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and  
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NASA/Ames R e s c a r c h  C c n t c r ,  M o f f e t t  F i e l d .  C a l i f o r n i a  

A b s t r a c t  

B o u n d a r y - l a y e r  t r a n s i t i o n  and  t es t  s e c -  
t i o n  c n v i r o i i m c n t a l  no i se  d a t a  aere  a c q u i r e d  
i n  six major  t r a n s o n i c  u:ind t u n n e l s  a s  a 
p a r t  o f  a b roadcr  c o r r p l a t i o n  of thL3 f f f e c t  
o f  f r e e - s t r p a n i  d i s  t u r b a n c c s  on t r a n s i t  ior: 
R e y n o l d s  nunibcr .  Thi? d a t a  :"ere t a k c n  a t  
coxpnra t ivc  t e s t  c o n d i t i o n s  on a s h a r p ,  
smooth  10-dcg i n c l u d c d - a n g l e  c o n e .  I t  was 
f o u n d  t h a t  aerodynami.c  n o i s e  sOi i rccs  w i t h -  
i n  the t c s t  s i : c t i o n  xcre t h e  i lwi ina i i t  
s o u r c e s  o f  u n s t e a d i n c s s  and t h a t  t r a n s i t i o n  
Rcynolds number p r o v i d c d  a good i n d i c a t . o r  
f o r  t h e  r e s u l t i n g  d e g r a d a t i o n  i n  f l o w  q u a l -  
i t y .  A m p l i t u d e s ,  f r c q i i c n n y  c o m p o s i t i o n ,  
d i r c c t i v i t y ,  and  o r i g i n  o f  t h e s e  d i s t u r b -  
a n c e s  a r e  d e s c r i b e d .  

I .  J n t r o d u c t i o n  

I n  t h e  p a s t  s e v e r a l  y e a r s  t h e r e  h a s  
gi-own an i n c r c a s i n g  a w a r e n e s s  t h a t  t h e  dy- 
namic f l o w  e n v i r o n m e n t  i n  a mind t u n n c l  is 
i n f l u f n c i n f i .  acrodynnmic  t es t  r e s u l t s .  With 
t o d a y ' s  i n c r e a s i n g  n c c d s  for  improved  accu- 
r a c y  i n  r e s u l t s  and  e x p a n d i n g  s c o p c  of t r s t  
r equ i . r rmcn t . s  h a s  come t h e  n e e d  f o r  b e r t e r  
d e f i n i t i o n  o f  t h e  -,wind t u n n e l  dynamic  f l o w  
e n v i r o n m e n t  i n  o r d e r  t h a t  t h e  q u a l i t y  o f  
t e s t i n g  m i g h t  be i m p r o v e d .  

The b e s t  i n d i c a t o r s  o.€ f?Gw q u a l i t y  i n  a 
g i v e n  wind t u n n e l  a r e :  

1. t h e  v a r i a t i o n s  i n  hlacli number ,  
2 .  t h e  v a r i a t i o n s  i n  f l o w  a n g u l a r i t y ,  

3. model  t r a n s i t i o n  R e y n o l d s  number.  

I t  is w e l l  known t h a t  t r a n s i t i o n  Rcyn- 
o l d s  nunibcr is a f f e c t e d  by I ' rcc-s t ream 
n o i s e  ai?d t u r b u l c n c e  l e v e l s ,  model v i b r a -  
t i o n s ,  h e a t  t r a n s f e r  be t iwen t h e  mudel  and  
t h e  f rec  s t r e a m ,  and  t h e  c o n d e i i s a t i o n  of 
m o i s t u r e  f r c m  the f ree  s t r e a m .  I t  is a l s o  
w e l l  known t h a t  t r a n s i t . i o n  R e y n o l d s  number 
is i n f l u u i i c c d  g r e a t l y  b y  the l o c a l  v e l o c i t y  
and  p r c s s u r ' c  g r a d i e n t s  a b o u t  a model and  
l o c a l  model-genera t c d  d i s t u r b a n c e s .  
h l o r k o v i n ( 1 - 2 )  has p r o v i d e d  a n  o v e r v i e w  o,f 
t h c .  c x t r n S i v C  d a t a  a v a i l a b l e  from r e s e a r c h  

and  

-_I-__ 

on t r a n s i t i o n  aiid p o i n t s  o u t  t h e  w i d e  d i s -  
p a r i t y  i n  r e s u l t s .  S t i l l ,  t h e r e  is n o  f o l l y  
a d e q u a t e  u n i v e r s a l  c o r r e l a t i o n  o f  t r a n s i t i o n  
R e y n o l d s  numbevs a s  m e a s u r e d  i n  wind  t u n n e l s  
o r  bctvicen wi.nd tunnel :  and  f r c e  l ' l i g h t .  
I n d e e d ,  t h e r e  is s t i l l  a l a c k  of u n d e r s t a n d -  
i n g  of  thr: d c t n i l . e d  n a t u r e  of t r a n s i t i o n ,  
a l t h o u g h  much 7 r o g r c s s  h a s  been  made t h r o u g h  
t h e  use of 1 . i n r a r  s t a b i l i t y  t b e o r y  a s  de- 
scribed i n  R e f ,  3 ,  f o r  e x a m p l e .  T l ie rc  is  a n  
a d v a n t a g e  t o  a c q u i r i n g  t r a n s i t i o n  d a t a  a n  
b o d i e s  of  only s i m p l c  g e o m e t r y ,  i . e . .  s l e n -  
der  cone and p l a n a r .  E u t  as p o i n t e d  o u t  by  
M o r k o ~ J i n ,  i t  is e s s e n t i a l  t h a t  a n  a d e q u a t e  
d o c u n c n t a t i o n  of  t , h e  f l o w  e n v i r o n m ? n t  be  
made when p e r f o r m i n g  e x p e r i m e i i t s  on n a t u r a l  
t r a n q i t i o n  b e c a u s e  of t h e  s t r o n g  i n f l u e n c e  
o f  t h e  e n v i r o n i x c n t  on t h e  r e s u l t s ,  

T r a n s  i t  i o n  Re y no I d number ,  t h e r e f o r e ,  
c a n  be used a s  an i n d  r a t o r  f o r  t b e  dynamic  
a s p e c t s  o f  tlie Ilox q u a l i t y  i n  a wi.nd t u n -  
n e l .  T h i s  is i n  much t l ie  same manner  t h a t  
t h c  d r a g  d a t a  o n  tlic " t u r b u l e n c e  si:hor-" 
were used  i n  low-speed wind  t u n n e l s  ( l ess  
t h a n  0 . 3  Mach nunibcr) t o  o b t a i n  t h e  " t u r b u -  
l e n c e  f a c t o r . "  The  " t u r b u l e n c e  f a c t o r "  was 
d e f i n e d  a s  t h e  e f f c c t i v e  i n c r c z s e  i n  Reyn- 
o lds  nuinbcr d e t e r m i n e d  f rom d i f f e r e n c e s  i n  '- 
c r i t i c a l  d r a g  R c y n o l d s  number f rom t h e  known 
r e f e r e n c e  v a l u e  i n  f r e c  a i r .  Pope g i v e s  a 
va lue  of 1 . 4  i n  R e f .  4 f o r  this " t u r b u l e n c e  
f a c t o r "  d e t e r m i n e d  from s p h c r e s  where t h e  
a i r  p o s s i b l y  h a s  too much t u r b u l c n c e  f o r  
good tcs t  r e s u l t s .  IWhcn m e a s u r e m e n t s  of 
t r a n s i t i o n  R e y n o l d s  number weye f i r s t  made 
01: m o d e l s  i n  s u n e r s o n i c  w i n d  t u n n e l s  (Ref .  5. 
f o r  c x a m p l e )  t h e r e  a p p e a r e d  to  be t r e n d s  
w i t h  t u n n e l  s i ~ e ,  Mach number ,  2 n d  u n i t  
R e y n o l d s  number .  P a t e  a n d  S c h u c l c r  s h o ~ e d  
t h a t  most of t h e  o b s e r v e d  v a r i a t i o n s  on 
p l a n a r  a n d  c o n e  n ~ o d e l s ( ~ t ~ )  c o u l d  be Cx- 
p l a i n c d  by t h e  v a r i a t i o n s  i n  a e r o d y n a m i c  
noise l e v e l  r a d i a t c d  f rom t h e  t u n n e l  W a l l  
boundary  l a y c r ,  mliich mries  a s  tlie boondary-  
l a y e r  p r o p e r t i e s  v a r y  w i t h  Mach number and  
u n i t  R e y n o l d s  number .  They d e v e l o p e d  a n  
e m p i r i c a l  c o r r e l a t i o n  froni  d a t a  a c q u i r e d  i n  
Somc t e n  d i f f e i w n t  t u n n e l s  a t  hiach nurabers  
f rom 3 . 0  t o  8 .0 .  T h i s  c o r r e l a t i o n  used or i l s  
t h e  s k i l l  f r i c t i o n  a n d  t h e  d i s p l a c c a i s n t  
t h i c k n c s s  o f  t h e  w a l l  b o u n d a r y  l a y c r  t o  
c h a r a c t c r i z c  t h e  n o i s e  s t r e n g t h .  The  t u n n e l  

* 
T h e  rrSc'ai.cli r e p o r t e d  h e r e i n  was c o n d u c t c d  by t h c  A r n o l d  E n g i n r e r i n g  Drvclopntent  Ccn-  
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s i z e  v a r i : i t i ( j n  appcarcd  i l l  r a d i a t i o ~ i  IaWi 
for wall a l - ca ,  d i s t a i i c e  iron? thr: u : a I ! ,  c t c .  
, 2cco rd in&; ly ,  l o w e s t  t r a n s i t  i o n  Reytioir's 
nu~:!bers occurred i n  t h c  s m a l l e s t  s u p r r s o n i c  
t u n n e l s .  

The  p r e s c n t  s t u d y  is c o u c c r n c d  w i t h  t h e  
Cynamic f l o e  q u a i  i t y  i n  t r a n s o n i c  :.ii!jnels. 
Numerous s t i t d i e s  i n  t r a n s o n i c  tunne l s ;  h a v e  
r i , v c a l c d  the pri:s.c'ncc. o f  n d d i  t i o n n l  d i s -  
t t i rb;nces  i n  t r a n s o n i c  test s e c t i o n  f ).ow, 
over and abovc :i,all h o u n d a r y - - l a y c r  r a d i a -  
t i o n ,  most oi v;liicli a r e  0 1  a c o u s t i c  o r i g i n  
and a r e  a s s c c i a t r d  Wi . th  t h c  vc !n t i l~a t ed  test  
s c c t i o i :  w a l l : :  r c q u i r e d  t o  c n t a b l i ~ s h  ?inch 
nuinhers n c a r  1 .O and t o  r e d u c e  s u p e r s o n i c  
W ~ Y F  d i s t u r b a n c e s .  E x : ~ m p l r ~ s  o f  t h e  v a r i o u s  
t y p e s  O S  a c o u s t i c :  d i s t u l b n n c r s  f o u n d  i n  
s e v e r a l  t r a n s o i i i c  tr!nnuls xi'e g i v e n  i r L  
Refs. 8 ti~rou:;!i 1 2 .  I n  v i c , v '  oT t h e  p r e s c n b  
dag requi rcn>c>nLs  Tor t r n n s o n i c  to!;t i .ng. 
t h e r e  i s  a p a r t i c u l a r l y  u r g r n t  necd  f o r  
c r i . t i c a 1  c .va!u: i t i~ov 01'  the dynamic  c i iv i ron-  
mcnt i n  t rn t i so r i i c  luiincls. I t  was slio\vn b y  
~ x b c y ( l 3 )  
s o n i c  and t r a n s o n i c  s p e r d s  c a n  a f f e c t  b o t h  
s t e a d y - s l a ? ?  a n d  dy!ia!ni.c t e s t  r u s u 1 t . s .  
hiabey g i v e s  :1 proposed dynaniic c r i t c r i o n  
f o r  t h e  maximum a c c c p l a S l r  l c v c l  of  un- 
s t c a d i n c s s  i n  the flo;i i o r  t r a n s o n i c  b u f f e t  
c v a i i i a t i o n  n h i c h  is exccedcd a t  some t cs t  
cond i t . i . ons  i n  inany e s i s t i n g  t r a n s o n i c  tiin- 
nr:ls. 

ii>;it ~'iov: u n s i c a d i n e s s  a t  sub- 

T r a n s i t i o n  d a t a  a r e  b e i n g  a c q i i i r e d  on a 
s l c n d c r  (:otio l a I , r i c n t < , d  by A G O ,  I I ; ~ . ,  a t  
t tic IISAF A r n o  1 i l  Eng i m?rri ng Or. ve 1 opi:ic ~i t . 
C c n t c r  ( A Z D C ) .  At each test c o n d i t i o n ,  si- 

u r c m c n t s  o f  the f r e e - s t r e a m  
I s l u c t u a t i n g  p re s su re  l c v c l  a re  made u s i n g  

t w  fI?rsh-n:oiintea m i c r o p h o n e s  011 t h e  s u r -  
f a c e  o f  t h c  c o n c .  D a t a  werc l i r s t  n c q u i r c d  
i n  the tuo  16-1'1 P r o p u l . s i o n  Kind T u n n e l s  
( t r a n s o n i c  anti s u p e r s o n i c )  and i n  t h e  4 - f t  
Acr.odynainic \Kind T u n n e l  a t  AEDC. N i t h  t h e  
c o o p e r a t i o n  of tlie N a t i o n a l  A e r o n a u t i c s  and  
Spncc A d m i n i s t r a t i o 3  (P:ASA) and t h ~ .  U . S .  
Air F o r c e ,  a d d i t i o n a l  t e s t i n g  has been  pcr- 
[orrncd i n  s c v c r a l ~  t u n n c l s  a1 t h e  A m c s  a n d  
i , a n g l r y  Rel iearch C e n t e r s .  A l i s t  of par- 
t i c i p a t i . n g  tui!ncIs  t o  d a t e  i n c l u d i n g  t h e  
C a l s p a n  C o r p .  and X a v n l  S h i p  Rcsearc l i  and  
Dr Y C  1 oprnenl C r n  t c 1' 1 or, $ 1 ~ 1 5  is  g i  vc!1 i n  
T a b l e  1 .  T l ~ c . ~ r ~  1,osts h a v e  incl l lc i r r !  a va r i - -  
ct.y of s u b s o n i c ,  t ~ ' a n s ; o n i c .  a n d  s u p e r s o n i c  
va r i : i l> l e  d r n * i t y  ailti R t m o s p l i r r i c  t u n n e l s  o f  
v a r i e d  s i z e  and  g c o m c t r y  to  o b t a i n  ~ . i  gene- 
r a l  a c o r r r l a t i o n  a s  p o s s i b l e  oC t ,hc  e f f ec t  
of acrodyi iamic  noise on I r a n s i t i o n .  S e v e n  
of t h e s e  t u n n c l s  a r e  i n  t l i c  U i i i t e t l  Kingdom, 
F r a n c e .  and  the Nr t t ie r lands  f o r  c o r r e l a t i o n  
nmong tuiinrl:; used i n  cemmon \Yestc?n Euro- 
pcan  a i r c r a f t  iy;:trin+ d r v e l o p m c n t .  With 
t h e  cxcrapt ion  0 1  t h e  i n d u s t r i n l  nnii i i far- 
t u r c r  tunni .1 .s .  the l i s t  i n  t i l e  11. S .  inow 
i i ; c l u d e s  ino-t 01 t h e  nia,jor do:ne-.i i:: t u n n e l s  
u h r r i .  t h c  conc t c s t s  I i i i v ~ '  provided a cornmori 
b a s i s  of c o m p a r i s o n  u s i n g  a st;incl:rrd model 
w i t l !  + t a n d a r d i x e d  t e s l  p r o r : r d u r e s .  

