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Bypass t r a n s i t i o n s  a re  seldom mentioned i n  t e x t s  o r  meet ings on i n s t a b i l -  
i t y  and t r a n s i t i o n  t o  w a l l  t u rbu lence .  L i k e  poor  r e l a t i o n s ,  t h e y  a r e  u n t i d y ;  
t h e y  s p o i l  t h e  b e a u t i f u l  o r d e r l y  s t r u c t u r e  o f  i n s t a b i l i t y  t h e o r i e s  and devalue 
o u r  r a t i o n a l  t o o l s  f o r  improved unders tanding o f  t h e  onset  o f  t u rbu lence  i n  
boundary l a y e r s ,  p ipes,  and ducts .  I s h a l l  f i r s t  t r y  t o  i l l u s t r a t e  t h e  n a t u r e  
o f  a  number of bypass t r a n s i t i o n s  by examples. L i k e  a  Sunday preacher,  I w i l l  
use v i s u a l i z a t i o n s  o f  concre te  phenomena t o  have something t o  preach about  and 
t o  convey a  p h y s i c a l  f e e l i n g  f o r  t h e  assoc ia ted  mechanisms whenever p o s s i b l e .  

HISTORIC BYPASS - THE BLUNT-BODY PARADOX 

Tu rbu len t  wedges on b l u n t  noses ( f i g .  1 )  was t h e  f i r s t  c l a s s  o f  bypass 
i d e n t i f i e d  ( r e f .  1 ) .  The f a c t  t h a t  t r a n s i t i o n  occur red  ve ry  e a r l y  on many 
s p h e r i c a l  noses was a  shock t o  des igners  o f  r e e n t r y  v e h i c l e s  i n  1957. A l l  
t h e o r i e s  s a i d  t h a t  t h e  acce le ra ted  cooled boundary l a y e r  was s t a b l e ,  and y e t  
f l i g h t  t e s t s  ( r e f .  2) showed t r a n s i t i o n  on t h e  nose f o r  l am ina r  Reynolds num- 
bers  based on t h e  momentum th i ckness  Ree o f  t h e  o r d e r  o f  100 t o  200. Two 
m u l t i m i l l i o n  d o l l a r  c o n t r a c t s  based on copper hea t  s i n k s  "melted away" w i t h  
t h i s  f i n d i n g  o f  h i g h  t u r b u l e n t  hea t  t r a n s f e r .  Tens o f  m i l l i o n s  o f  d o l l a r s  were 
l o s t  because t h e  pa th  t o  t u rbu lence  bypassed a l l  known t h e o r i e s .  Ten years  
l a t e r  I co ined  t h e  word I1bypassfl t o  desc r i be  t h i s  "b lunt -body paradoxn and t o  
d r i v e  home t o  des igners  t h a t  we cannot t r u s t  s t a b i l i t y  t h e o r y  a lone.  P r e d i c t -  
i n g  t r a n s i t i o n ,  w i t h o u t  a l l o w i n g  f o r  bypasses, remains r i s k y .  To t h i s  day, t h e  
mechanism o f  t h e  e a r l y  t r a n s i t i o n  on b l u n t  bodies remains unexplained. Many 
c lasses  o f  bypass, as Bob Graham descr ibed  i n  t h e  I n t r o d u c t i o n ,  a re  due t o  
l a r g e  d is tu rbances ,  b u t  t h e r e  a r e  no c l e a r l y  l a r g e  d is tu rbances  e v i d e n t  i n  t h e  
b lunt -body paradox. I found w a l l  roughness t o  be t h e  most l i k e l y  c o n t r i b u t o r  
t o  t h e  phenomenon ( r e f .  3, sec t i ons  111-6 and 111-9). When t h e  m i r r o r  f i n i s h  
on NASA Lewis t e s t  v e h i c l e s  ( p r o t e c t e d  by p l a s t i c  sheets up t o  t h e  t e s t  a l t i -  
tudes)  d i d  n o t  keep t h e  roughness below 5  ? i n  rms, a  bypass occurred.  Even 
10 -? i n  roughness i s  ve ry  smal l  ( n o t  t r u l y  measurable by most mechanical p r o f i l -  
ometers);  y e t  i t  was i n  some sense excess ive  f o r  t h e  t h i n  boundary l a y e r s  i n  
t h e  g i v e n  f l i g h t  d i s t u rbance  environment.  U n t i l  we t r u l y  understand why t h i s  
i s  so, p r e d i c t i n g  t r a n s i t i o n  on t h e  bas i s  o f  t h e o r y  o r  s t a t i s t i c a l l y  inadequate 
c o r r e l a t i o n s  (as t h e y  a l l  a r e )  e n t a i l s  r i s k s  t h a t  should  be cons idered i n  
j u s t i f y i n g  any des ign  i n v o l v i n g  t r a n s i t i o n .  

CONCEPT OF MINIMUM REYNOLDS NUMBER FOR SELF-SUSTAINING WALL TURBULENCE 
AND LATERAL CONTAMINATION 

F i g u r e  1  a l s o  i l l u s t r a t e s  t h e  concept o f  t h e  t u r b u l e n t  Ree,,,in. To 
me, a  most impo r tan t  concept i s  t h a t  a t  c e r t a i n  low Reynolds numbers a  tempo- 
r a r i l y  t u r b u l e n t  boundary l a y e r  cannot s u s t a i n  i t s e l f .  I f  made t u r b u l e n t  
th rough  f o r ced  l o c a l  separa t ion ,  i t  re l am ina r i zes .  Re lam ina r i za t i on  i n  acce l -  
e r a t i n g  boundary l a y e r s  on.smooth spheres o r  c y l i n d e r s  i s  known t o  occur  w i t h i n  
15" t o  20' f rom t h e  s tagna t i on  p o i n t ,  a t  l e a s t  f o r  t h e  Reynolds number based 
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on t h e  d iameter  o f  t h e  sphere o r  c y l i n d e r  R ~ D  i n  t h e  range 3x104 t o  3x105. 
Sustenance o f  t u r b u l e n t  " b u r s t i n g "  processes near t h e  w a l l  i s  t h e  c r u c i a l  fea -  
t u r e .  A v e h i c l e  r e t u r n i n g  f r om a  Mars m i ss i on  must remain below Ree,,,in 
o r  c a r r y  e x t r a  we igh t  i n  r e t r o r o c k e t s  and t h e i r  f u e l  so as n o t  t o  burn  up i n  
E a r t h ' s  atmosphere. One o f  t h e  most impo r tan t  r e s u l t s  t h a t  should come ou t  o f  
any bypass t r a n s i t i o n  research i s  c o n s i s t e n t  i d e n t i f i c a t i o n  o f  Ree,mjn f o r  
t h e  d i f f e r e n t  boundary- layer  c lasses.  

