  abso lu te  l e v e l  o f  rms pressure f l u c t u a t i o n  
( a c t u a l l y  p l o t t e d  r e l a t i v e  t o  t h e  c o n s t a n t  dynamic p ressure  o f  t h e  f r e e  stream) inc reases  i n  t h e  f a v o r a b l e  
p r e s s u r e  g r a d i e n t  f rom t h e  windward at tachment  l i n e  toward t h e  minimum pressure p o i n t ,  then  decreases 
smooth ly  i n  t h e  adverse p ressure  g r a d i e n t  t o  a minimum va lue  a t  t h e  p r imary  separa t ion  l i n e .  The s i g n a l  
i nc reases  r a p i d l y  a g a i n  as t h e  leeward at tachment  l i n e  r e g i o n  i s  approached. Between t h e  p o s i t i o n s  of 
p r i m a r y  and secondary separa t ion ,  $sl and $sz, the re  i s  s l i g h t  evidence t h a t  t h e  f l u c t u a t i o n  l e v e l  once 
more inc reases  a t  t h e  rea t tachment  l i n e ,  $A. These r e s u l t s  bear  comparison w i t h  those beneath two- 
d imensional  s e p a r a t i o n  bubbles (Ref. 59), a l though  t h e  two-dimensional separa t ion  i s ,  o f  course, t h e  s p e c i a l  
l i m i t i n g  case o f  t h e  more general  swept s e p a r a t i o n  i n  t h r e e  dimensions. Mabey (Ref. 59) showed t h a t  t h e  
p r e s s u r e  f l u c t u a t i o n s  caused b y  f l u c t u a t i o n s  i n  t h e  two-dimensional separa t ion  1 i n e  p o s i t i o n  were sma l l ,  
whereas a t  reat tachment ,  t h e  p ressure  f l u c t u a t i o n s  exceeded those a t  t h e  separa t ion  p o i n t  by 4 t o  1 0  t imes.  

I n  apparent  c o n t r a d i s t i n c t i o n  w i t h  these r e s u l t s ,  however, Schloemer (Ref. 60) and Burton (Ref. 61) 
have r e p o r t e d  on p ressure  f l u c t u a t i o n s  beneath two-dimensional at tached boundary l a y e r s  i n  b o t h  adverse 
and f a v o r a b l e  p ressure  g r a d i e n t  c o n d i t i o n s ,  and found what appears t o  be t h e  converse o f  t h e  pressure 
f l u c t u a t i o n  behav io r  on t h e  cone sur face .  R e l a t i v e  t o  a ze ro  pressure g r a d i e n t  f l ow,  <pl>/qm was g r e a t e r  
i n  t h e  adverse and l e s s  i n  t h e  f a v o r a b l e  p ressure  g r a d i e n t s .  The d i f f e r e n c e s  were accentuated i n  t h e  
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two-dimensional f l ow  i f  t h e  normal iz ing parameter f o r  t he  rms wa l l  pressures was the wa l l  shear stress.  
But, i t  should be noted t h a t  i f  the cone surface rnis pressure data are p l o t t e d  w i t h  respect t o  the resu l -  
t a n t  wa l l  shear s t ress ,  a corresponding accentuation r e l a t i v e  t o  the zero pressure gradient, a = 0' case, 
t s  t o  be seen i n  Fig. 15, 

On the basis o f  t he  djmensionless pressure measurement ho le  parameter, (dpu,)/v, which i s  upward o f  
300 i n  our Mach 0.6 experiment, we are  probably missing the  dramatic increase i n  i n t e n s i t y  o f  the small- 
sca le  pressure fluctuations t h a t  Enunerling (Ref. 62) has noted, f o r  example (see Ref. 56). This parameter 
should be less  than 50 i f  t h e  smal l -scale f luc tuat ions  are t o  be measured. But i t  w i l l  be shown t h a t  the  
pressure f luctua.t ions a re  dominated by low-frequency components i n  the  adverse pressure gradient reqions so 
t h a t  loss  o f  C';gh-frequency response would no t  exp la in  the substa t \ t ia l  d i f f e rence  between the two-dimensional 
and the three-dimensional r esu l t s .  Nei ther would we expect, perhaps, t h a t  the  grazing shear f low over a 
surface o r i f i c e  would produce changes i n  acoust ical  impedance o f  the  po r t  (which are dependent on frequency) 
t h a t  were la rge enough t o  over turn  t he  trends seen a t  t he  cone s u r f a c ~ .  Wi l lmarth and Yang (Ref. 63) 
showed t h a t  the t ransverse curvature  o f  t he  model surface a l t e r s  the  la rge eddies s i g n i f i c a n t l y ;  bu t  t h e i r  
boundary-layer th ickness was o f  order o f  model cross-sect ion diameter, whereas on the cone, i t  i s  1/100 
o f  t he  l oca l  cone diameter. 