~ r < . o i i .  S t c i n l t ' .  C L  a1 . (1 .1 )  showcct t t i a t  
lirs t a ~ : r c c ~ ~ x ~ n  t o t c I :I t i c  ncrodyn::ii!ic d a t  a 
d u r i v r , d  Irom t c h t s  o t  11 higii-s!i l>srmic s p e ~ ~ d  
: r n n s p o r t  n i t ' i : i ' a J t  tiiedrl iit criiisi? 3lnch 

?'able 1 L , i r ; t  01 t u n n e l s  p a r t i c i p a t i . n g  
i n  e a r r c l a t i o n  s t u d y  1 

-'AECC 16-ft Transonic Propulsion Wind Tunnel 
hEDC 16-ft Supersonic Propulsion Wind Tunnel 

'AEDC 4-ft  Transonic Aercdynanic Wind Tunnel 

'NASA:Ames lO-ft Transonic Win6 Tunnel 

'xASA/!.angley 8-ft  Transonic Pressure Tunnel 
"NASAILarigley 16-ft Transonic Tunnel 
NASAllLangley 16-it  Transonic Dynamics Tunnel 
Calspan 8- f l  Transonic Tunnel 
Naval Ship R & D Center 7 -  x 10-ft  Transonic Tunnel 
RAE 8- x 8-f t  Supersonic Wind Tunnel 
RAE 8- x 6- i t  Transonic Wind Tunnel 
RA€  3- x 4-f t  Supersonic Wind Tunnel 
ARA. LTD. 9- x 8-f t  Transonic Tunnel 
ONERA 6- x 6-f t  S-?MA Transonic Tunnel 

*'ONERA 2.56- x 1 . 8 M  8-3MA TI'anSGniC Tunnel 
"NLR 6.55 x 5.28-ft  High Speed Tunnel 

' 

'NASAIAmes 11-ft Transonic Wind Tunnel ii 

RasafAmes E f t  Pressure Tunnei 

*Present Study 
* I  

Background Noise Data Only 

numbers  i n  t h o  AEDC 1 6 - f t  T r a n s o n i c  F r o p u l -  
s ion  Wind T u n n e l  , t h e  NASA/Anes R c s e a r c h  
C e n t e r  1 1 - f t  T r a n s o n i c  1Vi.nd T u n n e l ,  anc! t h e '  
C a l s p a n  8 - f t , T r n n s c n i c  T u n n e l  was o b t a i n e d  
by a c c o u n t i n g  f o r  r e l a t i v e  R e y n o l d s  nuinher 
E f f e c t s  b e t w a c n  f a c i l i t i e s .  Here, t h e  r e l a -  
t i v e  R c y n o l d s  nun:bcr r f f c c t s  x~?ei'e d e f i n e d  
usin:: t l ic  i\EDC 'IO-deg t r a n s i t i o n  c o n c  r e -  
s u l t s  i n  eacI! of t h e s e  t u n n e l s .  For exam- 
p l e ,  i t  is  shown i n  R e f .  1 4  t h a t  a a i g n i f i -  
c a n t  i s i p r o v c n e n t  o f  t h e  c o r r e l a t i o n  a c h i e v e d  
hotween t h e s e  t u n n e l s  was o b t a i n e d  by ad- 
j u s t i n g  t h e  d r a g  c o e f f i c i e n t  a t  zero-normal -  
f o r c e  a n g l c  of a t t a c k  w i t h  a c o r r e c t i o n  
f a c t o r  d e r i v e d  froni t h e  c o n e  t r a n s i t i o n  
R e y n o l d s  number d a t a .  These r e s u l t s  o f  
R e f .  1 4  s u b s t a n t i a t e  t h c  need f o r  d e v e l o p i n g  
a mcthod f o r  p r c d i c t i n g  t h e s c  c o r r e c t i o n s  t o  
R c y n o l d s  number t o  i m p r o v e  t h e  e x t r a p o l a t i o n  
of !wind t u n n c l  t.cst r e s u l t s  t o  f u l l - s c a l e  
f l i g h t  c o n d i t i o n s ,  i . c . .  a " t u r b u l e n c e  - 
fac tor"  f o r  t r a n s o n i c  t u n n e l s .  Alt!lough t h e  
" e f f c c t "  a s s o c i a t e d  w i t h  t h e s e  d i f f e r e n c e s  
i n  t r a n s i t  i n n  c l i a r a c  t c r i s  t i c s  be  tmcen tun-  
ncls is oP p r i m e  i m p o r t a n c o  i n  a d j u s t i n g  
t h e  d a t a .  t h e  " c a u s e "  is  o f  p a r t i c u l a r  s i x -  
i i i f i c a n c c  s ince i t  r e l a t e s  d i r e c t l y  Lo p r e -  
d i c t i n g  t h o  " e f f e c t "  i n  new and  d i f f e r e n t  
f a c i l i t i c s .  T h i s  i l l u s t r a t i o n  of improve-  
ment i n  a g r c c m c n t  of r e s u l t s  b e t w e n  tran- 
s o n i c  f a c i l i t i e s  s u g g e s t s  t h e  use of t r a n s i -  
t i o n  R e y n o l d s  number f o r  s u c h  c o r r e c t i o n s  
t o  bo b o t h  t r c h n i c a l l y  a p p r o p r i a t e  a n d  pro- 
d u c  t i v e  . 

W 

Ttic p u r p o s e  o f  this p a p e r  i s  t o  p r e s e n t  
t h e  cone t c s t  r e s u l t s  i n  the s i x  t r a i s o n i c  
tunnel::  of ' t h e  USA27 and NAS:\ i n d i c a t e d  i n  
T a b l c  1. T!iese wore comparative t e s t s  a 1  
matched  f l o w  c o n d i t i o n s  which  i l l u s t r a t c  tlie 
v a r i a n c r !  i n  t r a n s i l i o n  Rryi io lds  numbers  t h a t  
occurs  i n  t h t 7 ' s i .  p a r l i c u l a r  ( . r a n s o n i c  t u i i n c l s  
CUL-LT n 11 y cml'l o yed  i t i  nev' a i rc raf t s g s  t erns 
d r v c l o p s r n t  . ' A n a l y s i s  of  r lnto a e q u i r e d  i n  
o ther  Liiti!:cls c o n t i n i i i ' s  xnd w i l l  be r c p o r t c d  

'4 
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i n  t h e  S u t u r e  i n  a b ro r idc l~  c o r r c l a t i o n  Of 
resul ts .  

11. A p p a r a t u s  

C a l i b r a t i o n  L!odci 
The t r a n s i t i o n  c a l i b r a t i o n  inodel is  

shown i n  F i g .  1 and c o n s i s t s  o f  a s m o o t h .  
s h a r p ,  10-deg inr : lur led-nngle  [!one w h i c h  \vas 
machined  from two s o l i d  p i e c e s  of s t a i n l e s s  
s t c e l ,  h ? a t  t r e a t c d ,  a s s c n i b l c d ,  f i n i s h  
g r o u n d ,  and  p o l i s h e d  t o  a s u r f a c e  f i n i s h  o f  
8 t o  1 2  rn ic ro inc l i  root-mean-squnrp (I!. i n . -  
res) s a v i n e s s .  The t i p  h l u n t n c s s  is c q u i v -  
a l - c n t  t o  l c s s  t h a n  a 0 . 0 0 5 - i n .  d i a m e t e r .  
L e n g t h  O S  t h e  cone is 3 f t .  

-- 

A l l  Dimeniioni  in lnthei 

fronl VIP# ' %,"--~.-- 

F i g .  I C a l i b r a t i o n  modi.1. 

The  c o n c  is Equipped  w i t h  a t r a v e r s i n g  
p i t o t  p r o b e  lor t r a n s i t i o n  d e t e c t i o n .  t w o  
s u r f a c e - m o u n t e d  1/4- in . -diam c o n d e n s e r  
m i c r o p h o n e s ,  - a s u r f a c e  t e m p e r a t u r e  t h c r a c -  
c o u p l e  pcened  j u s t  b e n e a t h  t h e  s u r f a c e  n c a r  
t h e  b a s e  o f  tlic colic, a n d  a v r r t i S a l - a x i s -  
s e n s i n g  p i e z o e l e c t r i c  n c c e l c r o m e t c r  f o r  
a s c u s s i n g  microphone  a c c e l e r a t i o n  s e n s i t i v -  
i t y ,  which  i n  a l l  t u n n e l s  to  d a t e  h a s  been  
f o u n d  t o  be i n s i g n i f i c a n t .  

The t r a v e r s i n g  p r o h c  is  e q u i p p e d  with a 
1 / 8 - i n  .-diam s t r a i n - g a g e - t y p e  p r e s s u r e  
t r a n s d u c e r  c l o s e - c o u p l e d  t o  t h e  s e n s i n s  
t l i be .  The p r o h r  Lip  r i d e s  a l o n g  t h e  s u r -  
f a c e  of t h e  c o n c  and  has  a t i p  o p e n i n g  
hi:j.ght of t i o m i n n l l y  0 . 0 0 5  i n . ,  a l l o w i n g  t h e  
s u r v e y  o f  v e r y  t h i n  boundary  l a y e r s  o n  t h e  
f o r w a r d  p o r t i o n  of t h e  cone . '  

T h e  c o n e  h a s  been  p h y s i c a l l y  a l i g n e d  t o  
t h e  g e o m e t r i c  c e n t e r l i n e  of e a c h  w i n d  tun-  
n e l .  A s u f f i c i e n t  niiinbnr of tests f o r  
t F a n s i t i o x  s e n s i t i v i t y  io smnll angles  of 
a t t a c k  and s i d c s l i p  h a v c  been p e r f o r m e d  to  
a s s e s s  t h ?  e f f e c t s  of c r o s s f l o w  on t h e  
nwnsurcfl t r a n s i t i o n  l o c a t i o n .  A l l  of t h e  
d a t a  p r e s e n t e d  i n  t h i s  p a p c r  ape a t  an as-  
sumed z.cr+drg:.ec i n c i d c n c c  w i t h  the t es t  
s r c t i o n  f l o w .  Use of the c o n e  s u r f a c e  
t h e r m o c o u p l e  is  f o r  v e r i f i c 2 t i o n  of t h e r m a l  
e q u i l i b r i u m  be twccn t h e  model and  t h e  f r c c  
s t r e a m .  T h e  t t i c rmocouplc  was i n s t a l l e d  for 
t c : s t s  i n  o n l y  t e n  of  t h r  w i n d  t u n n e l s  to 
d a t c .  I t  is  3ssu:ictl i n  011 of the  r e s u l t s  
p r c s ( , n l r d  i i i  t.his p a p r r  t11at thr! d a t a  w e r e  
acquirc>d :It a d i a i x i t i c  wall c o n d i t i o n s  f o r  
t h e  c o n e .  E f f o r t s  v ~ r c  made t o  hold t u n -  
n c l  t o t a l  t e m p e r a t i i r r  n r a r  c o n s t a n t  where 

p o s s i b l e  an6.  t o  al . low s u f f i c i e n t  time f o r  
h e a t  t r a x i c r  t o  h e  m i n i m i z e d  i n  t h e  con- 
d u c t  of t e s t i n g .  

F a c i l i t i e s  

G e n e r a l  f e a t u r e s  of t h e  s i x  s u b j e c t  tun-  - 
n e l s  a r e  g i v e n  i n  T a b l e  2 .  I n  a d d i t i o n  t o  
t h e  r a n g e  o f  t es t  s e c t i o n  S i z e  f r o m  4 - f t  
s q u a r e  t o  1 6 - f t  s q u a r e  a n d ,  i n  t h e  case o f  
t h e  NASAhRC 1G-ft  t r a n s o n i c  t u n n e l ,  1 5 . 5 -  
f t  o c t a g o n a l ,  t h e s e  p a r t i c u l a r  t u n n e l s  p r c -  
v i d e  an i n t e r e s t i n g  c o m p a r i s o n  f o r  t h ree  
b a s i c  t e s t  s e c t i o n  v e n t i l n t i o n  c m c e p t s .  
The ti.vo AEDC t u n n e l s  !lave t h o  pm? 
p e r f c r a t e d - w a l l  v e n t i l a t i o n  c o n f i g u r a t i o n  
ur:ing 60-deg i n c l i n e d  d i f f e r e n t i a l  r e s i s t a n t  
h o l e s  d e v e l o p e d  f o r  o p t i m i z e d  c a n c e l l a t i o n  
of m o d e l - g e n e r a t e d  s h o c k  and  c x p a n s i o n  
waves a t  lilac11 numbers  n e a r  1 . 2 .  The AEDC 
lG-f t  t r a n s o n i c  P r o p u l s i o n  Wind T u n n e l  h a s  
3 /4- in . -d iam h o l e s  i n  a p a t t e r n  t h a t  g i v e s  
a u n i f o r m  G-percent  p o r o s i t y .  The AEDC 4 - f t  
Aerodynamic  l l i nd  T u n n e l  h a s  1/2- in . - -diam 
h o l e s  w i t h  a s l i d i n g  b a c k i n g  p l a t e  for  v a r y -  
i n g  t h e  p o r o s i t y .  A n o m i n a l  5- or 6 - p e r c e n t  
p o r o s i t y  is u s e d  a t  s u b s o n i c  h?ach numbers  
a n d  a b o v e  Mach 1 . 2 .  I n  t h e  r a n g e  o f  hlach 
numbors  froni 1 . 0  t o  1 . 2 ,  a r e d u c e d  p o r o s i t y  
s c h e d u l e  ( v a r i e d  w i t h  hlach number)  g i v e s  i m -  
p r o v e d  wave c a n c e l l a t i o n .  The  two LRC tun-  
n e l s  use c o a r s e l y  s p a c e d  l o n g i t u d i n a l  s l o t s  
a t  n o m i n a l l y  I- t o  5 - p e r c e n t  p o r o s i t y  de-  
s i g n e d  f o r  m i n i m i z c d  s u b s o n i c  w a l l  i n t e r -  
f e r e n c c  and  c o n t o u r c d  f o r  o p t i m i z ? $  super- 
sonic  a x i a l  Mach number d i s t r i b u t i o n .  T h i s  
p i l r e l y  s l o t t e d - w a l l  c o n f i g u r a t i . o n ,  there- 
f o r e ,  p r o v i d e s  d i r e c t  c o n t r a s t  w i t h  t h e  
p u r e l y  p e r f o r a t e d - w a 1 . l  c o n f i g u r a t i o n .  T h e  
two ARC t u n n e l s  u s e  f i n e l y  s p a c e d  l o n g i t u -  v 
d i n a l  s l o t s  a t  5 . 6 - p e r c e n t  p o r o s i t y  w i t h  
c o r r u g a t e d  metal i n s e r t s  t h a t ,  i n  e f f e c t ,  
combine  t h e  f e a t u r e s  of t h e  p u r e l y  s l o t t e d  
and  p u r e l y  p e r f o r a t e d - w a l l  c o n f i g u r a t i o n s .  