I n  f l a t - p l a t e  boundary l a y e r s  ( f i g .  1 )  d i s tu rbances  were i n t r oduced  
( r e f s .  4  and 5) th rough  l a r g e  i s o l a t e d  roughnesses o r  sparks.  One o f  t h e  p r i -  
mary e f f e c t s  o f  such l a r g e  d is tu rbances  i s  l o c a l  boundary- layer separa t ion ,  
which b r i n g s  about h i g h l y  uns tab le  i n f l e c t i o n a l  p r o f i l e s .  An e a r l y  t r a n s i t i o n  
on an i n f l e c t i o n a l  p r o f i l e  may o r  may n o t  grow. I t  may r e l a m i n a r i z e  a f t e r  
reat tachment  as a l r eady  mentioned. The non-Blas ius boundary l a y e r  may s u s t a i n  
t u rbu lence  i n  t h e  narrow wake ( f i g .  1 ) .  The wake d ive rges  s l ow l y  and para-  
b o l i c a l l y ,  as a  t u r b u l e n t  d i f f u s i n g  wake w i l l  do when t h e  boundary l a y e r  n e x t  
t o  i t  remains comp le te ly  laminar  and s t a b l e .  A t  some s tage t h e  ne ighbo r i ng  
B l a s i u s  l a y e r ,  t h e  boundary l a y e r  i n  which we a re  I n t e r e s t e d ,  suddenly " a l l o w s "  
t h e  t u rbu lence  t o  spread a long  a  t u r b u l e n t  wedge- f ront ,  maklng an ang le  o f  8" 
t o  11' w l t h  t h e  streamwise d i r e c t i o n .  The beg inn ing  o f  t h e  w ider  spreading 
l o c a t e s  Ree,,,in e m p i r i c a l l y .  The spreading 'IS c a l l e d  t r a n s l t i o n  by t r a n s -  
ve rse  o r  l a t e r a l  contaminat ion.  Note t h a t  t h e r e  i s  n o n t r i v i a l  u n c e r t a i n t y  i n  
p i n p o i n t i n g  t h i s  l o c a t i o n  - a  ma t t e r  o f  s u b j e c t i v e  judgment. For t h e  f l a t  
p l a t e  t h i s  l o c a t i o n  co inc i des  very  n e a r l y  w i t h  t h a t  o f  t h e  T o l l m l e n - S c h l i c h t i n g -  
Schubauer (TS) c r i t i c a l  Reynolds number Recr f o r  t he  growth o f  i n f i n i t e s i m a l  
d i s t u rbances .  Th i s  was n o t i c e d  by D r .  H . L .  Dryden some 9 years be fo re  he 
became head o f  NASA. We then have a  l a r g e  d i s t u rbance  and y e t  i t s  i n i t i a t i o n  
o f  t u rbu lence  I n  a  B las i us  l a y e r  co i nc i des  w l t h  t h e  i n f i n i t e s i m a l  I n s t a b i l i t y  
c r i t e r i o n .  We now know t h a t  t h i s  happens t o  be a  co inc idence ,  though I t  i s  
s t i l l  n o t  understood. 

FLOWS WITH KNOWN Ree,,ln AND Recr 

On spheres and c i r c u l a r  c y l i n d e r s  Rec, and Ree,,qn have a  comp le te ly  
d i f f e r e n t  r e l a t i o n s h i p :  Ree mjn can be s u b s t a n t i a l l y  below Recr. Because o f  
t h e  p ressure  g r a d i e n t  my con jec tu re  i s  t h a t  Ree min depends on Reg - a l l  
unexplored research  t e r r i t o r y .  For p j p e  f l o w s  kecr i s  I n f j n i t e ,  whereas 
Reg f o r  s e l f - s u s t a i n e d  w a l l  b u r s t i n g  j n  so - ca l l ed  t u r b u l e n t  s lugs ( r e f .  6 )  
i s  about 2700. (The f l o w  conf inement i n  p ipes  makes p o s s i b l e  a  d i f f e r e n t  mode 
of steady se l f - sus tenance  o f  t u rbu lence  a t  an Reg o f  about 2200, t h e  p u f f  
t u rbu lence  ( r e f .  6 ) ;  t h i s  t u rbu lence  i s  presumably sus ta ined  by s e l f -  
p e r p e t u a t i n g  i n f l e c t i o n a l  i n s t a b i l i t y  t a k i n g  p l ace  away f r om t h e  w a l l . )  I n  
two-dimensional  P o i s e u i l l e  duc t  f l ows  Recr based on h a l f  o f  t h e  d i s t a n c e  
between t h e  p a r a l l e l  p l a t e s  i s  approx imate ly  5770; growing and convec t ing  t u r -  
b u l e n t  patches, however, a r i s e  spontaneously ( r e f .  7 )  a t  t h e  low Re o f  about  
1500, t h e  e f f e c t i v e  mlnimum Reynolds number. The na tu re  o f  t h i s  t r a n s i t i o n  
remains unknown - another  bypass. The p h y s i c a l  conf inement enhances t h e  r o l e  
o f  unsteady p ressure  f l u c t u a t i o n s ,  which spread e l l i p t i c a l l y  i n  a l l  d i r e c t i o n s  
a t  l a r g e  e f f e c t i v e  r a t e s .  

One unconf ined boundary l a y e r  a l s o  ma in ta ins  cons tan t  th i ckness  and 
t h e r e f o r e  cons tan t  Ree a l l  a long  i t s  l eng th :  t h e  boundary l a y e r  a l ong  
t h e  at tachment  l i n e s  on a  swept wing o f  cons tan t  chord o r  on an i n c l i n e d  l ong  
c y l i n d e r .  For such at tachment l a y e r s  Ree min i s  approx imate ly  100 
( r e f .  8 ) .  whereas t h e  c r i t i c a l  Ree i s  236 ( r e f .  9 ) .  Forced t u r b u l e n t  



spots  a t  Ree below 100 r e l a m i n a r i z e  as they  t r a v e l  a l ong  t h e  b l u n t  lead-  
i n g  edge; c l e a r l y  t h i s  i n f o r m a t i o n  i s  r e l e v a n t  i n  turbomachlnery.  

The i n f o r m a t i o n  i n  t h e  p reced ing  paragraph e s s e n t i a l l y  exhausts our  know- 
ledge concern ing  Ree,,in. Before we go on t o  o t h e r  types o f  bypass, we 
should  comment on an assumption t h a t  i s  o f t e n  h idden i n  t h e  exper imenta l  
accounts .  S ince we a r e  d e a l i n g  w i t h  se l f -sustenance o f  tu rbu lence ,  t h e  momen- 
tum th i ckness  e  should r e f e r  t o  t h e  n o n i n t e r m i t t e n t ,  t u r b u l e n t  boundary 
l a y e r  a t  t h e  g i ven  l o c a t i o n  x. We can o f t e n  measure o r  a t  l e a s t  compute w i t h  
some degree o f  assurance t h e  laminar  v e l o c i t y  p r o f i l e ,  and hence elarn, as a  
f u n c t i o n  o f  x  b u t  n o t  t h e  new t u r b u l e n t  p r o f i l e .  I f  a  laminar  p r o f i l e  were 
t o  t u r n  t u r b u l e n t  " i n s t a n t a n e ~ u s l y ~ ~  a t  t h e  g i ven  x, w i t h o u t  t h e  i n t e r v e n t i o n  o f  
a  drag-produc ing element, e turb would equal  elam. A l l  o f  t h e  Ree,min va lues 
quoted above a r e  understood i n  t h i s  sense. A u s e f u l  d i s c u s s i o n  o f  t h e  r e l a t i o n  
between cont iguous laminar  and t u r b u l e n t  boundary l a y e r s  and o f  t r a n s i t i o n  
t r i p p i n g  dev ices i s  due t o  Preston ( r e f .  10 ) .  F i n a l l y ,  we should observe t h a t  
t h e  mechanism o f  l a t e r a l  con tamina t ion  i s  d i s t i n c t  f rom t h e  mechanism t h a t  
o r i g i n a l l y  caused t h e  tu rbu lence .  L a t e r a l  con tamina t ion  by t u r b u l e n t  wedges 
o r  i n t e r m i t t e n t  t u r b u l e n t  spots i n  boundary l a y e r s  t h e r e f o r e  represen ts  a  
separate  bypass mode t h a t  can be p resen t  anywhere downstream o f  Ree,,),. 
There i s  no t heo ry  nor  even a  crude model f o r ,  say, t h e  ang le  o f  l a t e r a l  con- 
t a m i n a t i o n  as a  f u n c t i o n  o f  p ressure  g r a d i e n t  and Mach number. A t  supersonic 
speeds i t  can be as low as 5". 