I f  the rms pressure r e s u l t s  are no t  spurious because o f  the  h igh background noise l eve l ,  then the  
character d i f fe rence may be a t t r i b u t a b l e  t o  t he  escape provided t o  t he  f l o ~  i n  a three-dimensional separa- 
t i o n  i n  cont ras t  w i t h  t he  two-dimensional case. 

The behavior o f  the  rms values o f  output vol tage s igna l  (made nondimensional w i t h  respect t o  the  f low- 
based s lgna l  strengths) f o r  each o f  the  bur ied  hot-wire p a i r  on the cone surface, peak a t  the  separation 
l i n e s .  Figure 16, f o r  example, presents t he  normalized f l uc tua t i ons  from one w i r e  t o  i l l u s t r a t e  t ha t  these 
peak l eve l s  are niore than double those beneath the attached (and reattached) f l ow  reqions. The second w i re  
provided essen t i a l l y  t he  same normalized outputso t h a t  t he  normal izat ion v i r t u a l l y  removes the s e n s i t i v i t y  
t o  yaw. 

If conduction losses are  n e q l i q i b l e  from the w i re  t o  the  substrate, and i f  the w i re  i s  normal t o  the  
l o c a l  shear s t ress  d i rec t i on ,  we may see from Eq. (1) t h a t  the  mean square o f  t he  voltage f l uc tua t i on  a t  
the  w i r e  i s  re la ted  t o  the pressure and shear stress f l uc tua t i ons  ' 

The grder  o f  the present r e s u l t s  impl ies  t h a t  a t  separation, if cp1>/p ,  i s  a minimum (see Fig.  15) and 
<el>/E i s  a maxiniu;i, then < T ' > / T ~  must be la rge f o r  the equa l i t y  t o  be va l i d ,  i r r espec t i ve  o f  the cor-  
r e l a t i o n  between p and r ' ,  Along a l i n e  o f  divergence o f  l i m i t i n g  streamlines, <pl?ipw i s  large, 
cel>/E i s  small, and hence crlz/ 'cw must be equal t o  the  order o f  the pressure f l u c t u a t i o n  w i t h  a negat ive 
co r re la t i on .  I n  o the r  words, t he  shear s t ress  f l uc tua t i ons  are  l a rge  both a t  t he  separation l i n e s  and 
along the attachment l i n e  regions corresponding t o  la rge gradients o f  f l u c t u a t i n g  ve loc i ty .  Le t  us now 
look a t  the  co r re la t i ons  between values o f  t h e  f l uc tua t i ng  vol tage a t  d i f f e r e n t  ins tants  o f  t ime f o r  t he  
same ho t  w i re  t h a t  was shown i n  Fig. 16; f o r  how the  co r re la t i on  c o e f f i c i e n t  decreases w i t h  increasing 
time depends on the character o f  the turbulence. Seven such autocorrelat ions are  presented i n  Fig. 17, 
corresponding t o  c i rcumferent ia l  pos i t ions  on the cone surface between 90' z 4 c 180°. The co r re la t i on  
functions a l l  decrease toward zero, more-or-less monotonically, fa1 li ng fastec i n i t i a l l y  from u n i t y  i n  
t he  favorable pressure gradient ti.ree-dimensional boundary l aye r  (e.g., a t  q, = 90') than i n  the retarded 
f low (+ = 135O, 140°). This corresponds w i t h  a preponderance o f  energy a t  h igher frequencies i n  the  
at tached f low and a t  lower frequencies i n  t h e  retarded f low. At  the separat ion l i nes ,  these large-scale 
motions q ive  r i s e  t o  t he  rms overshoots from the  bur ied  h o t  w i re  observed on Fig. 16, and the  overshoots 
i n  pressure f l u c t u a t i o n  normalized by the  mean shear s t ress  on Fiq. 15. The co r re la t i on  curves demonstrate 
the  substant ia l  chanqes i n  lee-side f low toward and subsequent t o  primat4y separation. A normalized time 
scale i n  terms of ou ter  f low var iab les  such as (tDum)/s* i s  not  used because the  boundary-layer displace- 
ment thickness i s  unknown. 