T a b l e  2 G e n e r a l  f e a t u r e s  o f  t h e  t u n n e l s  
- _- _-- ___- 
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T r a n s i t i o n  L o c a t i o n  

T r a n s i t i o n  l o c a t i o n  a s  m e a s u r e d  by t h e  
t r a v e r s i n g  prohe  w i l l  bc d e f i n e d  a s  shown 
i n  t h e  t y p i c a l .  p i t o t  pressure p r o f i l e s  i n  
F i g .  2 .  The l n m i n a r  b o u n d a r y  l a y e r  e x h i b i t s  
a d e c r e a s i n g  s t e a d y  p i t o t  p r c s n u r e  t o  : -iome 
minimum c a l o e .  ( T h i s  is w i t h  f l u c t u a t i n g  
c o m p o n e n t s  removed by  a 2-Hz low-pass f i l t e r ,  

4' * Q u a r t e ? - i n c l >  microphont , s  iwre m o d  i n  a l l  of these trsts e x c c p t  for t h o s e  i n  t h e  two 
NASA /I,:? in:: 1 c y  Rcsr a YC h Cc n t ci r t u n  n e  Is whc re 1 /S- i n . P t 1.n i 1)- ;:age p r e s s  II re t r a  nsduc r rs we rc  
U S C d .  
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a .  Low-pass f i l t e r e d  

a, inches 

b .  High-pass  f i l t e r e d  

F i g .  2 T y p i c a l  boundary l a ' y e r  p i t o t  
p r o f i l e .  

F i g .  2 a ) .  l a k i n g  t h e  t a n g e n t  p o i n t  a t  t h e  
minimum v a l u e  of p i t o t  p r e s s u r e  g i v e s  t h e  
x - l o c a t i o n  t o  be d e f i n c d  a s  t h e  onset of 
t r a n s i t i o n  l o c a t i o n .  x i .  . I n  the t r a n s i t i o n  
r e g i o n  t h e r c  is  n s u d d e n  i n c r e a s e  i n  s t e a d y  
p i t o t  p r e s s u r e  t o  a max imwn v a l u e  w i t h  i n -  
c r e a s i n g  x - d i s t a n c e .  f o l l o w e d  by a d e c a y  i n  
p r e s s u r c .  T a k i n g  t h e  t a n g c n t  p o i n t  a t  t h e  
naxintun: v a l u e  of p i t o t  p r e s s u r e  g i v e s  t h e  
x - l o c a t i o n  t o  be  t l c f i n c d  a s  t h e  e n d  of 
t r a n s i t i o n  l o c a t i o n ,  x T .  For x - d i s t a n c e  
g r e a t e r  t h a n  t!iis end  of t r a n s i t i o n  p o i n t ,  
t h e  boundary  l a y e r  is c o n s i d e r e d  t o  h a v e  
a t t a i n e d  f u l l y  d e v c l o p f d  t u r b u l c n t  f l o w .  
The  f l u c t u n t i n e  p o r t i o n  of t h e  t r a v e r s i n g  
probc t r n n s d u c c r  s i g n a l ,  h i g h - p a s s  f i l t e r e d  
a b o v e  2 I:?.. i s  shown i n  F i g .  2b .  The f re -  
quency  r c sponsP  o f  t h c  p r o b c - t r a n s d u c e r  
s y s t e m  is  r e l a t i v e l y  low,  3 d b  po i .n t  a t  30 
Hz; h o r w v e r .  t h c r c  is  s u f f i c i e n t  l a -  
f requcnry  conipos i t  ion o f  t h e  t u r b u l e n t  
b u r s t s  d u r i n g  t r a n s i t i o n  t o  i n d i c a t r  a r ise  
i n  t h e  i n 1  c,qi'a t o d  t r i te - root -mean-square  
l c v e l  o f  p r c s s u r r  f l u c t u n t i o n s  a s  s r r n  i n  
F i g .  2 b .  The i'ms l c ,ve I  a t t a i n s  n v r l l -  
d c l i n c d  iii>:ik : ic ' : l i .  the imidr rg ion  of  t r a n s i -  
t i o n  a t  a l o c x t i o n  r n  poiidinC: t o  the 
niaxiniiini 'ilop~' u t  t h e  s t c , : ? ~ l y  p r e s s u r e  pro-  
f i l e .  T h i s  pcnk i n  ivis s i g n n l  11:~s been  
used by sornr i n v e s t i g a t o r s  to L'cfiitc t ran-  
s i t i o n .  T h r : e  is s o m ~  q u e s t i o n  nt\o:tt p r c -  
c i s t l l y  wiI( 'rC Lrnns i t ion  I b e R i n s .  The f i l -  
tcrrd f l i i c t i i a t i i i ~  p o r t i o n  01' thrr prot ic  
t r a n i i l u ~ c ; ~ .  s I j i t in  1 h a s  c 011s is t c'n t 1 y s;how*n a 
d t s c e r i i i b l ~ ~  ;:rowth i u  o s c i 1 1 : i t i u n s  s l i g h t l y  

a h c a d  o f  t h r ?  i n i n i m u m  p o i n t  i n  t h e  s t e a d y -  
p r c 5 s u r c  p r o f i l c ~ ,  The g r o w t h  of o sc i l l a -  
t ions  i s  i i r s t  e x p o n e n t i a l  a s  i n d i c a t e d  i n  
F i g .  2b fol lowed by l i i i c a r  g r o w t h  w i t h  i n -  
c r c a s i n q  x - d i s t a n c e  t o  the p e a k  i n  rms ain-  
p l i t u d e  midway t h r o u g h  t r a n s i t i o n .  In t h i s  

e n d  of t r a n s i t i o n  p o i n t s  b a s c d  o n  t h e  
s t e a d y  p i t o t  p r e s s u r e  will. b c  used  f o r  t h e  
c a l c u l a t i o n  of  t r a n s i t i o n  R e y n o l d s  nu:nbers .  

, 

p a p e r ,  h o w e v e r .  t h e  n b o v e - d e f i n e d  onset and  'd 

O n s e t  of  t r a n s i t i o n  R e y n o l d s  nuinbcr,  
R e t .  is d e f i n e d  a s  fo l lows  

and t h e  c n d  of t r a n s i t i o n  R e y n o l d s  number ,  
R e T ,  a s  

( 2 )  T Rc = R ? / f t  . x T 
T h e s e  1engt .h  Rcyno lds  numbers  u s e  t h e  f r e e -  
stream u n i t  Re:inolds nombcr pcr  f o o t ,  
R c / f t  = U,/v,; h o w e v e r ,  i t  is r e c o g n i z e d  
t h a t  l o c a l  s u r f a c e  f l o w  c o n d i t i o n s  a r c  a l ~ -  
terecl a t  s u p e r s o n i c  s p e e d s  b y  t h e  p r e s e n c e  
of t h e  bow s t . ock ,  which  becomes a t t a c h e d  
a t  a p p r o x i m a t e l y  kl_ = 1 .02 .  The p i t o t  pro- 
f i l e s  w e r e  , r e c o r d e d  i n  a n a l o g  form on "X-Y" 
p l o t t e r s  u s i n g  a f o r w a r d  moving  t r a v e r s e  a t  
a l l  times, b e c a u s e  t h f r c  is a p p r e c i a b l e  
h y s  t c r e s i s  when t r a v c r s i n g  r e a r w a r d  as com- 
p a r e d  t o  t r a v e r s i n g  f o r w a r d .  Greatest  un- 
c e r t a i n t y  i n  m e a s u r e m e n t s  l i e s  i:i t h e  sub- 
j e c t i v e  i n t e r p r e t a t i o n ' o f  t h e  p i t o t  pro-  
f i l e s  which  c a n  be  r c a d  x i t h  s t a t i s t i c a l  
c o n f i d e n c e  t o  a p p r o x i m a t e l y  0 . 5  i o . ,  3n. 
The e n d  of t r a n s i t i o n  p o i n t  h a s  b e e n  more 
commonly u s e d  by t r a n s i t i o t i  i n v e s t i g a t o r s ,  
b e c a u s e  i t  is  more c l e a r l y  d e i i n a b l e  t h a n  
t h e  onset p o i n t .  The  e n d  o f  t r a n s i t i o n  
p o i n t  w i l l  be u s e d  f o r  t h e  b a s i c  t u n n c l  
c o m p a r i s o n .  O n s e t  o f  t r a n s i t i o n  d a t a  a r e  ' 

g i v e n  i n  a d d i t i o n  i n  t h e  c o r r e l a t i o n  of  re- 
s u l t s  i n  t h e  a t t c m p t  t o  e s t a b l i s h  t h e  in-  
f l u e n c e  of n o i s e  on t h e  p o i n t  w h e r e  l a m i n a r  
f l o w  breakdomn o c c u r s ,  

Background Noise 

'd 

The most d i r e c t  measurement of t h e  t e s t  
s e c t i o n  backj i round n o i s e  l e v e l  is  w i t h  a 
f l u s h - m o u n t e d  m i c r o p h o n e  on the s u r f a c e  of 
t h e  m o d e l .  T h i s  measurement  is  t a k e n  t o  be  
tlic s o u n d  p r e s s u r e  l e v e l  a t  t h e  t u n n e l  cen- 
t e r l i n c  t o  xhich t h c  test model  is e x p o s c d .  
I n  many of thc wind t u n n e l s  i n  which  t h e  
c o n e  h a s  h c c n  t e s t e d ,  s i m u l t a n e o u s  measure-  
m e n t s  h a v c  a l s o  been  t a k e n  on t h e  t e s t  sec- 
t i o n  w a l l  o p p o s i t e  t h e  iaodel  m i c r o p h o n e s .  
T h e r e  h a v c  bccn  s m a l l  d i f f c r e n c c s  i n  t h e s e  
m e a s u r c m r n t s  o n  t h e  wall  comparcd  t o  those  
b n  t h e  co l ic ;  b u t .  usc of t h e  wal l  micro-  
phone o n c c  c o r r r l n t c d  t o  t h e  c o n e  h a s  
n l l o w c d  a p e r m a n e n t  m o n i t o r i n g  s t a t i o n  f o r  
a s s e s s m e n t  of t h e  c f f e c l  o f  any  f u t u r e  
c h a n g e s  i n  t h e  t u n n e l  f o l l o w i n g  t h e  c o n e  
t e s t .  

Iarally. t h e  f l u c t u a t i n g  p r e s s u i ' e  meas- 
v 

urcnicnt  s h o u l d  bc t a k e n  u n d e r  a l a m i n a r  
boundary  l . : t y c r ,  f r e c  of  l o c a l  t o r b o l r n c c  
i n f l u e n c e .  Howovcr.  i n  p r a c t i c e  i t  tins 
Lwcn iound l o r  most of  t h e  t r a n s o n i c  t u n n e l s  
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t h a t  t h c r e  i s  l i t t l c  d i f f c r c n c c  o n  t.he 
cone b e t a c o n  rcading:; u n d e r  r7 l a m i n a r  or  
t u r b u l e n t  boundary  l a y e r .  B u t ,  t h e r e  is  a 
l a r g c  d i . f f e r c n c e  ( u p  t o  a f a c t o r  of two or 
more) i f  , t h e  mi.cro.phone h a p p e n s  t o  bc u n d c r  
t h c  t r a n s i t i o n  zonc w h e r e  t h e  l o c a l  d i s -  
t u r b a n c e s  a s s o c i a t e d  w i t h  t h e  t r a n s i t i o n  
process a re  r c c o r d e d  i n  a d d i t i o n  t o  t h e  
f r e e - s t r e a m  hackground  d i s t u r b a n c c s .  Sepa- 
r a t i o n  of the two m i c r o p h o n e s  by  an 8 - l n .  
a x i a l  d i s t a n c e ,  as shown i n  F i g .  1. e n s u r e s  
t h a t  e i t h e r  onc or  t h c  o t h e r  m i c r o p h o n e  
w i l l  n o t  be i n  t h e  t r a n s i t i o n  z o n e ,  t h u s  
( ; iv ing  a r c a s o n a h l y  v a l . i d  b a c k g r o u n d  n o i s e  
mcasu remcn t .  Thc .45-deg d i f i c r c n c c  i n  r o l l  
o r i e n t a t i o n  of t h c  t:':o c o n e  m i c r o p h o n e s  
( S C E  F i g ,  1)  h a s  g i v e n  n o  a p p r e c i a b l e  d i f -  
f e r c n c c s  i n  measu rcd  a m p l i t u d e s .  