BROAD CLASSIFICATION OF LARGE DISTURBANCES 

Large l ldisturbancesll  t h a t  can cause bypass t r a n s i t i o n  I n  o therw ise  
smoothly deve lop ing  boundary l a y e r s  can be steady o r  unsteady and can o r i g i n a t e  
i n  t h e  oncoming stream o r  a t  t h e  body sur face .  One way t o  l ook  f o r  t h e  poten- 
t i a l  causes o f  bypasses o f  a l l  e s t a b l i s h e d  stability t h e o r i e s  i s  t o  ask what 
f e a t u r e s  make p o s s i b l e  t h e  a n a l y s i s  o f  t h e  i n s t a b i l i t y  mechanisms besides t h e  
presence o f  smal l  d i s tu rbances .  I n v a r i a b l y  t h e  base f lows  t h a t  a r e  pe r t u rbed  
t o  s tudy  t h e  i n s t a b i l i t i e s  a re  cha rac te r i zed  by dependence on a  minimum o f  
independent v a r i a b l e s  ( x ,  y, z, and t) and o t h e r  parameter: such as w a l l  cu r -  
v a t u r e  and sweepback. The smoothly d i s t r i b u t e d  v o r t i c i t y  a o f  t h e  base f l o w  
i s  g e n e r a l l y  o r i e n t e d  a long  a  s i n g l e  coord ina te ,  spanwise o r  az imutha l  ( i n  
ax isymmetr ic  shear l a y e r s ) .  The per tu$bat io?s $f t h e  n o n l i n e a r  v o r t i c i t y -  
r o t a t i n g  and - s t r e t c h i n g  source t e rm  a grad(V) i n  t h e  v o r t i c i t y  equa t ion  i s  
then  absent  from t h e  l i n e a r i z e d  p e r t u r b a t i o n  equat ions.  The assoc ia ted  power- 
f u l  i n v i s c i d  v o r t i c i t y - g e n e r a t i n g  mechanism thus  remains i n o p e r a t i v e  i n  t h e  
f i r s t  ( p r i m a r y )  i n s t a b i l i t y .  I f ,  however, t h e r e  i s  a  s u f f i c i e n t l y  l a r g e  steady 
de fo rma t i on  o f  t h e  w a l l  o r  i f  a  s u f f i c i e n t l y  l a r g e  steady secondary f l o w  o r  
shear l a y e r  i n  t h e  stream such as a  wake f r om an upstream s t a t o r  Jn te rac ts  w i t h  
t h e  boundary l a y e r ,  t h e  base f l o w  possesses a  three-d imensional  a t o  s t a r t  
w i t h .  When we p e r t u r b  these f lows ,  t h e  e x t r a  v o r t i c i t y - g e n e r a t i n g  mechanism 
i s  then  p resen t  i n  t h e  p r imary  i n s t a b i l i t y  and i s  l i k e l y  t o  l ead  t o  an e a r l i e r  
t r a n s i t i o n .  The steady l a r g e  d is tu rbances  would cause a  bypass o f  t h e  known, 
analyzed i n s t a b i l i t y  p a t t e r n s .  

S i m i l a r l y  a  l a r g e  unsteady d i s t u rbance  can make t h e  base f l o w  t e m p o r a r i l y  
h i g h l y  uns tab le .  I f  t h e  i n s t a b i l i t y  i s  ve ry  f a s t ,  i t  may be completed be fo re  
t h e  o r i g i n a l  l a r g e  d i s t u rbance  runs i t s  course and thus generate  a  bypass. 
I n f l e c t i o n a l  i n s t a b i l i t i e s  and t h e  r o t a t e - s t r e t c h  mechanism i n  p a r t i c u l a r  can 
be very  r a p i d  i n  many p r a c t i c a l  s i t u a t i o n s .  



The d i s t r i b u t e d  v o r t i c i t y  i n  t h e  base f l o w  may be l i k e n e d  t o  an a m p l i f i e r  
system. Steady and unsteady l a r g e  d is tu rbances  can r e d i s t r i b u t e  t h e  v o r t i c i t y  
enough t o  make t h e  a m p l i f i e r  a c t  more power fu l l y  and i n  new modes n o t  e x c i t a b l e  
i n  t h e  o r i g i n a l  a m p l i f i e r  system. I n  t h e  examples g iven,  t h e  l a r g e  d is tu rbances  
d i d  j u s t  t h a t .  Besides a c t i n g  i n  t h i s  r o l e  of a  m o d i f i e r  o f  t h e  a m p l i f i e r  
system, l a r g e  d is tu rbances  i n v a r i a b l y  p r o v i d e  d i r e c t  i n p u t  i n t o  t h e  a m p l i f i e d  
s i g n a l ,  h i ghe r  i n  i n t e n s i t y  and r i c h e r  i n  spa t io tempora l  s p e c t r a l  con ten t .  
Th is  i s  a l s o  t h e  r o l e  ass igned t o  t h e  nenvironment'l i n  sma l l -d i s tu rbance  
t heo ry .  Unsteady p o t e n t i a l  p ressure  g rad ien t s  ( i n c l u d i n g  sound), en t ropy ,  and 
v o r t i c i t y  f l u c t u a t i o n s  and nonhomogenit ies i n  t h e  s t ream can a l l  i nduce  
uns tab le  v o r t i c i t y  e i gen func t i ons  i n  boundary l a y e r s  th rough  many mechanisms 
b road l y  c a l l e d  r e c e p t i v i t y .  L i n e a r i z e d  q u a n t i t a t i v e  t h e o r i e s  o f  r e c e p t i v i t i e s  
t o  t h e  d i f f e r e n t  s t ream d is tu rbances  a r e  c u r r e n t l y  under development. 

The inc reased  i n t e n s i t y  o f  t h e  d is tu rbances  should make t h e  same p r ima ry  
i n s t a b i l i t i e s  develop f a s t e r  and f a r t h e r  upstream. Th i s  i s  impo r tan t  even 
though n o t  s t r i c t l y  a  bypass behav io r .  However, f i n i t e  ampl i tudes should  open 
up a d d i t i o n a l  threshold-dependent i n s t a b i l i t i e s  i n  t h e  "en la rged  a m p l i f i e r  
system." Many i n t e r a c t i v e  i n s t a b i l i t i e s  ( r e f .  11 ) ,  which a r e  r e l e g a t e d  t o  
secondary i n s t a b i l i t i e s  i n  sma l l -d i s tu rbance  environments,  may emerge as 
p r ima ry  i n s t a b i l i t i e s  and a l t e r  t h e  p a t h  t o  tu rbu lence .  Admi t ted ly ,  many o f  
these  p o s s i b i l i t i e s  a r e  specu la t i ve ,  s imp ly  because no r e l i a b l e  s t ud ies  have 
been repo r t ed  on t h e  i n s t a b i l i t y  c h a r a c t e r i s t i c s  i n  boundary l a y e r s  f o r c e d  by 
l a r g e  three-d imensional  d i s tu rbances ,  i n  which a t  l e a s t  two o f  t h e  t h r e e  rms 
f l u c t u a t i o n  l e v e l s  u ' ,  v ' ,  and w' exceed 3 percen t  o f  t h e  mean f ree-s t ream 