We may deduce some important not ions concerning the eddy s t ruc tu re  i n  the  f low from the curvature o f  
t he  c o r r e l a t i o n  curves (Ref. 64). A l l  conlponent eddies are  roughly o f  t he  same s i ze  when the  curvature i s  
no t  espec ia l l y  la rge anywhere. Such behavior i s  noted i n  the adverse pressure qrad ient  f low (4 = 135", 
140°, and up t o  L$ = 145') where l a rge  eddies dominate. (An approximate measure o f  the  "longest connection 
i n  t u rbu len t  behavior" (Ref, 65) may be gained from the area beneath the  corwelat ion curve, and $ s l  pro- 
vides the  l a rges t  area.)  The same cha rac te r i s t i c  i s  a lso  shown i n  t h e  very t h i n  boundary layer  along the 
leeward meridian where small eddies must be the  overwhelming const i tuents ,  A wide range o f  eddy sizes, on 
the o the r  hand, i s  i nd i ca ted  by l oca l  regions o f  h igh  curvature i n  the  co r re la t i on  curves. This may occu;- 
near t he  o r i g i n ,  b u t  cannot be ascertained categor ica l ly ,  A1 ternat ive ly ,  when there  are two d i s t i n c t  
ranges o f  eddy s ize  present, t he  c o r r e l a t i o n  curve appears as a sunmation o f  two co r re la t i on  funct ions o f  
subs tan t i a l l y  d i f f e r e n t  scales. We note t h i s  charac ter is t ic ,  i n  pa r t i cu la r ,  f o r  t he  boundary layer  having 
reacted t o  the favorable pressure grad ient  (4 = 90°), then a diminut ion o f  t h i s  proper ty  through the pr imary 
separat ion region t o  begin again a t  the  reattachment l i n e ,  +A = 155". The two ranges of eddy s i ze  would 
a lso  appear t o  e x i s t  a t  t he  secondary separat ion l i n e ,  +,, = 160°, fronl which a c o i l e d  vortex does not  
appear t o  have developed y e t  (see F ig .  9 ) .  

The autocor re la t ion  i s  r e l a t e d  approximately t o  t h e  spect ra l  dens i ty  by a Four ie r  transform. Spectra 
are shown i n  Fig. 18 corresponding t o  most o f  t he  autocor re la t ions  displayed i n  Fig.  17. The ordinates are  
i n  the r a t i o  o f  the mean square values o f  vol tage f l uc tua t i on  a t  each c i rcumferent ia l  s t a t i o n  d iv ided by 
the  value a t  primary separation. I n  conjunct ion w i t h  previous observations, as the  three-dimensional 
boundary l aye r  thickens progress ive ly  toward $ ~ 1 ,  the  energy associated w i t h  the  la rge eddies spreads t o  
lower frequencies (as i s  t h e  case a t  4S2 a lso) .  The converse i s  noted along the  leeward meridian. When 
two d i s t i n c t  ranges o f  eddy s i z e  e x i s t ,  t h e  spectrum funct ions should a lso  take a not iceab le  two-component 
form s $ m i l a r  t o  those o f  t he  c o r r e l a t i o n  funct ions,  as we see a t  +A = 155" and 4s2 = 160'. 



Having witnessed these substantial changes, i t  would appear that ,  i n  calculating complex, 
three-dimensional viscous flows leading t c  separation, the use of turbulence models that do not recognize 
the large changes in  spectra i n  a t  least  a qualitative way will not be repisesentative of the physics of 
the flow. 