The  m i c r o p h o n e s  h n v c  bccn  calibrated i n -  
p l a c e  i n  each t u n n e l  by p h y s i c a l  a p p l i c a -  
t i o n  oi rt I-~kFIz s i n u s o i d a l  y r c s s u r e  wave 
at. r , i t l icr  a 140- or 1 G O - d b  suund  pressure 
l e v e l  ( R e f .  0 .0002 l i b a r )  w i t h  c s t i n i a t c d  un- 
c e r t a i n t y  OS i-0.5 c l l ~  a t  1 6 0  d b .  Background  
n o i s e  l e v e l s  h a v e  been  recorded o n  magnct . ic  
t a p e  t o  1 0  kl lz  o r  2 0  kBz f r e q u e n c y  re- 
s p o n s e .  Nost o f  t h e  cnci'gy ( > 9 5  p c r c c n t )  
h a s  bcen f o u n d  to occur  w i t h i n  10-Lllz band- 
w i d t h  anti  >9;1 p e r c e n t  w i t h i n  20 k1I-L i n  most 
01 t h c  t u n n e l s .  Background  Sound p r e s s u r e  
1 e v e : s  h a v e  b e r n  recorded u s i n g .  a t r u e  r m s  
vol. tmet.er w i t h  1-scc time c o c s t a n t .  and 
a p p r o s i m n t r l y  IO-scc a v e r a g i n g  time o v c r  
t h e  i ' i i l l  r e c o r d i n g  b a n d w i d t h .  O n  t h e  low- 
f r c q i i r n c y  p n d ,  t.hc l i 4 - i n .  r o n t l e n s e r  micro- 
pl ionos h c g i n  to e x h i h i . 1  ro l l -of f  a t  50 Hi:;  
however .  d i s t i i r l i a n c c s  a s  low i n  f r e q u e n c y  
3s 10 Hz h x v e  been  i d e n t i f i a b l e .  

The t imc- -ave raged .  f r e q u e n c y - i n t e z r a t e d ,  
tru--root-moan-square f l u c t u a t i . n g  p r e s s u r c  
r c p r e s i ? i i t s  t h e  s q u a r e  root of t h e  power 
s p e c t r a l  d e n s i t y  over  t h r  f u l l  r e o o r d i n g  
Lmnilwidth 2 n d  is  t h u s  d c f i n c l  a s  @. The  
f l u c t u n t i n ; :  a r c s s u r c  h a s  t b c n  been  no rma l -  
ii.ed by q, t o  f l u c t u a t i n g  prcssure c o c f f i -  
c i e n t .  c C p .  d e f i n e d  a s  f o l l o w s :  

I t  is recognized t h a t  t h c r c  a r e  v o r t i c -  
i t y  f l i i c t i i a t i o n s  ( t u r b u l e n c e )  i n  t h e  f r e e -  
strcnm flow i n  a d d i t i o i :  to  t h c  s o u n d  waves .  
P u r e  v o r t i c i t y  f l u c t u a t i o n s  a rc  n o t  ac- 
c o u n t e d  for by t h e  m i c r o p h o n e  mcnsurements ' ;  
howcvcr .  it p o r t i o i i  o f ,  t h c  f r e e - s t r e a m  ve- 
l o c i t y  f l u u t . u a t i o n s  a r c  sound-wave c o u p l e d .  
Thc*sr arc' a c c o u n t e d  f o r  i n  the measuremen t  
0 1  f1uctu: i t i i i f i  prcs:;ure if n plane-wave as -  
s i :mptioi i  is m d e  for  t h c L  p r o p a g a t i o n  o f  t h e  
s?iind : x i i d  l11c f i i r t i rc~.  a s s u m p t i o n  t l t n t  t h e  

e i ' ; (%ntropic .  n e f i n i n : :  tur- 
i t y  ( T I )  as t h e  mi  I l u c t u a t -  

in:: velo<,itr percc 'ntaf ic  o f  f r e e - s t r r n m  
s t r s a d y  v r . l w i t y  over t l l e  ia1:ie bandvi idt l r ,  n 
r u i l i n w n t a r y  i , s t i n i a t c  is made f o r  t l i c  r c l n -  
t i onsI> i p Iw t iwP n 1 1 u c t 1.1 n t i ng press  u IT cc- 
r ' f  C i c i i , n t  (,'.C ) :1nd t i i l b u l c n c c  i i i t c , i i n i t y  
('11) t h a t  P 

( 4 )  
2 AC = - ( T I )  

P hl_ 

V o r t i c i t y  f l u c t u a t i o n ! ;  a r c  u s u a l l y  
t r a c e a h l e ' ? u  c o n d i t i o n s  c x j s t i n g  w i t h i n  a n d  
u p s t r e a n i  of t h e  s t i l . l i n e  c h a m b e r .  D i r e c t  
m c : ~ s u r c n e n t s  of t u r b u l e n c e  i n t e n s i t y  c a n  be 
mode u s i n g  Bot f i l m  or h o t - w i r e .  nncmomete r s  
b o t h  i n  t h e  t e s t  s e c t i o n  a n d  i n  t h e  stil.1- 
i n g  chamhcr .  Sucli  rneasu remcn t s  a r e  d i f f i -  - 
c > l t  t o  m a k e  a n d  to  i n t e r p r e t .  a n d  s h o u l d  in-  
c l u d e  a l l  t h r e e  C n r t e s i a n - c o o r d i n ~ t e  axes 
of v e l o c i t y  f l u c t u a t i o n  a s  tlit i s o t r o p i c  
a s s u n : p t i o n  i s  n o t  a l w a y s  v a l i d .  1 l l u s t . r a -  
t ion  of t h i s  o b s e r v a t i o n  t h a t  tiif t u r b u -  
lence may n o t  be  i s o t r o p i c  i s  t a k e n  f r o m  
r e s u l t s  by  U b c r o i  g i v e n  i n  F i g .  3 .  U b c r o i  
f c u n d  t h x t  t h c r e  is i l i s s i m i l n r  a t t e n u a t . i o n  
of  s t i l l i n g  chsmber  t u r b u l c n c e  wl!ilc p a s s -  
i n g  t h r o u g h  t h c  n o z z l c  c o n t r a c t i o n  f o r  a x i a l  
a.nd cross-stream coaiponcnts  . FiKurc 3 p r e -  
s e n t s  t h e  e f f e c t .  of t h e  c o n t r : I c t i o n  on t h c  
a b s o l u t e  i n t , e n s i t y  oC t h e  f i l a m e n t s  a n d  
shows t h e  c r o s s - s t r e a m  componcn t s  t o  b e  nm- 
p l i f i e d  w i t h  mnximuin a m p l i f i c a t i o n  n e a r  
Mach 1 .0 .  For t h i s  r ea son ,  s t i l l i n g  clianber 
v o r t i c i t y  f l u c t u a t i o n s  a t  t r a n s o n i c  speecl:~ 
c a n n o t  be i g n o r e d :  Some t u r b u l e n c o  d a t a  

- Linear Theory , Dueto 
-- Approximate Linear Theory 1 Datchelor 

Taken from Ref. 16 

C 
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Fig. 3 E f f c c t  o f  n o z z l c  c o n t r a c t i o n  o n  
t u r b u l e n c r  t r a n s m i s s i b i l i t b  . 
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( u n p u b l i s l i c d )  a r c  a v a i l a b l e  t o r  t h e  AEDC 
1 6 f t  t r a n s o n i c  p r o p u l s i . o n  wind  t a n n e l  and  
t h e  NASA/I,an;;lcy 8-Et t r a n s o n i c  p r e s s u r e  
t u n n c l  and  1 6 f t  t r a n s o n i c  t u n n c l .  Tile 
d a t a  from a l l  thrcr of t h e s e  t . unne l s  sug-  
g e s t  a p p r r c i a b l e  a n i s o t r o p y  of t u r b u l c n c e  
i n  t h e  t r a n s o n i c  t e s t  s e c t i o n s  w i t h  maxi- 
mum a m p l i . t u d e s  on t h e  o r d e r  o f  1 .O-percent  
T I  a t  Xacil 1 . O .  

I n  c o n t r a s t  to  t h i s  l o v e 1  of t u r b u l e n c c  
i n t e n s i t y ,  t h c  c o n e  hCp f a t 3  h a v e  r e v e a l e d  
c o n s i d e r a b l y  h i g h e r  a n i p l l t u d e s  from acous- 
t i c  s o u r c e s  t h a n  would bc e x p e c t e d  e v e n  
from c o m p a r a t i v e l y  l a r g e  s t i l l i n g  c!iaimber 
t u r b u l e n c e  s u c h  t h a t  i t  is a s a f e  assump- 
t i o n  t h a t  t h e  ac m e a s u r e m e n t s  a c c o u n t  f p r  
most of tlir f r e c P s t r e a m  d i s t u r b a n c e s  at -  
i ' c c t i n g  t r a n s i t i o n  R e y n o l d s  numbcr.  T h u s ,  
i n  t h i s  p a p e r .  t h e  f l u c t u a t i n g  p r e s s u r e  
c o e f f i c i e n t  (AC,) a l o n e  ail1 be  u s e d  t o  
c o r r e l a t c  the t r a n s i . t i o n  d a t a .  

I V .  R e s u l t s  

AEDC 4T 

The 1 0 - d e g  c o n e  r e s u l t s  o b t a i n e d  i n  t h c  
AEUC 4 - f t  A r r o d y n a m i c  \Find T u n n e l  (AEDC 4T) 
a re  p r e s e n t e d  i n  F i g .  4 .  The d o m i n a t i n g  
d i s t c r b a n c c s  itre wliis t l i n g  t o n e s  cmanat  i n g  
f rom t h e  p e r l c . r a t e d  wa l l s  a n d  maximum i n  
a m p l i t u d e  (ACp) a t  Mach numbers  n e a r  0 .8  
and  u c a r  1 . 2 ,  The maximum a m p l i t u d c  re- 
c o r d e d  a t  maximum 9, was I S 2  d b .  T h e s e  

Mm 

F i g .  4 N o i s e  and  R e T  v a r i a t i o n  i n  AEDC 4T. 

toties h a v e  b c c n  i d e n t i f i e d  a s  e d g e t o n e s  
w h i c h  are ncarl:. d i s c r e t e  i n  f r e q u e n c y ,  
s t a n d i n g  o u t  as n!uch as 20 d b  above t h e  
b a c k g r o u n d  random n o i s e .  They a r e  c a u s e d  
by i n t c r a c t i o n  of a v o r t e x  f o r m i n g  o v e r  
eacb h o l e  w i t h  t h e  s h a r p  t r a i l i n g  e d g e  o f  
t h e  ho le .  V a r i e d  suc t i . on .  a n d  p o r o s i t y  ( 7 )  

t h e  n o i s e .  Doc.uinentrd ! i e r c  a rc '  t h e  e n d  o f  
t r a n s i t  i o n  R e y n o l d s  numbers  a t  c o r r e s p o n d -  
i n g  2 C p  l e v e l s  a t  v a r i e d  blacii number a n d  
c o n s t a n t  u n i t  R c y n o l d s  numbcrs  of 2 .0  x l o 6 ,  
3 . 0  x l o 6 ,  and  4 . 0  x l o 6 .  T u n n e l  t o t a l  
l e m p e r a t u r c ,  T t ,  was h e l d  near  c o n s t a n t  a t  
i25'F and  t h e  tot:il p r e s s u r e ,  p t .  v a r i e d  
t o  o b t a i n  t h i s  u n i t  R e y n o l d s  number var ia -  
t i o n .  

AEDC 16T 

I 

g i v e  r ise  t o  differing harmonic c o n t e n t  o f  v 

The c o n e  r e s u l t s  o b t a i n e d  i n  t h e  AEDC 
16-ft T r a n s o i i c  P r o p u l s i o n  Wind T u n n e l  
(AEDC 16T) a r e  p r e s e n t e d  i n  F i g .  5 .  T h e r e  
is a s h a r p l y  d e f i n e d  r e s o n a n c e  c o n d i t i o n  
a t  0.709 hlach number p r o d u c e d  by the f i r s t -  
s t a g e  ( fund ,an ien ta l )  e d g e t o n e  f rom t h e  per-  
f o r e t e d  walls.  The  d e g r e e  o f  a m p l i f i c a t i o n  
i n  ACp is r e d u c e d  as u n i t  R e y n o l d s  number 
is i n c r e a s e d  f rom 2 . 0  x lo6 t o  6 . 0  x l o 6  as 
shown i n  F i g .  5 .  T h i s  was a t  n e a r  c o n s t a n t  
1 2 0 0 F  t o t a l  t e m p e r a t u r e  and  v a r i e d  t o t a l  
pressure a s  i n  BEDC 4T.  The  a m p l i f i c a t i o n  
i s  p r o d u c e d  by t h e  e d g e t o n e  f r e q u e n c y  e o i n -  
c i d i n g  w i t h  t h e  t w e l f t h  f u n d a m e n t a l  n a t u r a l  
r e v e r b e r a t i o n  f r c q u c n c y  of t h e  t es t  s e c t i o n  
a t  n o m i n a l l y  560 liz. The  r e v e r b e r a t i o n  
f r e q u e n c y  is c a l c u l a t e d  from r h e  f o l S o w i n g  
e x o r e s s i o n :  - -  



w h e r r  L, is t h c  c r o s s - s e c t i o n a l  d i m c n s i o n  
of  the t e s t  s e c t i o n .  1 6 . 0  € L ;  :it is t h e  num- 
b e r  of wavcs i n v o l v e d ,  2 4 .  T h i s  i s  a p u r e  
t r a n s v e r s e  mode of  r e s o n a n c e  'where o b l i q u e  
i n i t i a l  and r c f l c c t r d  waves a r e  i n  p h a s e  
a n d  r c i n f o r c c  t h e  v o r t e x  o s c i l l a t i o n  over  
each h o l e .  E q u a t i o n  (5) is a l s o  gi .ven ill 
R e f s .  8 and 17  t o  e x p l a i n  d i s c r e t e  tone 
r e s o n a n c e s  !%'here t h e  s o u n d  waves were r e i n -  
f o r c e d  due  t o  r c , f l c c t i o n s  a t  t h e  wal ls .  I t  
;.s t h i s  c h a r a c t c r i s t i c  t y p e  o f  r e s o n a n c e  a t  
some p r t i c u l a r  h i g h  s u h s c n i c  Mach nuinbc:: 
t h a t  is r e s p o n s i b l e  for  t h e  p r e s e n c e  of 
l a r g c  a c o u s t i c  d i s t u r b a n c e s  i n  niost t r a n -  
s o n i c  t u n n e l s ,  'I'he r e s o n a n c e  c o n d i t i o n  i n  
AEDC 16T ~'wi is  e f f e c t i v e l y  e l i m i n a t e d  by tap-  
i n 8  t h e  ' i n s i d e  s u r f a c e s  of a l l  f o u r  w a l l s  
clo!;ed. Lowrr  n o i s e  and hi5;her c o r r e s p o n d -  
in:: t r a n s j . t i o n  l!cynolds numbers  a t  a u n i t  
R e y n o l d s  number of 2 . 0  x l o G  arc  c v i d c n t  
w i t h  t h e  w a l . 1 ~  t a p e d  f o r  hlach numbcrs bc- 
tween 0 . 5  a n d  0 . 9 .  