' v e l o c i t y  Ue. I f  we compare these 3-percent magnitudes t o  those p resen t  a t  
t h e  onset  o f  t u rbu lence  i n  a  B las i us  l a y e r  a t  t h e  He rbe r t  breakdown ( r e f .  11) .  
we can a p p r e c i a t e  b e t t e r  t h e  p o s s i b i l i t i e s  o f  I n t e r a c t i v e  i n s t a b i l i t i e s .  These 
l a t t e r  d i s tu rbances  correspond rough l y  t o  a  umax o f  t h e  fundamental TS wave 
o f  t h e  o rde r  o f  0.01 Ue and t o  s i m i l a r  ampl i tudes o f  t h e  resonant  skew sub- 
harmonic and of t h e  r e s t  of t h e  broadband spectrum. S ince rms f l u c t u a t i o n s  
add i n  t h e  square, t h e  f o r c i n g  l a r g e  d is tu rbances  w i t h  nonresonant u '  % 0.03 
Ue exceed t h e  d is tu rbances  i n  observed cases o f  i n c i p i e n t  t u rbu lence .  
H e r b e r t ' s  f n t e r a o t i o n  can beg in  a t  l e v e l s  o f  t h e  fundamental u '  % 0.006 Ue 
and t h e  subharmonic a t  u '  % 0.0006 Ue. I n  v iew o f  such i n d i r e c t  i n f o r m a t i o n  
t h e  l i k e l i h o o d  o f  i n t e r a c t i v e  i n s t a b i l i t i e s  becoming p r ima ry  appears q u i t e  
p l a u s i b l e .  Ment ion ing  such p o s s i b i l i t i e s  i s  in tended  p r i m a r i l y  t o  s t i m u l a t e  
t h e  imag ina t i on  o f  those  embarking on research  i n t o  l a r g e  d is tu rbances ,  and n o t  
as a  p r e d i c t i o n .  

LARGE WALL DISTORTIONS AND HORSESHOE VORTICES 

We have e s t a b l i s h e d  t h a t  l a r g e  d is tu rbances ,  steady o r  unsteady, a t  t h e  
body su r f ace  o r  i n  t h e  stream, enhance and mod i fy  t h e  v o r t i c i t y - a m p l i f y i n g  
system and i n  a d d i t i o n  supply  more i n t e n s e  and s p e c t r a l l y  r i c h e r  f l u c t u a t i o n s ,  
which a r e  a m p l i f i e d .  L e t  us go back t o  t h e  v i s u a l  evidence o f  concre te  
examples; we s t a r t  w i t h  s t r ong  d is tu rbances  due t o  w a l l  de fo rmat ion  - a  more 
d e t a i l e d  e l a b o r a t i o n  o f  t h e  phenomena l e a d i n g  g r a d u a l l y  t o  t h e  t o p  p a t t e r n  of 
f i g u r e  1 . -  and con t i nue  w i t h  even s t ronger  d is tu rbances .  The m o t i v a t i o n  f o r  
t h e  cho i ce  o f  t h i s  example i s  m u l t i p l e .  F i r s t ,  t h e  f i x i t y  o f  w a l l  deformat ions 
makes e v i d e n t  many modes o f  v o r t i c i t y  behav io r  t h a t  cannot be e a s i l y  pho to - ,  
graphed and analyzed when t h e  s t r ong  d is tu rbances  a r e  convected w i t h  t h e  
stream. Second, a  ve ry  damaging d i s t u rbance  i n  turbomachinery  i s  assoc ia ted  
w i t h  a  horseshoe v o r t e x  formed a t  t h e  i n t e r s e c t i o n  o f  t h e  b lades o r  vanes w i t h  
t h e  hub o r  cas i ng  w a l l .  Our example dea ls  w i t h  a  c i r c u l a r  c y l i n d e r  t h a t  



p ro t rudes  t o  an i n c r e a s i n g  h e i g h t  k  i n t o  and u l t i m a t e l y  th rough  t h e  laminar  
boundary l a y e r  o f  th i ckness  6 .  Since smoke t r a c e r s  do n o t  pene t ra te  i n t o  a l l  
o f  t h e  reg ions  o f  i n t e r e s t ,  we s h a l l  precede t h e  photographs w i t h  two comple- 
mentary sketches o f  t h e  f l ows  o f  i n t e r e s t  ( f i g s .  2  and 3) due t o  Gregory and 
Walker ( r e f .  12) and t o  Char les R. Smi th  of Leh igh U n i v e r s i t y .  These sketches 
a r e  based on numerous observa t ions ,  w i t h  d i f f e r e n t  t r a c e r s  i n t r oduced  a t  d i f -  
f e r e n t  l o c a t i o n s ,  and represen t  a  consensus o f  most observers .  

To my knowledge t h e  Gregory-Walker ske tch  i s  h i s t o r i c ;  i t  gave t h e  f i r s t  
three-d imensional  topography o f  separated f l o w  around a  three-d imensional  p ro -  
tuberance. Also,  as a  r e s u l t ,  ou r  i n t u i t i v e  concept o f  separa t ion ,  n u r t u r e d  
by quasi- two-dimensional  tex tbook  examples, r e q u i r e s  r e v i s i o n  t o  a l l o w  f o r  
t h rough f l ow  and p a r t i a l  openness o f  t h e  " l o c a l  pockets  o f  separa t ion" :  t h e  
sepa ra t i on  su r f ace  has " i n l e t s I i  and A cen t ra l - p l ane  s t reaml ine ,  j u s t  
above t h a t  shown approaching t h e  protuberance i n  f i g u r e  2 (b ) ,  comes t o  a  s tag-  
n a t i o n  p o i n t  S t ,  where t h e  h i g h e s t  p ressure  i s  exper ienced on t h e  su r f ace  o f  
t h e  obs tac l e .  Pressure g rad ien t s  on t h e  o b s t a c l e  f rom S t  toward t h e  w a l l  
p rope l  t h e  r o l l u p  o f  t h e  open s l i c e  o f  t h e  v o r t i c a l  boundary l a y e r  f rom t h e  
w a l l  t o  t h e  d i v i d i n g  stream sur face ,  which has S' as i t s  h i g h  p o i n t .  The 
r e s u l t a n t  horseshoe v o r t e x  H  d i v e r t s  t h e  i n i t i a l  w, v o r t i c i t y  i n t o  t h e  
two s p i r a l i n g  v o r t i c i t y  tubes o r i e n t e d  i n  t h e  x  d i r e c t i o n .  The s l i c e  o f  t h e  
oncoming boundary l a y e r  above t h e  d i v i d i n g  s t ream su r f ace  through S '  forms 
t h e  s i d e  and t o p  shear l aye rs ,  which a r e  s t a b l e  a t  t h e  low Reynolds number 
p o r t r a y e d  here.  I n  steady f l o w  these shear l a y e r s  e f f e c t  an incomplete  c l o s u r e  
o f  t h e  near  wake a long  a  h i ghe r  p ressure  dashed l i n e  th rough  S  a t  t h e  w a l l ,  
a  ve ry  complex r e a r  s i n g u l a r i t y .  The t o p  r e a r  su r f ace  o f  t h i s  steady t h ree -  
d imensional  sepa ra t i on  pocket  i s  p i e r ced  by a  steady o u t f l o w  i n  t h e  f o rm  o f  two 
weak s p i r a l  v o r t i c e s  ( e v i d e n t  i n  a l l  t h r e e  p r o j e c t i o n s ) .  The i n f l o w  i n t o  t h e  
s l o w l y  r e c i r c u l a t i n g  r e a r  "separated"  r e g i o n  comes p a r t l y  f r om  t h e  i n n e r  seg- 
ments o f  t h e  s i d e  and t o p  shear l a y e r s  and p a r t l y  through two symmetric back 
openings i n  t h e  w a l l  ( f i g s .  2(a) and ( b ) ) .  The two arms o f  t h e  horseshoe 
v o r t e x  tube  l i f t  o f f  t h e  w a l l  as they  a r e  f o r c e d  t o  r o t a t e  around t h e  obs tac l e  
and open two symmet r i ca l l y  l oca ted  " i n l e t s . I i  