3.2 Lee-Side Flow About a Tangent-Ogive/Cyl inder 

3.2.1 Mean Flow Field 

As mentioned previously, some supportive three-dimensional laser  velocilneter 1116asurenants of nlean and 
fluctuating velocity about a slender tangent ogive/cylinder (Fig, 19) were obtained by Owen and Johnson 
(Ref. 49) a t  a relat ive incidence of 2.3, The measure~nentswere~nade i n  the A~nes 0.6- by 0.6-m (2- by 2-f t )  
Transonic Wind Tunnel a t  a Mach nunlber of 0.6 and Reynolds number based on the 0.3-m (1- f t )  total length 
of the  body, equal t o  RL = 2 x lo6. The velocity f i e ld  in the wake was measured with a two-color fonvard 
sca t te r  frequency-offset B'aser velocimeter, a1 lowinq two velocity components perpendicular t o  the axis to 
be obtained sintultaneously. Since we a re  seeking three velocity components, however, two s e t s  of measure- 
ments must be taken. In the f i r s t  s e t ,  the laser beams were normal t o  the tunnel axis so that the axial (u)  
and vertical (w) velocity components were found. From these two components could be obtained the vertical 
velocity in the crossflow plane perpendicular to  the body axis (see Fig. 19). For the second se t ,  the 
transmitting optics were rotated 30" about the z-axis and measurements taken again. Now, one velocity com- 
ponent measured was again the vertical velocity whereas the second was a combination of the axial velocity (u )  
and the la teral  velocity (v) in wind-tunnel coordinates. Thus, since the axial velocity had already been 
measured, the la teral  velocity coulo be calculated, In other words, the  la teral  velocity in the crossflow 
plane i s  obtained, since i t  i s  the same in both wind-tunnel and body coordinates. 

Bragg ce l l s ,  which produced zero-velocity frequency offsets in  both color systems, were incorporated 
to  remove directional anlbigui ty  froni the measurements. Without th i s  capabi 1 i ty ,  Owen and Johnson (Ref. 49) 
have cautioned against believing any nleasurements i n  flows that  are unsteady or possess a high degree of 
;turbulence. Since with increasing Mach nuniber the helix angle of a streamtube becomes smaller w i t h  respect 
to the axis of the vortex, larger axial distances are required for  par t ic les  t o  reach the core regions. 
Thus an a r t i f i c i a l  aerosol was introduced into the wind-tunnel fiow to provide adequate intensity of the 
scattered l igh t  with a count mean diameter of 0.7 micron. Additional detai ls  of the instrumentation are 
given i n  Ref. 49. 

Figure 20 shows the crossflow velocity vector f i e ld  a t  4 diameters from the nose, just a f t  of the 
ogive/cylinder junction where we detect that  the vortex core positions are located along 
2/d - 0.9 a t  y/d - 0.3. Note the s l iqh t  asymmetry, b u t  the resemblance to the cone lee-side flow. The 
vertical veloci t ies ,  5,  in the crossflow plane arc? plotted in Fig. 21, the maximum down-flow values 
(-urn) occurring in the pitch plane of symmetry as the leeward meridian i s  approached. This large down- 
flow i s  a relat ively narrow region between the rotational pair and i s  highliqhted as an intense l ine of 
maximum vapor concentration in  the cone crossflow visualization displayed in Fig. 8 (and see l a t e r ,  
Fig. 26). The velocity gradient through the core reclion a t  ;/d - 0.9 i s  virtually in f in i te  on the scale 
of measurement resolution as i t  i s  on the axial velocity distributions displayed in Fig. 22. A t  the s ta-  
tions approaching the leeward meridian where the crossflow i s  largest ,  the axial velocity i s  lowest. The 
axial velocity then increases very rapidly across the vortex to  a value overshooting the free-stream by 
about 20%. 

Lateral crossflow velocities (?) resolved from the measurements nonnal to  and 30" to  the tunnel axis 
are shown in Fig. 23. As expected, a pass through the core positions a t  Z/d = 0.9 shows vir tual ly zero 
velocity, Moving to traverses above and below the vortex centers shows the la teral  velocities to be a t  
maxivum levels a t  y/d values i n  l ine with the cores. 

3.2.2 Fluctuating Velocities 

Some insight into the turbulent and unsteady nature of the vortex flow f ie ld  about the oqive-cylinder 
has a l so  been obtained w i t h  the laser  velocimeter. These data in  Figs. 24 and 25, obtained a t  ?/d = 0.9 
through the vortex cores, show peaks in the rms velocity, one on each side of the pitch-plane close to the 
regions of maxiniuni mean velocity gradient ( the core centers?). In addition, the rms fluctuation levels 
remain substantial i n  regions of small and zero mean velocity gradient, suggesting that large scale turbu- 
lence i s  present throughout the lee-side domain. 