The cdgct .onc f r f q u c n c i c s  f o r  t h e  per- 
f o r o t e d  w a l l s  g e n c r n l l y  i n c r e a s e  w i t h  hlach 
number and  u rc re  Coiind t o  be c o r r e l a t c d  b y  
t h c  f o l l o v i n g  r x p r c  s i o n  f o r  S t r o u h a l  num- 
b e r s  nond i n c  tis i o :in 1 zctl b y  t h e  f r e e - s t r e a m  
v e l o c i t y :  

I lere ,  h is t h e  a x i a l  d i s t n n c c  from l e a d i n g  
t o  t r a i l i n g  e d g e  a t  a p a r t i c u l a r  mode,  A 
t y p i c a l  f r e q u e n c y  s p e c t r u m  o f  t h e  n o i s e  a t  
M m  = 0 . 7 5  and R c / f t  ~ 2 . 0  x l o 6  is  g i v e n  i n  
F i g .  6 ,  b icasured  f r e q u e n c i e s  c o n v e r t e d  t o  
S t r o u h a l  numbers  a r e  p r e s c n c e d  i n  F i g .  7. 

Analvler Bandwidth = 50 Hr 
1. w 

0. 10 
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0. 10 
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hIm - *  0 . 7 5 ,  R c / f t  = 2 . 0  x l o 6 .  
F i g .  6 Noisc s p e c t r u m  i t ,  AEDC ll?r n t  
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F i g .  7 E d g e t o n e  f r e q u e n c i e s  i n  t h e  AEDC 
t r a n s o n i c  t u n n e l s .  

'4 These r e su l t s  a r e  s e e n  t o  c o r r e s p o n d  
c l o s c l y  w i t h  BIcCanless '  e x p r e s s i o n  i n  
R e f .  9 t h a t  

1 . 6 8  0.15 n s =  
(1 + him) 

n = 1, 2 ,  3, o r  4 (7) 

McCanlcss' e m p i r i c a l  c o n s t a n t ,  0 . 1 5  is 
a p p r o x i m a t e l y  e q u a l  to  1 / 2 7 ;  and  t h f  
S t r o u h a l  numbers  c o i n c i d e  f o r  a c o u s t i c  UavE 
numbers  KA = 1. 3 ,  and  6 and  t h e  " e d g e t o n e  
s t a g e s "  n = 1, 2 ,  and 3 d e f i n e d  i n  R e f .  9 .  
E q u a t i o n  ( 6 ) ,  h o w e v e r ,  e x p l a i n s  t h e  in te r -  
m e d i a t e  f r e q u e n c i e s  a t  KA = 2 ,  4 ,  5, a n d  
a l s o  8 as b e l o n g i n g  t o  a h a r m o n i c n l l y  re- 
l a t e d  f a m i l y  of t o n e s  e m a n a t i n g  from t h e  
60-deg i n c l i n e d  holes .  

The  d e p e n d e n c y  upon Xach number f o r  edi:e- 
tone a m p l i t u d e  a n d  f r e q u e n c y  is  d u c  t o  wl'nve 
s p e e d  and  i n c l i n a t i o n  a n g l e  w 1 3 t i v e  t o  the 
f r c e - s t r c a m  f low,  T h i s  was v c r i f i c d  i n  
s u p p o r t i n g  e x p e r i m e n t s  on p e r f o r n t e d  w a l l '  
acoitst i c  c h a r a c t e r i s t i c s  p e r i o r m r d  in thr 
6 - i n .  , A c o u s t i c  Researc i r  Tonnc'i n t  AEUC. 
Typi.cn1. s c h l i e r e n  p h o t o s  t a k r n  i n  t hc  6 - i n .  
t u n n e l  a r e  Sliown i n  F i g .  8 and r c v c a l e d  t h e  
t e s t  s e c t i o n  to  bc f i l l e d  r v i t h  iiteep- d 
f ro n I e d , re i ti fo r  c c d  , ph ns c-1 o c  kcd p 1 a ne 
w a v r s  i n c l i n e d  t o  t h c  P l o w  a t  t h e  a n g l e  



r e f l e c t i o n s  a t  t h e  w a l l s  a n d  l a c k  o f  s u f -  
f i c i c n t  d i s t a n c e  f o r  a p p r e c i a b l e  wave a t -  
t e n u a t i o n .  A m p l i t u d e s  01' t h e  waves  shown 
i n  Fig:. 8 were a p p r o x i m a t e l y  1 5 6  d b .  A 
l / 4 - i n . - d i a m  30-deg c o n e - c y l i n d e r  mpdel  was 
u s e d  for  i l l u s t r a t i . o n  i t i  t h e s e  p h o t o s  t h a t  
s t e e p - f r o n t e d  s o u n d  w a v e s  c a n  i n d e e d  e x i s t  

T h e s e  w a s e s  e x c e e d  t h e  a m p l i t u d e  l i m i t s  f o r  
a c o u s t i c  t h e o r y  a n d  a r e  more p r o p e r l y  
c h a r a c t e r i z e d  a s  " f i n i t e "  w a v e s .  

? 

i n  s u h s o n i c  f l o w .  ( T h e r e  is no  bow s h o c k . )  .4 

The e d g e t o n e s  d i d  n o t  r e g i s t e r  i n  t h e  
h o t - f i l m  T I  d a t a  t a k e n  i n  AEDC 1 6 T .  They 
a re  h i g h l y  pressure-density c o u p l e d  w i t h  
n e g 1 i g i b l . e  f l u c t u a t i n g  v e l o c i t y  a t  h i g h  
s u b s o n i c  a n d  t r a n s o n i c  s p e e d s .  T h i s  o b  
s e r v a t i o n  is i n  a g r e e m e n t  w i t h  S p c e ' s  re- 
s u l t ~ ( ~ ~ )  w h i c h  i n c l u d e d  s c h l i e r e n  photog-  
r a p h y ,  ' m i c r o p h o n e ,  a n d  h o t - w i r e  m e a s u r e m e n t s  
o f  s i m i l a r  s o u n d  !vavcs. T h e s e  waves are  
t y p i c a l  o f  t h e  n o n l i n e a r  p r o p a g a t i o n  of 
"f i n i  te-amp1 i t u d e "  d i s t u r b a n c e s  i n  h i g h -  
s p e e d  f l o w  w h e r e  t h e  l o c a l  s o u n d  s p e e d  
v a r i e s ,  c a u s i n g  c o a l e s ' c e n c e  of t h e  com- 
p r e s s i o n s  a n d  a f l a t t e n i n g  o f  t h e  rare- 
f a c t i o n s .  A d i f f e r e n t  e d g e t o n e  p a t t e r n  o f  
r e s o n a n c e  o c c u r s  i n  AEDC 4T a s  compared  to  
AEDC 1 6 T ,  a l t h o u g h  t h c  p r o p a g a t i o n  mecha- 
n i s m  is  t h e  saiiic, i n v o l v i n g  e d g e t o n e  wave 
numbers  KA = 3 and 6 a t  blm = 0 . 8 1 9  (m - 18 
a n d  3 6 )  a n d  v a r i e d  modes a t  v a r i e d  p o r o s i t y  
a t  t h e  s u p e r s o n i c  Mach n u m b e r s .  

. 

i r 

+ = s i n - '  M c. ( 8 )  

i o r  0 , s  ' ?,I 0.9 
m -  - 

e = 4 5  d e x  

f o r  0 . 9  : hf < 1 . 0  
m -  

u < 45 d e g  

f o r  1 . 0  : Mm < 1.1 

NASA/ARC 11 TWT 

Thc  r e s u l t s  o b t a i n e d  i n  t h e  P:ASA/Ames 
R e s e a r c h  C e n t e r  1 1 - f t  T r a n s o n i c  Wind Tun- 
n e l .  ARC 1 3  TWT. a re  o r e s c n t c d  i p  F i e .  9 .  
cat, a r e  p r e s e n t e d  a t ' u n i t  R e y n o l d s  number v 
p e r  foot  l e v e l s  of 2 . 0  x 1 0 6 .  3 . 0  s IO6, 
a n d  4 .0  x l o 6 .  The t u n n e l  t o t a l  tempera-  
t u r e s  v a r i e d  b e t w e e n  55 a n d  BOOF a s  Mach 
number was i n c r e a s e d  f rom 0 . 4  to  1 . 2 .  The  
u n i t  R e y n o l d s  number v a r i a t i o n  was p r o d u c e d  
by  v a r y i n g  t h e  t o t a l  p r e s s u r e .  The c o n e  
w a s  t e s t e d  a t  t h r e e  d i f f e r e n t  a x i a l  p o s i -  
t i o n s  i n  t h e  tes t  s e c t i o n .  S t a t i o n s  110. ~~ ~ ~ ~ ~~ 

122, a n d  1 5 0  i n .  R e s u l t s  a re  g i v e n  i n  
P i g .  9 f o r  S t a t i o n s  110 a n d  1 2 2  i n .  The  
r e s u l t s  a t  S t a t i o n  150 i n .  were o v e r  a 
smaller  Mach number r a n g e  a n d  a r e  n o t  i n -  
c l u d c d .  T h e r e  is a r e s o n a n c e  p e a k  a t  ap- 
p r o x i m a t e l y  0.71 Mach number u>hich  a g r e e s  
c l o s e l y  w i t h  m e a s u r e m e n t s  by Dods and  
H a n l e y . ( l l )  
p o s i t i o n s  r e v e a l e d  a d e f i n i t e  i n c r e a s i n g  
g r a d i e n t  i n  n o i s e  l e v e l  a s  t h e  model was 
moved a f t .  The n o i s e  w a s  f o u n d  t o  be domi- 
n a t e d  by two d i s c r e t e  tones a t  n o m i n a l l y  
2650 a n d  5300 H z .  A s i m i l a r  p r o c e d u r e  o f  
c o v e r i n g  t h e  s l o t s  w i t h  t a p e  to  t h a t  per-  
formed o n  t h e  AEDC 1 6 T  p e r f o r a t e d  w a l l s  re- 
v e a l e d  these t o n e s  t o  be  a s s o c i a t e d  w i t h  
t h e  s l o t s .  The noise g r a d i e n t  w i t h  a x i a l  
p o s i t i o u  was f o u n d  t o  b c  a s s o c i a t e d  w i t h  
brondhnnd noise p r o p n g a t c d  u p s t r e a m  f rom 
the d i f f u s e r .  For t h c  Same 1I:lch numbers .  
lower t r a n s i t i o n  R e y n o l d s  numbers  ai-e 
seen i n  F i g .  9 t o  accompany h i g h e r  n o i s e  
l r v c ~ l s  a t  tlir a c t  p o s i t i o n .  

T e s t i n g  a t  t h e  three a x i a l  

u 

A c t u a l  s a m p l e s  of theC'ARC 11 TWT s l o t t e d  
w a l l  were t e s t E d  i n  t h e  6 - i n .  A c o u s t i c  
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F i g .  9 Noise a n d  ReT v a r i a t i o n  i n  NASA/AP,C 
11 TWT. 

Research T u n n e l  at, AEDC. The  s a m p l e s  pro- 
v i d e d  3 s i n g l e  s l o t  i n  t o p  a n d  b o t t o m  w a l l s  
down t h e  c c n t e r  o f  t h e  6 - i n .  t e s t  s e c t i o n .  
F r e q u e n c i e s  measured  by a m i c r o p h o n e  o n  t h e  
t u n n e l  s i d e  w a l l  were t h e  same a s  t h o s e  
p r e d o m i n a n t  i n  thc i l i l l-scale t i i n n e l  a s  
shown i n  F i g .  10 ,  w i t h  t h e  a d d . i t i o n  o f  a 
t h i r d  h a r m o n i c .  I t  was f o u n d  t h a t  these 
f r e q u e n c i e s  c o r r e s p o n d  to  a h a l f  wave o r g a n  
p i p e  mode i n  the c o r r u g a t e d  i n s e r t  i n  t h e  
s l o t  a n d  depend o n l y  upon the c o r r u g a t i o n  
d e p t h ,  d .  The orga i i  p i p e  f r e q u e n c y  i s  g i v e 1  
g i v e n  by t h e  f o l l o w i n g  e x p r e s s i o n :  

w h e r e  E i s  0 . 1 2 5  i n .  w i t h  no plenum s u c t i o n  
and  is zero  w i t h  plenum s e c t i o n .  Assumed 
h e r e  is t h a t  t h e  l o c a l  spcer l  o f  s o u n d  i n  
t h e  s l o t  is a p p r o s i m n t e l y  t i i a t  i n  t h e  free- 
s t r e a m ,  c . c lc ,c rcns ing  w i t h  i n c r e a s i n g  i!ach 
numhcr.  and  t h a t  t h e  o s c i l l n t i n n  i n  thc 
corrcjint i o n  is a hnrmonic  - t u n d i n g  v:ave 
p a t t e r n  w i t h  f l u c t u a t i n ! ;  v c l o c i l ; .  and pres- 
sure a n t i n o d c s  '30 de:: o u t  of pliar,e. Th? 
r e f l e c t i o n  p l n n i . ,  i t  is scr ini?;cd,  l i e s  a 
d i s t a n c e  i a b o v e  thr slot  wit!i no s u c t i o n  
and is  drawn r1na11 t o  thr: s l i j t  e n t r a n c r  w i t h  
s i i ~ t i o i i .  Sclil.ir.reri vir'ws i . n  t l i c  6 - i n .  
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F i g .  10 O r g a n  p i p e  mode i n  NASA/ARC 11 TWT 
s l o t  sample  i n  the 6 - i n .  a c o u s t i c  
research t u n n e l  . /. 

t u n n e l  r e v e a l e d  t h e  wave p a t t e r n  e m a n a t i n g  
f rom t h e  s l o t s  a l s o  t o  he composed o f  S t e e p  
f r o n t e d  p h a s e - l o c k e d  p l a n e  w a v e s ,  b u t  a t  a 
c o n s t a n t  45-deg i n c l i n a t i o n  a n g l c  a t  Vari .cd 
Llach number i n  c o n t r a s t  t o  p e r f o r a t e d  w a l l  
e d g e t o n e s .  T h i s  is f o r  a l l  s u b s o n i c  hlach 
numbers  u p  t o  1 . 0 ,  which  w a s  t h e  m z I x i m l l m  
c a p a b i l i . t y  of t h e  & i n .  t u n n e l  w i t h  t h e  
s l o t t e d  t o p  a n d  b o t t o m  wa l l  s a m p l e s  i n -  
s t a l l e d .  