The Reynolds number Rek t h a t  governs t h e  f l o w  around obs tac les  i s  
d e f i n e d  as (Ukk) /v ,  where Uk i s  t h e  boundary- layer  v e l o c i t y  a t  t h e  o b s t a c l e  
h e i g h t  k  i n  t h e  absence o f  t h e  obs tac l e  and v i s  t h e  dynamic v i s c o s i t y .  
The compl icated f l o w  descr ibed  above and dep i c t ed  i n  f i g u r e  2  i s  s t a b l e  a t  
Rek o f  300 t o  450, depending on t h e  shape o f  t h e  obs tac l e  and t h e  p ressure  
g r a d i e n t  a long  t h e  w a l l .  As f a r  as we know, a l l  symmetric protuberances a t  low 
Reynolds numbers have f l o w  f i e l d s  t o p o l o g i c a l l y  s i m i l a r  t o  t h a t  dep i c t ed  i n  
f i g u r e  2. These f l ows  a r e  t h e  base f l ows  t h a t  would have t o  be pe r t u rbed  i f  
we were t o  s tudy t h e i r  s t a b i l i t y  a n a l y t i c a l l y .  A t  p resen t  n o t  even advanced 
computers can r e s o l v e  such d e t a i l s  o f  t h e  base f l ows  as t h e  s p j r a l  v o r t i c e s  and 
t h e  w a l l  i n l e t s .  The r e s u l t i n g  i n s t a b i l i t i e s  w i l l  have t o  be s p e c i f i e d  empir-  
i c a l l y .  Because o f  t h e  complex f l o w  geometry they  bypass previously analyzed 
p a t t e r n s .  Here we a r e  f o l l o w i n g  t h e  v i s u a l  evidence t o  o b t a i n  a  l l feel l l  f o r  
what can happen i n  f i e l d s  generated by l a rge ' d i s t u rbances .  

TRANSITION CAUSED BY ISOLATED THREE-DIMENSIONAL EXCRESCENCES 

As Rek grows p a s t  300 t o  450 (depending on obs tac l e  shape) t h e  weak 
t o p  s p i r a l  v o r t i c e s  s t reng then  and beg in  t o  weave c l o s e r  and c l o s e r  t o  t h e  r e a r  
sepa ra t i ng  su r face .  Wi th  r i s i n g  Rek t h e  sepa ra t i ng  su r f ace  becomes unsteady 
and soon sheds p e r l o d i c  i n t e r t w i n e d  h a i r p i n  v o r t i c e s  ( f i g .  3 ) .  L i f t  i s  exer ted  



on t h e  h a i r p i n  loops  by t h e  boundary l a y e r ,  and t h e  loops move toward t h e  edge 
o f  t h e  boundary l a y e r  as they  a r e  convected downstream. Norman ( r e f .  13) 
measured l o c a l  ui/Ue as h i g h  as 0.04 a t  d i s t ances  30k t o  40k ( k  = h e i g h t  
l e n g t h )  downstream o f  t h e  protuberance w i t h o u t  any subsequent i n s t a b i l i t y  t h a t  
would render  t h i s  complex p e r i o d i c  f l o w  t u r b u l e n t .  Under these c o n d i t i o n s  t h e  
p a t t e r n  decays and t r a n s i t i o n  occurs f a r  downstream, u s u a l l y  th rough  p r imary  
TS and subsequent secondary and t e r t i a r y  i n s t a b i l i t i e s .  There i s ,  however, 
some evidence t h a t  t h e  f a r  wake o f  t h e  l a r g e  d i s t u rbance  caused by t h e  p ro -  
tuberance c o n t r i b u t e s  t o  a  somewhat e a r l i e r  growth o f  t h e  TS and secondary 
i n s t a b i l i t i e s .  

As Rek reaches 550 t o  650, depending on t h e  shape o f  t h e  obs tac le ,  
w i t h  xk p a s t  Recr, t h e  t r a n s i t i o n  s t a r t s  moving upstream very  r a p i d l y .  
An increment  o f  20 i n  Rek may ha l ve  t h e  X t r , ~  - xk d i s t ance  t o  t r a n s i t i o n .  
Th i s  r a t e  decreases as x t r  approaches xk a s y m p t o t i c a l l y .  As we s h a l l  see 
s h o r t l y ,  t r a n s i t i o n  w i l l  remain near t h e  obs tac l e  a l though  new i n s t a b i l i t i e s  
w i l l  appear as Rek inc reases .  The n a t u r e  of t h e  i n s t a b i l i t y  t h a t  b r i n g s  on t h e  
r a p i d  fo rward  movement o f  x t r  i s  c u r r e n t l y  be ing  i n v e s t i g a t e d  by P. K l ebano f f .  
It bears resemblance t o  t h e  f i n a l  i n s t a b i l i t y  i n  t h e  t r a n s i t i o n s  commencing 
w i t h  TS waves as t h e  p r imary  i n s t a b i l i t y .  The f i n a l  Nburs t i '  takes p l a c e  near 
t h e  w a l l ,  p robab ly  as an i n t e r a c t i o n  o f  t h e  horseshoe v o r t e x  and t h e  i n t e r t -  
wined l egs  o f  t h e  h a i r p i n  v o r t i c e s ;  s t r e t c h i n g  o f  these l egs  by convec t ion  and 
l i f t i n g  o f  t h e  loops ( f i g .  3)  should p r o v i d e  e x t r a  i n t e n s i f i c a t i o n .  

I n  f i g u r e  4 (a ) ,  due t o  Norman ( r e f .  13 ) ,  x t r  i s  f a r  downstream o f  t h e  
p r o t r u d i n g  c y l i n d e r .  Any smoke t h a t  may have pene t ra ted  t h e  wake was d i f f u s e d  
by t h e  mot ions o f  t h e  h a i r p i n  loops o f  f i g u r e  3. The horseshoe v o r t e x  i s  
c l e a r l y  upstream o f  t h e  c y l i n d e r ;  downstream, a l ong  t h e  i n n e r  edge o f  t h e  arms 
o f  t h e  horseshoe vor tex ,  weak p e r i o d i c  undu la t i ons  i n d i c a t e  t h e  i n f l u e n c e  o f  
t h e  unseen loops.  I n  f i g u r e  4 (b ) ,  t h e  i n t e r a c t i o n  w i t h  t h e  moving h a i r p i n  
v o r t i c e s  i s  c l e a r l y  v i s i b l e  a t  t h e  i n n e r  boundary o f  t h e  horseshoe v o r t e x  
tubes .  The wake spreading i s  s t i l l  p a r a b o l i c ,  b u t  x t r  must be approaching 
t h e  downstream end o f  t h e  photograph. I n  f i g u r e  4 ( c ) ,  t u rbu lence  s t a r t s  near  
t h e  end o f  t h e  sepa ra t i on  and spreads a l ong  a  n e a r l y  s t r a i g h t  t u r b u l e n t  wedge 
f r o n t ,  as d iscussed i n  connect ion w i t h  f i g u r e  l ( a ) .  