3.3 Asymmetrical Separation of the Lee-Side Cone Flow 

Figure 26 i s  a laser-vapor screen crossflow picture of the Mach 0.6 lee-side separated flow about the 
cone once asymmetry has comdenced a t  a relative incidence just  less than 3. As the symmetry developed, the 
vortices began "buaipinq together" with increasing unsteadiness to  cause larqe values of rms side force even 
when the mean s ide force was near zero. A t  t h i s  particular combination of Mach number, Reynolds nuniber, 
and configuration of  4% nose bluntness, the starboard vortex moved away from the surface and the port vor- 
tex remained more-or-less stationary. As incidence increased to hiqher values, the unsteady interaction 
between the vortices increased i n  intensity and the starboard vortex moved even farther from the surface ' 

and rolled over the port side rotational flow. In so doing, the ent i re  lee-side flow indicated diffusion 
of the well-organized he1 ical vortex structures but there was no visual evidence of periodic shedding. 

Along with t h i s  movement of the lee-side flow, we would expect the resultant force vector t o  move 
towards the side of the cone t o  which one vortex i s  closest. This is seen i n  Fig. 27,.wherc i n  the subsonic/ 
transonic Mach number range 0.6 < M, c 0.95 ( a t  R L ~  = 13.5 x l o 6 ) ,  the i n i t i a l  d i r e c t ~ o n  of side-force 
development remains the same. As Mach number increases to supersonic speeds, the s t a r t  of the side force 
i s  l e s s  precise. Therefore, the c r i t i ca l  angles of incidence for  onset of side-force development are 
plotted in Fig. 28 as where the mean side force has reached 5% of the normal force. We detect that  depend- 
ing on the nose bluntness, free-stream Mach number, Reynolds number (and, no doubt, the unknown free-stream 
fluctuation l e v e l ) ,  the onset angle of incidence varies betceen 2.5 and 4.5 times the cone seminose angle. 
This range i s  somewhat higher than the nominal values of 2 reported for  sharp forebodies by Keener and 
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Chapman (Ref. 6 )  a t  Mach numbers less than 0.6. It i s  c l ea r  t h a t  operat ing w i t h  a sharp apex causes an 
e a r l i e r  onset o f  s ide  fo rce as does the very high Reynolds number o f  35 x l o 6 .  Up t o  Mach 1, on the 
o the r  hand, whereas the same observation can be made f o r  the  13.5 x 106 r e l a t i v e  t o  the 4.5 x 106 
tes t s ,  the  reverse i s  t r u e  i n  supersonic f low. 

The e f f e c t  o f  r o l l i n g  t he  cone i n  90° increments and then p i t c h i n g  through the u range i s  
i l l u s t r a t e d  i n  Fig. 29 a t  a constant length  Reynolds number o f  13.5 x l o 6 .  For r o l l  a n g l ~ s  !ROO apart, 
the  s ide-force development i s  i n  opposite d i rec t ions  as we might suppose i f  i t  were a small geLnetr ical  
imperfect ion a t  the nose sys temat ica l ly  ber turb ing the f l ow  development. Figure 29 shows a lso  t h a t  lower- 
i n g  the Reynolds number f rom 13.5 x 106 (essen t i a l l y  t u rbu len t )  t o  4.5 x l o 6  (perhaps t r a n s i t i o n a l )  
delays the  onset o f  s ide  force and shows t h a t  repea tab i l i t y  a t  a given t e s t  cond i t ion  i s  good. 

We awai t  l a s e r  velocimeter measurements i n  the  crossf low t o  repo r t  on the f l uc tua t i ons  i n  the lee- 
s i d e  f low as asymmetry develops. 

4. CONCLUSIONS 

Based or, r e l a t i v e l y  h igh Reynolds number measurements o f  mean and f l u c t u a t i n g  f low q l rant i t ies  on the 
surface o f  a yawed 5' semiangle c i r c u l a r  cone a t  a Mach number o f  0.6 i n  associat ion w i t h  ove ra l l  force,  
laser-vapor screen, and mean surface pressure measurements i n  the  expanded Mach number range 
0.6 < M, < 1.8, we conclude that :  

1 .  The development o f  the viscous fyow and separation about t h i s  cone a t  low Mach numbers fo l lows 
c lose l y  the diagnosis o f  Rainbird (Refs. 28, 29) a t  h igher  Mach numbers. As the r e l a t i v e  incidence 
increases, there  i s  a progressive quasi-steady development o f  symmetrically disposed lobes o f  v o r t i c a l  
f l u i d  t h a t  eventua l ly  form t i g h t l y  c o i l e d  vort ices c lose t o  t he  leeward plane o f  symmetry. Secondary sepa- 
ra t i ons  from thesur face are found beneath the primary vor t ices  w i t h  f u r t h e r  increase o f  incidence. When 
the  r e l a t i v e  incidence exceeds about 2.5, the  lee-s i  de flow becomes increas ing ly  unsteady and a n t i -  
symmetrical w i t h  respect t o  the  p i t ch ing  plane causing substant ia l  s ide forces t o  develop o f  magnitude 
near the  values o f  normal force.  