NASA/ARC 1 4  TWT 

The 10-deg cone r e s u l t s  o b t a i n e d  i n  t h e  
N A S A / A m e s  1 4 - f t  T r a n s o n i c  \Find T u n n e l ,  ARC 
1 4  TlVT, are p r e s e n t e d  i n  F i g .  11. T h e  ARC ' TWT b e i n g  a n  a t n i o s p h e v i c  t u n n e l ,  t h e s e  d a t a  
were a c q u i r e d  a t  c o n s t a n t  t o t a l  p ressure ,  
p t ,  o f  2130 p s f a .  However .  the t o t a l  t c m -  
p e r a t u r e ,  T t ,  v a r i e d  b e t w e e n  67 a n d  1S4'F 
maximum a s  h!zch number was i n c r e n s c d  from 
0.4 t o  1 . 0 5 .  C o n s e q u e n t l y ,  t h e  u n i t  Reyn- 
o l d s  number p e r  f o o t  i n c r e a s e d  from a p p r o x -  
i m a t e l y  2 . 6  I 106 a t  I!% ~ 0 . 4  t o  a p p r o x i -  
m a t e l y  4.0 x 106 maximum n e a r  &I, = 0.8. 
The e x p e r i m e n t  w i t h  walls t a p e d  \>'as a g a i n  
r e p e a t e d  i n  t h i s  t u n n e l .  A t r e n d  of i n -  
c r e a s i n g  noise l e v c l  arid l o w c r  t r a n s i t i o n  
R e y n o l d s  n u m b e r  a t  each )lac21 number is c v i -  
d e n t  ( p n r , t i c u l n r l y  :>hove 31, ~~ 0 . 7 )  cornpar- 
i n g  r e s u l t s  w i t h  a l l  of t h e  s l o t s  t a p e d ,  
o n l y  the s i d e  w a l l s  t a p e d ,  and thl! \ r a l l S  
f u l l y  opcn. Two d i s c r r t e  t o n e s ,  a s s o c i a t e d  
w i t h  t h u  s l o t s ,  d o m i n a t e d  the n o i s c  sp t .c t r : t  
a t  hlnch niiiiibcrs hrt\Y'ccn 0.7 and 1 .05 .  
f r u q a e n c i e s  wcrc 1900 a n d  3300 llz, 

Thc 

9 



a t  2 . 0  x 106 f o r  Mach numbers  g r e a t e r  t h a n  
0.8,  a l t h o u g h  t h e  ACp l e v c l s  a rc  a p p r o x i -  
m a t e l y  t h e  saoie. 
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F i g .  11 Noise a n d  ReT v a r i a t i o n  i n  
NASA/ARC 1 4  TWT. 

a p p r o x i m a t e l y .  A l t h o u g h  t h e  3300-1iz t o n e  
h a s  n o t  been  e x p l a i n c d .  t h e  1900-Hz com- 
poncn t  f i t s  t h e  f u n d a m c n t a l  o r g a n  p i p e  fre- 
quency  f o r  a s l o t  c o r r u g a t i o n  d e p t h  o f  
3 . 1 2 5  i n . .  wh ich  is  u s e d  i n  t h e  A R C  1 4  TWT. 
The  s l o t s  h a v e  e s s e n t i a l l y  t h c  Same gcomet- 
r i c  c o n f i g u r a t i o n  a s  i n  t h e  11 TWT, o n l y  
s c a l e d  u p  i n  t h e  l a r g c r  t u n n e l .  T h e r e  is a 
s e c o n d  inajor n o i s e  s o u r c e  i n  t h e  ARC 1 4  
TIVT. wh ich  is o f  less i n f l u e n c e  b u t  is  domi- 
nant  nt Nach numbers belou' 0 .5 .  T h i s  is  t h e  
main c o m p r e s s o r  wh ich  h a s  v a r i a b l e  d r i v e  
s p e e d  f o r  v a r i e d  blach number.  Discrete 
t o n e s  i n  t h c  135- t o  200-Rz r a n g c  : lppcar  i n  
t h e  n o i s e  s p e c t r a  a t  Mach numbers be tween  
0 .4  a n d  0 . 5 ,  d c c r c a s i n g  i n  n m p l i t u d c  a s  
Mach number was i n c r e a s e d .  

NASA/I,RC 8 TPT 

Tlrc IO-deg c o n e  r e s u l t s  i n  t h e  NASA/ 
Lang ley  R e s e a r c h  C e n t e r  8 - f t  T r a n s o n i c  
P r e s s u r e  T u n n e l ,  LRC 8 TPT. a r c  p r e s f n t e d  
i n  F i g ,  1 2 .  D a t a  WCPC a c q u i r c d  a t  c o n s t a n t  
u n i t  Rcyno lds  numhers o f  2 . 0  x 106 :ind 3 . 0  
x 106. The t o t a l  t r m p r r a t u r i '  was 11e1d n c a r  
c o n s t a n t  a t  12OoF t h r o u ~ ! i o u t  t h c  test . .  a n d  

i t n i t  Rrynolcls  nu~!ibcr-:. Lower n o i s e  l e v c l s  
:It  \Inch nunbcr-, g r c a t c r  t h a n  1 .0 i n  t h e  
I.RC 8 TPT p r o d u c r  s i g n i f i c a n t l y  h i g h c r  
t r n n s i t i o n  Rcync~ld!; numbers t h a n  i n  e i t h e r  
l h l -  AI:[)C or  t h e  ARC t r a n s o n i c  t u n n e l s .  Arsd 
t l l i . ~ ~  is a h ighcr .  t r a n s i t i o n  I?r.ynolds num- 
ber a t  : l . O  x l o 6  u n i t  Reyno lds  iiumhcr t h a n  

u r c  v a r i c d  l o  o b t a i n  tllcsc 
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F i g .  1 2  Noise a n d  ReT v a r i a t i o n  i n  
N A S A h R C  8 TPT. 

I n  t h e  Mach number r a n g e  from 0.25 t o  
a p p r o x i m a t e l y  0 .5 ,  t h e  8 TPT h a s  a d i s c r e t e  
t o n e  wh ich  i n c r e a s e s  from a p p r o x i m a t e l y  3 
kHz t o  a p p r o x i m a t e l y  6 . 5  kHz. T h i s  d i s -  
t u r b a n c e  c o r r e s p o n d s  t o  a 2 6 t h  h a r m o n i c  of 
t h e  v a r i a b l e - s p e e d  f a n ,  w h i c h  h a s  32 ro to r  
b l a d e s .  T h c r e  are  narrow-band c o n c e n t r a -  
t i o n s  of d i s t u r b a n c e s  o v e r  a n d  a b o v e  t h e  
background  a t  n e a r l y  c o n s t a n t  f r e q u e n c i e s  
of 4 . 8  k I h  a n d  10.2 kIIz, a p p r o x i m a t e l y ,  a t  
a l l  Mach numbers  a b o v e  0 .7 .  B u t  t h e  s m a l l  
n o i s e  p e a k  to  1 . 3 - p e r c e n t  ACp is associated 
w i t h  g r o w t h  of t h e  broad-band n o i s e ,  maxi- 
mum i n  t h e  200- to  300-Hz r a n g e ,  a t  Mach 
numbers  n e a r  0.8. 

W 

NASAARC 16TT 

The  c o n c  r e s u l t s  i n  t h e  NASA/Langley 
R e s e a r c h  C e n t e r  16-ft T r a n s o n i c  T u n n e l ,  LRC 
16TT ( F i g .  1 3 ) .  a r e  g e n e r a l l y  s i m i l a r  to  
t h o s e  i n  t h e  LfiC 8 TPT a s  shown i n  F i g .  1 2 .  
L i k e  t h c  ARC 14 TIVT. t h i s  is a n  a t m o s p h e r i c  
t u n n c l  x h e r e  p t  was c o n s t a n t  a t  2120 psfn .  
The t o t a l  t e m p e r a t u r e .  T t ,  I iowever .  v a r i e d  
f rom 85  t o  160OF. g i v i n g  a u n i t  Reyno lds  
numbcr p c r  f o o t  v a r i a t i o n  froin 1.3 x 106 to  
3 .9  x loc' as ilncli nusiber was v a r i c d  from 
0.3 to  1 . 3 . .  T r n n s i t i o n  R c y n o l d s  number 
shows  a g c n e r a l l y  i n c r e a s i n g  t r c n d  w i t h  in -  
creasing Mach number (01. u n i t  R r y n o l d s  num- 
b e r ) ,  w h c r e a s  .?Cp d e c r c a s e s  f rom 1 .95  pcr -  
c e n t  a t  &Inch 0 . 3  t o  0 . 4 7  p e r c c n t  a t  hlacl? 
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F i g .  13 Noise a n d  ReT v a r i a t i o n  i n  
N A S A A R C  1 6  TT. 

1 .3 .  T h c r e  is a narrow-band c o n c e n t r a t i o n  
of  n o i s e  a t ' a p p r o x i m a t c l y  ti kMz a t  Mach 0.3, 
i n c r e a s i n g  t o  a p p r o x i . m a t e l y  7 kHz a t  hlach 
0 . 4  which  may be a s s o c i a t c d  w i t h  t h e  
c o u n t c r - r o t a t i n g ,  tw-s tage  f a n .  B u t ,  
t h e r e  is n o t h i n g  d i s t i n c t  i n  t h e  s p e c t r a ,  
e x c e p t  g e n e r a l  broad-band i n c r e a s c  a t  fre- 
q u e n c i e s  n e a r  10 kHz, t o  e x p l a i n  t h e  s m a l l  
n b i s e  peak  t o  l.22 p e r c e n t  ,:CP a t  !.lath 
0.85. Th3.s t u n n e l  has t h e  lowest d i s t u r b -  
a n c e  l e v e l  o f  a l l  o f  t h e  t u n n e l s  c o n s i d e r e d  
t h r o u g h  t h e  t r a n s o n i c  Mach number r a n g e  and  
a c c o r d i n p l y ,  t l i e  h i g h e s t  t r a n s o n i c - r a n g e  
t r a n s i t i o n  R c y n o l d s  numbers .  

V .  C o r r e l a t i o n  of R e s u l t s  

A g e n e r a l  t r c n d  of  t ho  e f f c c t  of n o i s e  
on t r a n s i t i o o  is a p p a r e n t  i n  t h e s e  d a t a  
when t r a n s i t  i o n  R c y n o l d s  numbers  are c r o s s -  
p l o t t e d  d i r e c t l y  a g a i n s t  tlie Kp  l e v e l .  
This is o n l y  a f i r s t - o r d e r  c o r r e l a t i o n ,  ig- 
norin:: f r e q u e n c y  c o n t c n t  a n d  d i r e c t i v i t y .  
n u t  i t  is r e m a r k a b l e  t h a t  a t r e n d  s h o u l d  
a p p r a r  r v c n  t h i s  c l c a r l y ,  c o n s i d e r i n g  t h e  
b r o a d  v a r i a t i o n  i n  t y p r s  of d i s t u r b a n c e s  
i d e n t i f i e d  i n  t h e s e  s i x  t u n n e l s  a n d  t h e  
b r o a d  v a r i a t i . o n  i n  t e s t  c o n d i t i o n s  ob- ' 

t a i n c d .  
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F i g .  1 4  Data c o r r e l a t i o n  i n  AEDC 4 T .  

otisct of t r a n s i t i o n  o c c u r s  w h e n  a c r i . t i . c a 1  
r a t i o  is  a c h i c v c d  b e t w c c n  the R c y n o l d s  
stresses a n d  t h e  v i s c o u s  s t r e s s e s  p r e s e n t  
w i t h i n  t h e  l amina r  b o u n d a r y  l a y e r .  F o r  
t h e  c a l c u l a t i o n s ,  t h e  a s s u m p t i o n s  h a v e  
b e e n  made of a d i a b a t i c  wall  c o n d i t i o n s ,  
zero flow a n g u l a r i t y .  and  t h a t  t h e  mean 
a x i a l  p r e s s u r e  g r a d i e n t  on t h e  c o n e  is 
n e g l i g i b l e .  The a n a l y t i c a l  e x p r e s s i o n  
f o r  t r a n s i t i o n  o n s c t  l o c a t i o n  g i v e n  i n  
Rcf.' 18 is a s  follows: 

(10 
4 

w h e r e  is a d i s t u r b a n c e  f u n c t i o n  d o m i n a t e d  
on t h e  first o r d e r  by  ACp f o r  t h e  10-deg 
c o n e  a t  t r a n s o n i c  s p e e d s ,  T, is t h e  c o n e  
v:all t e m p e r a t u r e ,  Tm is t h e  f r e e - s t r e a m  
s t a t i c  t e m p e r a t u r e ,  a n d  L is t h e  3-ft 
l e n g t h  o f  t h e  c o n e .  The  c o n s t a n t s  h a v e  
e m p i r i c a l l y  a s s i g n e d  v a l u c s  of K 1  = 1 . 0  a n d  
K2 = 0.0685 a n d  were w e i g h t e d  h e a v i l y  hy  
t h e  d a t a  a c q u i r e d  i n  AEDC 1tiT a n d  t h e  
S c h n b a u e r - S k r a m s t a d  r e s u l t  on a f l a t  
p l a t e ( 2 0 )  t h a t  Ret a p p r o a c h e s  2.85 x 106  i n  
a v a n i s h i n g  t u r b u l c n c e  l e v e l  e n v i r o n m e n t .  
R e s u l t s  by S p a n g l e r  a n d  \ V ~ l l s ( ~ ~ )  i n d i c a t e  
t h a t  Ret  a p p r o a c h e s  4 . 9  x l o b  a t  vanishic: :  
d i s t u r b a n c e  l e v e l  f o r  a sn'.ooth f l a t  p l r i t c  
a t  a low s p e e d .  However ,  f l a t  p l a t e  t r a n -  
s i t i o n  r e s u l t s  b y  Dehletz a n d  C a s a r e l l a ( z 2 )  
i n  t h e  Naval S h i p  R & D C e n t e r  A n e c h o i c  
Flow F a c i l i t y  a t  less t h a n  0 . 1 - p e r c e n t  T I  
are  i n  close a g r e e m e n t  w i t h  t h e  S c h u b a u e r -  
S k r a m s t a d  v a l u e  of 2.85 x l o 6  f o r  R e t .  T h e  
p r e m i s e  is  mode i n  E q .  ( 9 )  t h a t  t r a n s i t i o n  
R e y n o l d s  number a p p r o a c h e s  a c q n s t a n t  v n l a e  
i n  t h e  a b s e n c e  of f r e e - s t r e a m  d i s t u s b a n c c s .  
T h i s  c o n s t a n t  v a l u e ,  w i t h  t h e  c h o i c e  op t h e  
c o n s t a n t s  K1 and K 2 ,  was t h e r e f o r ?  t a k e n  
to b c  3.0 x 106,  c o r r e s p o n c l i n g  to  a c r i t i -  
c a l ' v a l u e  of d i s t u r b a n c e  R c y n o l d s  numbcr ,  

T h r  c o r r r , l a t i o n  of r e s u l t s  i n  AEOC (IT 
is c:ivc'ri i n  F i g .  1.1. n o t h  onset a n d  e n d  
of t r a n s i t i o n  R r y n o l d s  numbers  a r c  s h o w n .  
T h e  l i n e  i d r n t i f i c d  3s " n r c d i r t c d  onspt." 