I n  f i g u r e  4, Rek was changed by i n c r e a s i n g  Ue and keeping t h e  h e i g h t  
cons tan t  and equal  t o  t h e  d iameter  o f  t h e  c y l i n d e r .  Except f o r  f i g u r e  4 ( c ) ,  
Recr was downstream o f  xk. I n  f i g u r e  5, t h e  h e i g h t  k  and t h e  c y l i n d e r  diame- 
t e r  were inc reased  i n  a  cons tan t  boundary l a y e r ,  keeping k/D equal  t o  u n i t y .  
I n  f i g u r e  5 (a ) ,  t h e  l a r g e r  d i s t u rbance  o f  t h e  c y l i n d e r  p r o t r u d i n g  th rough  t h e  
boundary l a y e r  i s  seen t o  generate  two a d d i t i o n a l  horseshoe v o r t i c e s  upstream 
o f  t h e  c y l i n d e r .  S imul taneous ly ,  we w i tness  t h e  appearance o f  a  new t y p e  o f  
i n s t a b i l i t y  on t h e  i n n e r  horseshoe. Th is  s p i r a l  i n s t a b i l i t y  now governs t h e  
t r a n s i t i o n  t o  t u rbu lence  as i t s  dominant f a c t o r .  But t h e  horseshoe v o r t i c e s  
beg in  t o  o s c i l l a t e  as Rek i s  increased.  Conf igurat i 'ons o f  f o u r  horseshoe 
v o r t i c e s  co l l apsed  p e r i o d i c a l l y ,  as i f  t h e  i n n e r  one b roke  and convected away, 
w h t l e  t h e  o the rs  moved up by one, an occurrence l a b e l e d  i iburping.t i  Three- 
v o r t e x  c o n f i g u r a t i o n s  burped occas iona l l y ,  presumably because o f  l a r g e r  random 
modu la t ion  o f  f ree -s t ream d is tu rbances ,  which must i n t r o d u c e  t h e  unsteadiness 
i n t o  f i x e d - o b s t a c l e  i n s t a b i l i t i e s .  Th i s  behav io r  i s  p robab ly  p resen t  i n  t h e  
horseshoe v o r t i c e s  formed a t  t h e  i n t e r s e c t i o n  o f  t h e  b lades o r  vanes w i t h  t h e  
hub o r  cas j ng  w a l l  i n  turbomachinery.  I f  t h e  c o n f i g u r a t i o n  burped, l e t t i n g  
l oose  some f l u i d  t h a t  was n e x t  t o  t h e  w a l l  and r e p l a c i n g  i t  w i t h  f r e s h  f l u i d ,  
a  c o n d i t i o n  o f  h i g h  heat  t r a n s f e r  would be c rea ted .  Unsteady mot ion  a t  t h e  



e q u i v a l e n t  o f  t h e  s t agna t i on  p o i n t  S '  i n  f i g u r e  2 (b )  a l s o  generates h i g h  
l o c a l  heat  t r a n s f e r .  Th is  i s  compounded by i n t e r s e c t i n g  shock waves a t  super- 
son ic  and hypersonic  speeds; s p e c i a l  t a i l o r i n g  of l o c a l  geometry i s  needed t o  
p r o t e c t  t h e  r o o t s  o f  c o n t r o l  f i n s  on high-speed v e h i c l e s  ope ra t i ng  a t  lower  
a l t i t u d e s .  

I n  f i g u r e  5 ( c ) ,  t h e  d i s t u rbance  i s  so s t r o n g  t h a t  t r a n s i t i o n  a c t u a l l y  
occurs on t h e  horseshoe v o r t i c e s  as t hey  f o rm  i n  f r o n t  o f  t h e  obs tac le .  There 
i s  l i t t l e  p r o b a b i l i t y  t h a t  such i n s t a b i l i t y  and t r a n s i t i o n  can be handled w i t h  
con f idence  compu ta t i ona l l y  f o r  decades. A l l  o f  t h e  p reced ing  i l l u s t r a t i o n s  o f  
bypass t r a n s i t i o n  were f o r  r e l a t i v e l y  l ow  Reynolds numbers f o r  two reasons. 
F i r s t ,  bypasses a r e  expected t o  occur a t  t h e  lower  Reynolds numbers between 
Recr and Ree min ( i f  these can be es t ima ted ) .  Second, we a r e  a b l e  t o  
observe t h e  o therw ise  undescr ibab le  comp lex i t y  o f  t h e  mot ions and t h e  m u l t i -  
p l i c i t y  o f  i n s t a b i l i t i e s  and thus a c q u i r e  some ' I fee l1 l  f o r  what may be i n  s t o re .  

A t  h i ghe r  body Reynolds numbers these  events w i l l  move toward t h e  l e a d i n g  
edge and be l o s t  t o  t h e  r e s o l u t i o n  o f  ou r  v i s u a l i z a t i o n  techniques.  Neverthe- 
l e s s ,  t o  t h e  e x t e n t  t h a t  we have accounted f o r  t h e  dominant c h a r a c t e r i s t i c  
l e n g t h  and v e l o c i t y  sca les,  we can e x t r a p o l a t e  t h e  p resen t  lessons t o  p r a c t i c a l  
s i t u a t i o n s ,  a t  l e a s t  q u a l i t a t i v e l y ,  th rough  t h e  a p p r e c i a t i o n  f o r  t h e  mechanisms 
t h a t  may be i nvo l ved .  Such a p p r e c i a t i o n  i s  a  p r e r e q u i s i t e  f o r  des ign ing  o f  
meaningfu l  exper iments i n  t h e  rea lm o f  l a r g e  d is tu rbances .  

We may ask what would happen i n  these  cases o f  l a r g e  w a l l  d i s tu rbances  i f  
we added s t r onge r  f ree-s t ream tu rbu lence .  I t  depends on whether t h e  l o c a l  
f l ows  i n  f i g u r e  4  can s u s t a i n  t u rbu lence  once i t  i s  t r i g g e r e d ;  i n  o t h e r  words 
a r e  t h e  f l ows  i n  t h e  horseshoe v o r t e x  and a t  t h e  sepa ra t i on  su r face  above t h e i r  
own Remin? Since these f lows  a l r eady  have three-d imensional  v o r t i c i t y  and 
l o c a l l y  i n f l e c t i o n a l  p r o f i l e s ,  t h e  t u rbu lence  migh t  be sus ta i nab le  i n  f i g u r e s  
4 (a )  and ( b )  w i t h o u t  p ropaga t ing  i n t o  t h e  ne ighbo r i ng  laminar  l a y e r  by l a t e r a l  
con tamina t ion  as occurred upstream o f  Recr i n  f i g u r e  l ( a ) .  The l o c a l  heat  
t r a n s f e r  a t  t h e  obs tac l e  would then  r i s e  s u b s t a n t i a l l y .  I f  i n  t h e  case o f  
f i g u r e  4 ( a ) ,  say, Remin were n o t  reached, t h e  heat  t r a n s f e r  i n  t h e  presence 
o f  h i ghe r  f ree--stream d is tu rbances  would r i s e  much l e s s  because i t  would remain 
governed by laminar  conduct ion sca les.  The a d d i t i o n a l  unsteadiness imposed by 
t h e  e x t e r n a l  f ree -s t ream tu rbu lence  i s  then  l i k e l y  t o  b r i n g  about a  second- 
o rde r  e f f e c t .  

EFFECT OF A WAKE IMPINGING ON A BLUNT BODY 

L e t  us now cons ider  what lessons we can draw f r om a  few exper iments w i t h  
moderate d is tu rbances  coming f rom t h e  f r e e  s t ream toward a  body w i t h o u t  t h e  
d i s t u r b i n g  w a l l  de fo rmat ion  j u s t  d iscussed.  For l a r g e r  stream d is tu rbances  t h e  
r e g i o n  o f  concern i s  u s u a l l y  t h e  l e a d i n g  edge, e s p e c i a l l y  when t h e  oncomlng 
f l u i d  i s  ho t ,  whether i n  p r o p u l s i v e  and c o o l i n g  dev ices o r  downstream o f  a  
s t r o n g  shock i n  supersonic f l i g h t .  F i g u r e  6, due t o  Hodson and Nagib 
( r e f .  14 ) ,  shows schemat ica l l y  how a  low-Re wake f rom an upstream c y l i n d e r  o f  
d iameter  d  causes a  p a i r  o f  horseshoe v o r t i c e s  i n  t h e  s tagna t i on  r e g i o n  o f  a  
c i r c u l a r  o r  r ec tangu la r  c y l i n d e r  o f  b read th  D. I n  1973 i t  occurred t o  me t h a t  
a  momentum d e f e c t  I n  a  stream imp ing ing  a t  r i g h t  ang les t o  t h e  s tagna t i on  l i n e  
SR-S o f  a  two-dimensional  body should generate  horseshoe v o r t i c e s  j u s t  l i k e  t h e  
momentum d e f e c t  i n  a  boundary l a y e r  does as t h e  h igh-pressure r e g i o n  o f  t h e  
p r o t r u d i n g  c y l i n d e r  i s  approached i n  f i g u r e  4. The n e x t  day Nagib and Hodson 
produced v i s u a l  evidence o f  t h e  phenomenon and l a t e r  went on t o  document i t s  