2. I n  subsonic f low, the  f l u c t u a t i o n  vol tage l eve l s  from bur ied  wires i n  the cone surface, provided 
evidence o f  an increase i n  tu rbu lent  eddy s i ze  as the  primary separation l i n e  was approached, and a decrease 
o f  eddy s i ze  i n  the t h i n  boundary-layer leeward attachment l i n e  region. At  the separation l i nes ,  these 
la rge-sca le  motions g ive  r i s e  t o  overshoots i n  rms f l u c t u a t i n g  vol tage l eve l s  from the bur ied  wires i n  the  
surface, and ove~~shoots  i n  rms pressure f l uc tua t i ons  when normalized by the  mean-shear stress.  Notwith- 
standing, thc  absolute l e v e l  o f  rms pressure f l u c t u a t i o n  decreased i n  the c i rcumferent ia l  adverse pressure 
grad ient  t o  a minimum a t  the  pos i t ions  o f  the conical  separat ion l i n e s ,  and jncreased t o  a maximum a t  the 
leeward attachment l i n e .  This behavior i s  contrary t o  t h a t  found beneath two-d+mensional attached boundary 
1 ayers i n  adverse and favorable pressure gradients by o ther  experimenters. 

3. The r e s u l t a n t  mean-shear stress was always f i n i t e ,  being lower a t  t he  separat ion l i n e  pos i t ions  
and higher a t  the  attachment l i n e s .  
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STATIC PRESSURE ORIFICE. 0 51 airti (0.020 in.) c11nn1 
"KULITE" PRESSURE TRANSDUCER, ORIFICE 1.00 ntnr (0 0401n 1 d~am - BURIEDWIRE ON SURFACE - OFF SURFACE WIRE PRESTON TUBE 

9SI PRIMARY SEPARATION LINE (CONVERGENCE) 
Osz SECONDARY SEPARATION LINE ICONVERGENCEI 
OA "REATTACHMENT" LINE IDIVERGENCE) 

TYPICAL PATTER 

/TUBING TO PRESSURE 
TRANSDUCER 

ALL OIMCNSIONSARE IN  nun Ian 1 

( c )  Preston Tube, Transverse S e c t i o n .  

G pm TUNGSTEN WIRES, 
0 99 (0.039) LONG 

(a)  Unwrapped Cone Surface S h o w i n g  I n s t r u ~ ~ l e ~ l t  
Locat ions and Typical L i l n i t i n g  S t r e a m -  
l i nes  a t  a/ec - 2.5. 

POLYSTYRENE PLUG 

0 38 (0.015) d~alri 
NICKEL ELECTRODE 

7.6 m 125 It) OF 
PNEUMAT lC TUBE, STAINLESS STEEL TUBING 

TO DAMP PRESSURE 
FLUCTUATIONS TO 
REFERENCE SIDE 
OF TRANSDUCER 

SHIELDED CABLES 

ALL OIh~ENSIONS ARE IN  nnm Iln I 

ALLDIMENSIONS ARE IN  
mm (In.) UNLESS NOTED OTHERWISE 

( d )  B i d i r e c t i o n a l ,  B u r i e d  Wire, 
S k i n - F r i c t i o n  Gage. 

(b )  "Kul i t e "  P r e s s u r e  Transducer, S e c t i o n  
A l o n g  Cone Generator. 

F i g .  4. I n s t r u ~ ~ ~ e n t a t i o n  on Cone S u r f a c e .  



(s! + S ~ ) O . ~  - (p,  P, T,) (1 + K') 
FROM SLOPE, K = 0.35 

( a )  Directional 

Fig. 5. Cal ibra t ions  of Bidirectional 

(b)  Magnitude of Skin Fr ic t ion .  

, Buried Wire Skin-Friction Gage. 
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F i g ,  19. C o o r d i n a t e  S y s t e m  a b o u t  16" S e n ~ i a n g l e  
Tangent O g i v e  C y l i n d e r .  
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Mm = 0.6, X/d = 4. 
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F i g .  28. Onset o f  S i g n i f i c a n t  S i d e - F o r c e  Asymmetry for 5" C o n e .  
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F i g .  29. E f f e c t  o f  R o l l  Angle and Reynolds Number on Side Force 