. 
'b' is  a s c s i r m p i r i c a l  c o r r e l a t i o n  bas.ed on 

t h e  conclcpt put i o r t h  11y Lirjimnnir :ind ex- The c o r r e l a t i o n  of r e s u l t s  i n  A E W  I G T  
tcndrcl 11y van D r i e s t  nnti ~ l u m c r ( l ~ )  t h a t '  is g i v e n  i n  F i g .  15. O n s c t  of t r a n s i t i o n  
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F i g .  15 Data c o r r e l a t i o n  i n  AEUC 1 6 T .  

Reynolds  number h a s  a more c o n s i s t e n t  t r e n d  
t h a n  t h e  end  o f  t r a w i t i o n  R c y n o l d s  number,  
which  is a p p a r e n t l y  a f f e c t e d  by t h e  u n i t  
R e y n o l d s  numhcr i n  AEDC 1 6 T .  T h i s  u n i t  
Reynolds  number d i s p a r i t y  may bc  d u e ,  i n  
p a r t ,  t o  a n  i n c r e a s i n g  f r e e - s t r e a m  v e r t i c -  
i t y  l e v e l .  which  doublC.5 a s  u n i t  R c y n o l d s  
number is i n c r e a s e d  from 2 . 0  x l o 6  to  4 . 0  x 
IO6 i n  t h i s  t u n n e l .  

The d a t a  c o r r c l a t i o n  i n  t h e  NASA/ARC 11 
TWT, F i g .  IF, shows r e a s o n a b l y  i:ood a g r e e -  
ment . w i t h  t h e  Eq .  ( 1 0 )  p r e d i c t i o n ;  however, 
t h e r e  is a d e f i n i t e  biicak i n  t h c  t r e n d  
c u r v c s  w i t h  a s i g n i f i c a n t  i n c r e a s e  i n  b o t h  
onset a n d  c n d  o r  t r : i n s i t i o i i  Rcyno lds  niim- 
bera  a t  appr 'oximnt .e ly  0 . 6  3inch number.  The  
same Sort  o r  hrcnk o c c u r s  i n  t h c  NASA/ARC 
1 4  TIST d a t a  c o r r e l a t i o n ,  Fig. 1 7 ,  a g a i n  a t  
a p p r o x i m a t e l y  0 . 6  hlach number.  No s u i t a b l e  
e x p l a n a t i o n  f o r  t h i s  b r e a k  h a s  b e e n  f o u n d ,  
b u t  t h e  t r a n s i t i o n  d a t ~  a t  t r a n s o n i c  s n e e d s  
a p p c a r  t o  l i e  c c n i i d e r a h l y  h i g h e r  t h a n  t h e  
p r e d i c t i o n .  I n  tlic ARC 14  TNT, mhcn OC, 
was i n  t h c  r a n g e  from 1~.5  to  2 . 0 ,  Ret v s l -  
u c s  g r e a t e r  t i i a n  3.0 x 1 0 6  w e r e ,  i n  p a r t ,  
t h e  r e s u l t  of e x p e r i m e n t a l  error  i n  t h e  
m'inimum p i t o t  p r o f i l e  p o i n t  c a u s e d  by t h c  
l a m i n a r  b o u n d a r y - l a y r r  t h i c k n e s s  k i n g  less  
t h a n  t h e  p i t o t  p r o b e  o p e n i n g  h e i g h t .  T h i s  
would r e s u l t  i n  a d e l a y  i n  t h c  a p p a r e n t  
t r a n s i t i o n  onset p o i n t ,  xt. 
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d e p a r t u r e  f rom t h e  p r e d i c t i o n  a t  lower 
n o i s e  l e v e l s .  N o n e  o f  t h e  o n s e t  of t p n s i -  
t i o n  R e y n o l d s  number d a t a  a t  3 .0  x l o b  u n i t  
R e y n o l d s  number were c o n s i d e r e d  to  be va- 
l i d ,  b e c a u s e  of  e x p e r i m e n t a l  d i f f i c u l t i e s  
o f  m a i n t a i n i n g  good p i t o t  p robe  c o n t a c t  
w i t h  t h e  c o n e  s u r f a c e  T. t  t h e  h i g h e r  u n i t  
R e y n o l d s  number d u r i n g  t h i s  t e s t .  F i n a l l y .  
t h e  c o r r e l a t i o n  of r e s u l t s  o b t a i n e d  i n  t h e  
LRC 16TT a s  Shown i n  F i g .  1 9  e x h i b i t s  ap-  
proxim:ltely t h e  same r a t c  of c h a n p ?  i n  
t r a n s i t i o n  R s y n o l d s  IiumbQr w i t h  i n c r e a s i n g  
n o i s e  l c v c l s  as i n  most of the o t h e r  tun-  
n e l s ;  b u t  t h c  t r : i n s i t i o n  R e y n o l d s  numbers  
a re  much h i g h e r  t h a n  p r e d i c t e d  f o r  t h e  
l e v e l s  of ,Ci, m e a s u r e d .  
n a t i o n  is t h a t  t h e  n o i s e  l e v e l s  d c t e c t e d  
by t h e  s t r a i n - g a g e  p r e s s u r c  t r a n s d u c e r s  
u s e d  i n  t h e  1.RC t e s t s  lvere h i g h c r  t h a n  
t h o s e  d e t c c t c d  by conden: jc r  m i c r o p h o n e s  
u s e d  i n  the o t h e r  tes ts .  C o n d e n s e r  micro-  
p h o n e s  were l a t e r  a d o p t e d  a s  t!ie s t a n d a r d  
i n s t r u m e n t a t i o n  for t h e  c o n e  as t h e y  were 
c o n s i d e r e d  t o  be more r e l i a b l e  i n  t h i s  a p  
p l i c a t i o n .  

V' 

A p o s s i b l e  c x p l a -  

A s i d e  from t h e  a f o r e m e n t i o n e d  o b s e r v a -  
t i o n s  a b o u t  p o s s i b l e  e x p e r i m e n t a l  e r rors  i n  
t h e  d a t a ,  o ther  f x c t o r s  n o t  a c c o u n t e d  for  
i n  t t i i? ;  a n a l y s i s  a r e  that  noisc f r e q u e n c y  
composition w w  not d i f f e r e n t i a t e d ,  t h e  
model  v i h r n t i v n s  1Vere not c o n s i d e r e d .  t h e  
e f f e c t s  01 free-stream v o r t i c i t y  l e v e l  !lave 
n o t  h t v n  i i i l l y  e v : i l u a t c d ,  t h e r e  c o u l d  h a v e  
b e c n  a p p i ~ * c i : ~ h l ~ ~  test  s e c t i o n  f low angu- 
l n r i  t y ,  and t h c  hcnt t r a n s f e r  b e t w e e n  t h e  
coi lc  3nd t h r  l r c e  6 t r e a n i  may not h a v c  

ir 

1 2  



, 
are  n o t  o p e n e d  u n t i l  the hlach cu?nber is 
1 . 0  or g r e a t c ~ : .  (The NASA/LliC 1.6TT h a s  
a u x i l i a r y  s u c t i o n  on t h e  plenuln;  b n t  t.his 
is l ikev; j .se  n o t  a p p l i e d  u n t i l  >.!ach 1 .@.)  
The p o s s i b i l i t y  t l ial. a g p r e c i a b 1 . c  d i f f e r -  
e n c e s  i n  t h e  a x i a l  pressure g r a d i e n t  on t h e  
c o n e  (huoyancc, e f f e c t . ; )  m i g h t  be i n t r o -  
duced  by d i f f e r e n c e s  j .n  t e s t  S e c t i o n  con- 
s t s u c t i o n  wal ' rants  I 'urthcr ev : r l .un t ion  be- 
c a u s e  i t  i n t r o d x c e s  a s e c o n d  v a r i a b l e  to  
the cxpcr i l : i cn t  whj  cIi r~o i r l~d  o i ~ i i c . u ~ ~ r  thr de- 
s i r e d  c o r i ~ ~ l a i i o n  b e t v e e o  i i o i s e  : ind  l r a n s i -  

:.tach number g r a d i e n t  would be t o  d c l a y  
t r a n s i t i o n .  F u l l  e v a l u a t i o n  n,ould e n t a i l  
a cr i t i .ca1 a s s e s s m e n t  o f  t h e  n r i a l ~  Nach 
iiiinibcr d i s t r i b u t i o n  i n  each t u n n c l  f o r  
p o s s i b l e  p r e s s u r e  g r a d i e n t  e f f e c t  on t he  
c o n e  t r a n s i t i o n  r e s u l t s ,  B w y a n c y  correc- 
t i o n s  t o  a e r o d y n a m i c  tes t  d a t a  would be 
a p p l i e d  s e p a r a t e l y  from P. c o r r e c t i o n  f o r  
" e f f e c t i v e "  R e y n o l d s  number.  

VI. Future P l a n s  

L .  .i3rr. The buoyancy e f ? c c t  from p o s i t i v e  

The  l o n g - r a n g e  o b j e c t i v e  o f  t h e  s t u d y  i s  
t o  o b t a i n  t h e  c o r r e l a t i o n  b e t w e e n  t r a n s i -  
t ion Reynolds  number and  the a e r o d y n a m i c  
d i s t u r b a n c e s  t h a t  O C C I I ~  i n  c u r r e n t - d a y  
t r a n s o n i c  wind t u n n e l s .  T h i s  c o r r e l a t i o n ,  
t o g e t h e r  w i t h  the improved  d e f i n i t i o n  of 
t h e  t u n n e l  f low e n r i r o n i n c n t ,  s h o u l d  a f f o r d  
some measure of iniprovciaent to  a e r o d y n a m i c  
t e s t i n g  i n  t r a n s o n i c  t u n n e l s .  Thc  t u n n e l -  
t o - t u n n e l  c o r r e l a t i o n  is now f a i r l y  c o w  
p r c h e n s i v c  for the c o n t i n u o u s - f l o w  t u r n e l s .  
I t  is p1:inncd t h a t  i n  t h o  f u t u r e  d n t a  w i l l  
n l s o  bc a c q u i r e d  i n  several  of t h e  blow- 
d o w - t y w  U . S .  i n d u s t r i a l  n l n n u f a c t i i r c r  
t r n n m n i c  t u n n e l s  f o r  more e x t e n s i v e  t ran-  
s o n i c  tes t t c c h n i q l r c  c o n i p a r i s o n .  

I n C l u ~ i o n  o f  t h e  s u p e r s o n i c  t u n n e l s  a n d  
d.ata  a t  l o w  ~ : ~ c l i  n u ~ n h e r s  down t o  ai; io\%' a s  
0 . 2  h a s  b e e n  t o  o v c s l . a p  t h i s  c o r r e l a t i o n  
StUdy v i t h  LhOSC o f  ol!iers a n i  t o  p l a c e  t h e  

othcr  tPst  regime.;. Tho mo?t r c r r ~ i t  t r : s t -  
i n C  wils i l l  : l p r i l  1 0 7 4 ,  uhen the, NASA/iRC 

t . , -xn . ;on ic  tes t  rcg:i;,ie i n  p c r s p o c t  I"<> ,v. i t l ,  

Tran: ;onic  I l y n a i ~ i i c ~  T u t m e l  ( b o t h  i r ?  a i r  a n d  
j.n I.'rcon 12" as t h e  t e s t  medium) a n d  t h e  
Naval  S h i ?  R 8. D C e n t e r  7- x 1 0 - f t  Tran-  
sofiic Tunnel .  n.ere a d d e d .  T h e s e  two t u n n e l s  
b o t h  use  t h e  c o a r s e l y  s p a c c d  s l o t s  s i m i l a r  
t o  t h e  XASA,%RC 8 .TPT a n d  16 TT. A d d i t i o n a l  
c o r r e l a t i o n  t o  t h e  AEDC F c r P o r a t e d - w a l l  
t u n n e l s  vias p r o v i d e d  by the d a t a  a c q u i r e d  
i n  t h c  ONERA 6- x 6-f t  t r a n s o n i c  t u n n e l  a t  
Modane, S r a n c e .  One o t h e r  t r a n s o n i c  r e s t  
s e c t i o n  c o n f i g u r a t i o n  has a l s o  b e e n  i n -  
c l u d e d  i n  p r e v i o u s  t e s t i n g :  t h e  2 2 - p e r c e n t -  
o p e n  n o r m a l - h o l e  F e r f o r a t e d  wall  u s e d  i n  
t h e  C a l s p a n  C o r p .  8-ft. t r a n s o n i c  t . unne l  a n d  
t h e  A P . ,  LTD., 9- x 8 - f t  t r a n s o n i c  t u n n e l  
i n  t h e  U n i t e d  Kingdom. 

~ o r r e ~ . a t i o n  of: a l l  o f  t h e  t u n n e l s  to  
f r e e - f l i g h t  is p l a n n e d  f o r  the s p r i n g  n f  
1 9 7 5  a t  \!ach numbers  from 0.3 to  1 .8  a t  
v a r i e d  a l t i t u d e s  s n f f i . c i c n t  t o  o b t a i n  t r n n -  
s i t i o n  o n  t h e  c o n e .  The c o n e  w i l l  be f lowi  
on a p i v o t i n g  s u p p o r t  boom mounted  on t h r  
nose o f  a USAF RF-4C a i r c r a f t  o p e r a t e d  b y  
t h e  4 9 5 0 t h  t e s t  wing  b a s e d  a t  W r i g h t -  
P a t t e s s o n  Am, O!i iO .  The  f l i g h t  d a t a  w i l l  
b e  a c q u i r e d  i n  s t r a i g h t - a n d - ] . e v e 1  f l i g h t  a t  
ze ru  i n c i d e n c e  w i t h  t h e  p i v o t i n g  boom co:ti- 
p e n s a t i o n  fo r  c h a n g e s  i n  a i r c ra f t  a t t i ' l i i d e .  