n o n l i n e a r  onset  and i t s  i m p l i c a t i o n  f o r  hea t  t r a n s f e r .  The s tagna t i on  p ressure  
a l ong  St, on t h e  s ides  o f  t h e  wake, induces f l o w  down t h e  p ressure  g r a d i e n t  
toward t h e  f u l l  s t agna t i on  p o i n t  a t  S. When t h e  p ressure  a t  S  exceeds su f -  
i c i e n t l y  t h e  s t agna t i on  p ressure  assoc ia ted  w i t h  t h e  s t r eam l i ne  of l e a s t  momen- 
tum, such as t h a t  l e a d i n g  t o  Sf, t h e r e  i s  c o u n t e r f l o w  and horseshoe v o r t e x  
f o rma t i on .  (See a l s o  Morkov in  ( r e f .  15) f o r  a  d e t a i l e d  d?scuss ion  of t h e o r e t i -  
c a l  and exper imenta l  evidence o f  i n s t a b i l i t i e s  i n  s t agna t i on  reg ions  and t h e  
e m p i r i c a l  t h r e s h o l d  cu rve  f o r  t h e  v o r t e x  f o rma t i on  o f  Hodson and Nagib.) 

One o f  t h e  Hodson-Nagib dye v i s u a l i z a t i o n s  i n  water  o f  t h e  v o r t e x  p a i r  i n  
f r o n t  o f  t h e  f l a t  f ace  (dark  v e r t i c a l  l i n e  on l e f t )  i s  shown a t  t h e  t o p  o f  
f i g u r e  7. The h o r i z o n t a l  dye l i n e  marks t h e  cen te r  o f  t h e  steady laminar  wake 
o f  a  r o d  a t  Red = 30; t h e  body Reynolds number ReD = 1040 has o n l y  second- 
a r y  i n f l u e n c e .  Heat can be c a r r i e d  t o  and f r om t h e  body on a  l a r g e  nonmolecu- 
l a r  sca le ,  and i t s  t r a n s f e r  has l o c a l  spanwise maximums and minimums. These 
can be q u i t e  h i g h  and cou ld  cause l o c a l  damage. I n  steady f l o w  t h e  s p a t i a l l y  
averaged hea t  t r a n s f e r  a long  t h e  l e a d i n g  edge appears t o  be o f  second o rder ,  
acco rd i ng  t o  Hodson and Nagib ( r e f .  14 ) .  

UNSTEADY EFFECTS AND HEAT TRANSFER 

The average hea t  t r a n s f e r  increases w i t h  unsteadiness.  I n  t h e  lower  h a l f  
o f  f i g u r e  7 where Red = 365 and t h e  wake i s  weakly t u r b u l e n t ,  horseshoe v o r t i -  
ces a r e  s t i l l  fo rming b u t  they  dance back and f o r t h .  The b l u e  dye (B)  and t h e  
y e l l o w  dye ( Y )  o r i g i n a t e  f a r  upstream and pass j u s t  below and above t h e  wake- 
gene ra t i ng  rod .  Desp i te  t h e  t u rbu lence  and s l i g h t  three-dimensionality o f  t h e  
wake, b o t h  dyes a r e  drawn i n t o  t h e  two-dimensional  f rom t h e  r e g i o n  
o f  h i g h  s t a g n a t i o n  pressure,  as suggested i n  t h e  lower  h a l f  o f  f i g u r e  6. 

F i g u r e  8 f ea tu res  frames f rom a  Hodson-Nagib f i l m .  A t  Red = 90 t h e  wake, 
111 d iameters  downstream f rom t h e  rod, has decayed cons iderab ly  t o  ui/Ue o f  
t h e  o rde r  o f  0.02 t o  0.03. The c o n d i t i o n  o f  a  r e g u l a r  f o rma t i on  o f  Karman 
v o r t e x  s t r e e t  a t  approx imate ly  40 Hz was chosen so t h a t  t h e  c o n t r a s t  caused by 
a  sudden a d d i t i o n a l  d i s t u rbance  would be r e a d i l y  p e r c e p t i b l e .  The sudden d i s -  
tu rbance  was caused by a  s i n g l e  water  drop f a l l i n g  on t h e  su r f ace  o f  t h e  wa te r  
h a l f  a  channel h e i g h t  above t h e  rod.  The e f f e c t  o f  t h e  d i s t u rbance  c o n s i s t s  
p r i m a r i l y  o f  a  sudden change i n  t h e  phase r a t h e r  than  i n  t h e  amp l i tude  o f  t h e  
o s c i l l a t o r y  wake; t h e  phase change i s  marked by t h e  l e t t e r  P i n  f i g u r e  8. 
We can f o l l o w  i t  as i t  progresses toward t h e  f l a t  f ace  o f  t h e  r ec tangu la r  
c y l i n d e r  a t  t h e  dark  v e r t i c a l  l i n e  on t h e  l e f t  s i d e  o f  t h e  frames. The heads 
o f  t h e  o s c i l l a t i n g  p a i r  o f  v o r t i c e s  beg in  t o  be a f f e c t e d  a t  t = 0.24 sec. The 
e v i d e n t l y  f o r c e f u l  e j e c t i o n  o f  a  s i n g l e  horseshoe v o r t e x  a t  t = 0.44 sec and 
f u r t h e r  s t r o n g  v o r t i c i t y  i n t e r a c t i o n s  l e a d i n g  t o  two sma l l e r  horseshoe v o r t i c e s  
a t  t = 0.55 sec were n o t  p r e v i o u s l y  observed and a r e  i n i t i a l l y  s u r p r i s i n g .  
They t e s t i f y  t o  t h e  s t r e n g t h  o f  p o s s i b l e  v o r t i c a l  interactions when d i s t r i b u t e d  
v o r t i c i t y  i s  a l lowed t o  concen t ra te  l o c a l l y  th rough  i n s t a b i l i t y  r o l l u p s .  The 
w a l l  g r a d i e n t s  assoc ia ted  w i t h  such unsteady developments e s p e c i a l l y  i n  t h e  
l a s t  two frames o f  f i g u r e  8 a r e  bound t o  produce h i g h  hea t  t r a n s f e r  r a t e s .  Yet 
t h e  f l o w  i s  i n  no sense t u r b u l e n t .  Th i s  i s  r e g u l a r  laminar  behav io r  except  f o r  
t h e  sudden phase change. The phase change a l t e r s  t h e  ongoing i n t e r a c t i o n s ,  
which f o l l o w  t h e  B io t -Sava r t  law. We no te  t h a t  a  f i l m  was necessary t o  cap tu re  
e f f e c t s  due t o  f ree -s t ream d is tu rbances .  There a r e  few such f i l m s .  By focus-  
i n g  f i r s t  on l a r g e  d is tu rbances  due t o  steady w a l l  deformat ions new e f f e c t s  
cou ld  be cap tu red  r a t h e r  e a s i l y  because o f  t h e  f i x i t y  o f  t h e  d is tu rbance .  
There i s  reason t o  b e l i e v e  t h a t  an e q u a l l y  r i c h  a t l a s  o f  i n t e r a c t i o n s ,  beyond 



those  o f  f i g u r e s  7  and 8, awa i ts  researchers  i n t o  l a r g e  steady and unsteady 
f ree-s t ream d is tu rbances .  