V I I .  C o n c l u d i n g  Remarks - 

I t  h a s  b e e n ,  shown t h a t  t h e  t r a n s i t i o n  
R e y n o l d s  numbers  measured o n  t h e  c o n c  re-- 
f l c c t  the d e g r a d a t i o n  i n  dgn&mic  flow 
q u a l i t y  from a e r o d y n a m i c  n o i s e  s o u r c e s .  
The c o m p a r i s o n  of r e s u l t s  i n  t h e s e  s i x  

t u n n e l - t o - t u n n e l  d i f f e r e n c e s  a t  m a t c h e d  
t e s t  c o n d i t i o n s  a h i c h  c a n  a f f e c t  Reyno lds  
number s e n s i t i v e  p a r a m e t e r s  i n  aerodynnoi ic  
t e s t i n g .  U s i n g  t r a n s i t i o n  Reynol.ds nui!iber 
a s  t h e  i n d i c a t o r  f o r  d y n a m i c  flow q u a l ~ i t y ,  
t h i s  means  t h a t  t h e r e  a r e  c o r r e s p o n d i n g  
l a r g e  d i f f e r e n c e s  i n  t h e  " e f f e c t i v e "  t e s t  
R e y n o l d s  numbers .  

improvement  i n  dynamic  f l o w  q u a l i t y  i n  
t h e s e  t u n n e l s  has b e e n  p r o v i d e d .  For t h e  
p e r f o r a t e d - w a l l  t u n n e l s ,  t h i s  would  bo t o  
e l i m i n a t e  t h c  e d g e t o n e s  w i t h o u t  c o m p r o m i s i n g  
t h e  f a v o r a b l e  s u p e r s o n i c  wave c a n c e l l . a t i u n  
p r o p c r t i c s .  For t h e  f i n e l y  spaced  s l o t i c d -  
w a l l  t u i i n e l s  u s i n g  c o r r u f p t e d  i n s e r t s  i n  
t he  s l o t s ,  t h i s  would b r  t o  s i l e n c e  the 
o r g a n  p i p e  mode. As e r p e c t c d ,  t h e  d a t a  
show t h a t  t h e  combined  s l o t t e d - p e r f o r a t r d  
f e a t u r e s  of ( h e  s l o t t e d  walls w i t h  c o r r u -  
g a t e d  i n s e r t s  y i e l d e d  r e s u l t s  f a l l i n & :  i n  
b e t w e e n  t h c  p u r e l y  p e r f o r a t e d -  and  t h e  
p u r e l y  s l o t t e d - w a l l  c o n f i g u r a t i o n s .  

t r a n s o n i c  t u n n e l s  r e v c a l s  s i g n i f i c a n t  v 

F u c u s  on the areas f o r  g r e a t e s t  f a c i l i t y  

A b a s i s  of  reference f o r  thc wind t i i n n e l -  
t o - f r e e  f l i g h t  c o r r c l a t i o n  s l i o u l d  he pro-  
v i d e d  by t h e  c o n e  f l i g h t  t e s t  d a t a .  l:vcn 
i f  t h c  t r a n s i t i o n  process is n e v e r  f u I I y  
u n d e r s t o o d ,  use o i  t r a n s i t i o n  R e y n o l d s  num- 
b e r  d a t a  should p r o v i d e  t h e  means f o r  de- 
tcrmini ,n$:  r c l a t i v c  " e f f c c t i v e "  Rc?.nolds .- 
numbers  i n  e a c h  tunnel upon x h i c h  t o  bn::~? 
c o r r e c t  i o n s  of t e s t  da t a ,  



F i n a l l y ,  new ii1sifI:ht t ias bee!i p r o v i d e d  l 2 C o r . ,  R .  N .  a n d  i ' r ee ' i t one ,  h i .  Df., "De- 
sign of v e n t j l n ~ e d  Wall? ~ v i t h  S p e c i a l  Em- 
p h a s i s  on t h e  Xi :pec t  o f  N o i s e  G e n e r a t i o n , "  

D e s i g n .  A G A I G  % ? p o r t  N o .  6 0 2 ,  No. 6 ,  

fo r  t i l e  f u n d a m e n t a l  co r re l a t . iO l i  Cmf t h e  cf- 
feet of h.i;:h-amp1.i iuclc f r e e - s t r e a n  d i s -  
t u r b a n c e s  on t r a n s i t  i o n .  T h e s e  a c r 3 d y n a m i c  y l u i 6  h ! o t i o n  p,.,,~blons i 11 w i n d  
noise d i s t u r b a n c e s  i n  t r a n s o n i c  t u n n e l  
r e a c h i n g  2 to  3 p e r c e n t  of t h e  dynamic  ~ 

t i o n ,  even tlioligh the i r  S r e q u e n c i c s  l i e  
s h e l l  below t h o s e  p v e c l i c t c d  to  be unstable h!odel V i h r a t i o n  i n  Wind T u n n e l s  a t  Sub- 
by l i nea r  s t a b i l i t y  t l i e o r y .  Thc e x p l a n a -  s o n i c  act1 T r a n s o n i c  S p e e d s , "  CP No. 1.155, 
t i o n  is p o s s i b l y  d!le to  t h e i r  g r e a t  amPl i -  
t d e ,  f a r  exceedink; t h e  f u n d a m e n t a l  b a s i s  
f o r  i i n e a s  s t a b i l i t y  t , heo ry  of p r e d i c t i n g  1 4 ~ r e o n ,  S .  r , . ,  ~ t e i n l e ,  F. w . ,  Hager-  
t h c  growth of i n f i n i i e s i m a l l y  small  d i s -  
t u i b a n c c s .  R. J., " F u r t h e r  C o r r e l n t i o n  o f  D a t a  f rom 

__-_- -- 
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13?,lnbe)., D .  G . ,  "Flow U n s t e a d i n e s s  and  

o c t o b e r  1970, MF;, Bedfo rd ,  E n g l a n d .  

man, J .  R . ,  B l a c k ,  J. A , .  and B u f f i n g t o n ,  

I n v e s t i g a t i o n s  of a Hifil l-Subsonic-Speed 
References T r a n s p o r t  A i . r c r a f t  hlodcl i n  T h r e e  Major 

T r a n s o n i c  Wind r u n n e l s ,  '' A I A A  P a g e r  No. 
71-291, preSe! i tcd  z i t  t!ie A I A A  6 t h  Aero- 

New i l e x i c o .  hlarcil 1 9 7 1 .  

__.__ 

'biorbovj.n,  b l .  v . ,  " C r i t i c a l  E v a l u a t i o n  
of T r a n s i t i o n  from L a m i n a r  to  T i i r l x i l e n t  dynamic  T e s t i n g  C o n f e r e n c e ,  A l b u r q u e r q u e ,  
S h e a r  L a y e r s  w i t h  Einpliasis o n  H y p e r i o n i c a l -  
l y  T r a v e l l i n g  1;odies ,"  i\F~I.-TR-..B8-149, 
Sfarch 1969. " D e t e r m i n a t i o n  o f  T r a n s i t i o n  R e y n o l d s  Num- 

2blorkovi.n,  hi. v . ,  "open guest . ion. ;  - k e r  i n  t h e  T r a n s o n i c  Mach Number Range ,"  
Tvan!s i t ion  t o  'Turbulence  a t  Aigh S p e e d s , "  AEDC-TR-70-218 (AD875995), O c t o b e r  1 9 7 0 .  
P r o j e c t  T h e m i s ,  AmSR-70-1731, A ~ g u s t  1 9 7 0 .  

3 \ i a ~ i c ,  L .  h l . ,  "Boundary-Layer  S t . a b i i i t y  C o n t r a c t i o n  on F r e e - S t r e a m  T u r b u l e n c e , "  
T h e u r y , "  Je t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i -  J o u r n a l  of t he  R e r o n a u t  i c a l  S c i e n c e s ,  Vol. 
f o r n i a  I u i t i . t u t e  O f  'kchnOluFY No. 900-277, 2 3 ,  No. 8 ,  August 1 9 5 6 .  
Novcmber 1969. 

4 P ~ p c ,  A , ,  Wind T u n n e l  Testiixz, J o h n  
IViley and  Sons, I n c . ,  1 9 5 4 .  S p e e d s , "  CP No. 4 ,  13G6,  i:GAHD. 

5 C z a r n c c k i ,  K .  R .  and  S i n c l a i r ,  A r c h i -  
b a l d  R . ,  " F a c t o r s  A f f e c t i n -  T r z n s i t i . o n  a t  
S u p c i . s o n i c  s p r c d s  , ' I  a!,[ ~ 5 : ~ 1 . 1 8 n ,  :?ooemtjer 
1 9 5 3 ,  N A C A .  

f e c t s  o f  R a d i a t e d  Aerodynamic  Noise 0 0  
Model no1indary-I.ayer T r a n s i t  ion i n  Super- 
s o n i c  and  I l y g e r s o n i c  Witid T u n n e l s  , I 3  AEDC- 
TP.-G7-2?6 (AD66GG44) ,  hlarch 3.968. Also 
AIM P a p e r  N o .  68-315. 

7 ~ a t c ,  s .  R . ,  ~ * h l e a s u r e n e n t s  and C o r r e -  
l a t i o n s  o f  T r a n s i t i o n  Ke)'nolds Numbers o n  
S h a r p  S l e n d e r  Cones  n t  High S p e e d s . "  AZDC- "Laminar-Boundary L a y e r  O s c i l l a t i o n s  a n d  
TK-69-172 (ADF9432G), December 1569. T r a n s i t i o n  on a Flat  P l a t e , "  Report 909 

S K a r a b i n u s ,  R .  .J. and Sanders,'~. w., 
"hlcasurements  o r  F l u c t u a t i n g  P r e s s u r e s  i n  
8- by  6-Foot S : lpersonic  Xind T u n n e l  f o r  " E f f e c t s  o f  F r e e - S t r e m  D i s t u r b a n c e s  o n  
Mach Kuml)cr' finngc o f  0 . 5 6  t o  2 . 0 7 . "  TMX-. 
2009,  blay 197C,  XASA. Vol.  6 ,  No. 3 ,  !)larch 1968, p p .  543-545.  

t i o n s  of 4'; S a t u m  V Protuberance Test  2 2 ~ e ~ ~ e t z ,  F .  c . .  a n d  C a r n r e l l a ,  AI. J., 
D a t a , "  TR 1iShI-Rl-7lq J a n u a r y  1 9 7 1 ,  Chrys-  "An E x p e r i m e n t a l  S t u d y  o f  t h e  Interlmittent 
1cr C o r p .  P r o p e r t i e s  o f  t h e  B o u n d a r y  I . aye r  Pressure 

F i e l d  d u r i w  T r a n s i t i o n  on :I F l a t  ? l a t e , "  
Kava1 S!iip R 6 D C e n t e r  R e p o r t  N O .  4 1 4 0 ,  
November 1973.  i l l  the A>:I)C-?'KT 16-f t and 4 - f t  T r a n s o n i c  

O c t o b e r  1D71. 

a t i n i i  o f  T r n i i s c n i c  and  Supersonic :  Nind 

1 5 c r e d l e ,  0 .  P .  and C a r l e t o n ,  IV. E . ,  

1 6 U b c r o i ,  81. S . ,  " E f f e c t  of Wind T u n n e l  

1 7 S p e e ,  6 .  E!, , "Wind T u n n e l  E x p e r i m e n t s  
o n  U n s t e a d y  C a v i t y  F l o a  aL High S u b s o l l i c  

l 8 B e n e k ,  J .  A .  and H i g h ,  h l .  D . ,  "A Method 
fo r  thc  P r e d i c t i o n  o f  tlie K r f c c t s  o f  Vree- 
S t r e a m  U i s t ! r r b a n c e s  o n  Uoiindary-Layer 
T r a n s i t i o n ,  " BEEC-TTi-73.-155 (AD767899) , 

4 % a t e ,  S .  R .  a n d  s c l i u e l e r ,  C .  J., "Ef- O c t o b e r  1973. 

19Van D r i e s t ,  E .  R .  a n d  Blunier ,  C. B . ,  
"Boundary L a y c r  T r a n s i t i o n :  Free-St rean ' .  
T u r b u l e n c e  ant1 P r e s s u r e  G r a d i e n :  E f f e c t s  ," 
A I A A  J o u r n a l ,  Vol. 1, N o .  6 .  J u n e  1 9 6 3 ,  
pp.  1303-1306. 

2 0 S c h u b a u e r ,  G .  B .  a n d  SIcramsLad, H .  F . ,  

( 1 9 4 8 ) ,  NACA . 
2 1 S p n n g l c r ,  J .  G .  and Wells, C .  S . ,  Jr. ,  

Roundnry-Lnyrr  T r a n s i t i o c  . I '  A I A A  J o u r n a l ,  --_-_ 
911c:Canlcss, G .  F . ,  " A d d i t i o n a l  Currec-  

I O C r e t i l t - ,  0 .  P . ,  " T e r f o r a t e d  ~ 3 1 1  Noise 

" T u n n e l s  ." AEDC-TR-71-216 (AU8Stl5611,) , 

1 1 ~ 0 < 1 s ,  .r. n .  on,i i i a n i y .  R .  n.. "Evii1u:i- 

Tunuc,l  1ini:l;:round S o i i e  and I.:ff<:ct:; o n  
ii ri. F l u c  t u 3  t i o n  \[c:isii r.iim*~, 11 t i  , I *  

. 5"-locr,L, prcse:ltc<l n t  t h e  
AIAA 7 t h  Acrodynnniic T e s t i n g  c o n s c r e n c e ,  .. .. . . 

I 
P a  10 A 1 t (I , C n  1 i io iin i a , :i ep t riii!ic r 19 72 . ,. ,.,''.i ! ~2 .;;it. .+'  

! 
,: ! 

! 

* ,  

I . ... 
I I . , . . . ; :  ,_ , . .  

c ,' . :. ., 

1 
i" ..-, '.,' ___- 

'd 