ROLE OF LOCAL SEPARATIONS 

Th i s  i s  an opportune occas ion t o  r e i n f o r c e  t h e  e a r l i e r  statements concern- 
i n g  l o c a l  sepa ra t i on  as an impo r tan t  e f f e c t  o f  l a r g e  d is tu rbances ,  steady o r  
unsteady. Obvious ly  t h e  f o rma t i on  o f  sepa ra t i on  pockets cannot be l i n e a r i z e d .  
We have seen l o c a l  separa t ion  p l a y  impo r tan t  r o l e s  i n  roughness cases ( i n  f a c t ,  
p r a c t i c a l l y  i n  a l l  roughness phenomena) and i n  horseshoe v o r t e x  f o rma t i on  a t  
three-d imensional  obs tac les  as w e l l  as a t  b l u n t  l e a d i n g  edges. We should add 
quasi-two-dimensional l o c a l  separa t ions  a t  l o c a t i o n s  o f  r a p i d  changes o f  curva-  
t u r e ,  o f t e n  c a l l e d  leading-edge bubbles o r  laminar  bubbles even though t h e  
c l o s u r e  o f  t h e  bubble  i s  g e n e r a l l y  t u r b u l e n t .  The e f f e c t i v e  mechanism here  i s  
i n f l e c t i o n a l  i n s t a b i l i t y .  Th in  blades and a i r f o i l s  i n v a r i a b l y  have sepa ra t i on  
bubbles.  I n  some cases they  a r e  most e f f i c i e n t  i n  making t h e  boundary l a y e r  
t u r b u l e n t  and thus  p reven t i ng  s t a l l  l osses  i n  turbomachinery,  pumps, and fans.  

Even f o r  c a r e f u l l y  designed b lades,  f ree -s t ream d is tu rbances  w i t h  l a r g e r  
v e l o c i t y  components pe rpend i cu l a r  t o  t h e  l e a d i n g  edge, steady o r  unsteady, may 
generate  sepa ra t i on  bubbles l o c a l l y  and t e m p o r a r i l y .  Pa r t  o f  t h e  research on 
bypass t r a n s i t i o n  should i n v e s t i g a t e  c a r e f u l l y  t h e  l o c a l  behav io r  when wakes 
f r om upstream a r e  f l cu t t i ng t l  across sharp and b l u n t  l ead ing  edges o f  su r faces  
a t  va r i ous  angles so as t o  systemat ize and g e n e r a l i z e  t h e  i n s i g h t s  o f  Hodson 
and Nagib.  

Even when t r a n s i t i o n  i s  n o t  caused j u s t  p a s t  t h e  l e a d i n g  edge, l a r g e  
steady and unsteady streamwise v o r t i c i t y ,  generated there ,  a f f e c t s  t r a n s i t i o n  
downstream. A s i g n i f i c a n t  r e l a t e d  obse rva t i on  was made by Kendal l  ( r e f .  16) 
i n  h i s  f i g u r e  5. H i s  turbu lence-produc ing g r i d  was made o f  s lender  v e r t i c a l  
rods p laced  i n  t h e  s e t t l i n g  chamber some meters upstream o f  t h e  measuring 
s t a t i o n  above a  h o r i z o n t a l  f l a t  p l a t e  i n  t h e  t e s t  sec t i on .  A t  such d i s t a n c e  
t h e  i n t e n s i t y  ul/Ue i n  t h e  f r e e  stream had decayed t o  0.11 percen t  and was 
u n i f o r m  across t h e  span. However, i n s i d e  t h e  boundary l a y e r  t h e  i n t e n s i t y  
v a r i e d  r e g u l a r l y  f rom 0.15 t o  0.23 pe rcen t  a t  spanwise i n t e r v a l s  s e t  by t h e  
3.2-mm-diameter rods i n  t h e  s e t t l i n g  chamber. Kenda l l  found t h e  h o r i z o n t a l  
component u '  t o  be ou t  o f  phase below and above t h e  p l a t e .  Somehow, t h e  u '  
and w' f l u c t u a t i o n s  i n  t h e  r od  wakes, an t i symmet r i c  i n  t h e  z  d i r e c t i o n ,  
were conver ted i n t o  mot ions an t i symmet r i c  i n  t h e  y  d i r e c t i o n ,  perhaps a t  t h e  
l e a d i n g  edge o r  th rough  v o r t i c i t y  s t r e t c h i n g  by t h e  9 : l  c o n t r a c t i o n .  How t h e  
r e s u l t i n g  an t i symmet r i c  mot ion  o f  t h e  s t a g n a t i o n  p o i n t  on t h e  6:0.5 e l l i p t i c  
nose o f  t h e  p l a t e  was r e l a t e d  t o  t h e  spanwise nonun i f o rm i t y  i s  n o t  c l e a r .  We 
a l s o  know t h a t  i n  ve ry  low-d is turbance environments s i g n i f i c a n t  streamwise 
v o r t i c i t y  somehow forms i n  boundary l a y e r s  ( r e f .  17)  and acce le ra tes  t h e  
G o r t l e r  and c r o s s f l o w  p r imary  i n s t a b i l i t i e s  and t h e  secondary i n s t a b i l i t i e s  
i n i t i a t e d  by TS waves. The cause must be sought i n  t h e  impe r fec t  geometry o f  
t h e  l e a d i n g  edge o r  i n  i t s  i n t e r a c t i o n  w i t h  f ree -s t ream d is tu rbances .  Any n i c k  
i n  t h e  l e a d i n g  edge c rea tes  a  p a i r  o f  streamwise v o r t i c e s ,  and p o s s i b l y  a  
bypass t r a n s i t i o n .  

I n  two-dimensional  bubbles t h e  r o l l e d - u p  v o r t i c i t y  o f  t h e  separated shear 
l a y e r  serves as a  r a p i d  t u r b u l i z e r .  I f  t h e  l e a d i n g  edge i s  swept o r  o the rw i se  
moves a t  a  skew ang le  w i t h  r espec t  t o  t h e  l o c a l  stream, t h e  bubble acqu i res  a 
t h rough f l ow  v e l o c i t y  component a l ong  i t s  a x i s .  Such fo rmat ions  may grow i n t o  



concen t ra ted  v o r t i c e s ;  if they  a r e  c a s t  o f f  t h e  s o l i d  su r face ,  they  represen t  
s t r o n g  and dynamic l a r g e  d is tu rbances  t h a t  can s p o i l  f l ows  downstream. 

FREE-STREAM TURBULENCE AND TRANSITION 

L e t  us now r e t u r n  t o  e f f e c t s  o f  f ree -s t ream d is tu rbances  on t r a n s i t i o n  on 
undeformed bodies,  t h i s  t ime  on an og i ve - cy l i nde r  i n  an ax isymmetr ic  wind tun-  
n e l  as shown on t o p  o f  f i g u r e  9, borrowed f r om an unpubl ished s tudy ( r e f .  18)  
o f  D. A rna l  and J.C. J u i l l e n  o f  ONERA, Toulouse. Two f ree-s t ream c o n d i t i o n s  
a r e  shown, as i n d i c a t e d  by t h e  streamwise x  v a r i a t i o n  o f  u'/Ue, one w i t h  a  
tu rbu lence-p roduc ing  g r i d  ( g r i l l e )  and t h e  o t h e r  w i t h o u t  t h e  g r i d  (sans 
g r i l l e ) .  The f i r s t  lesson f rom t h i s  comparison i s  t h a t  anyt ime we s tudy 
e f f e c t s  o f  f ree -s t ream tu rbu lence  we must mon i t o r  t h e  v a r i a t i o n  i n  i t s  i n t e n -  
s i t y  and spec t ra  throughout  t h e  t e s t  sec t i on .  The i n t e n s i t y  o f  t h e  g r i d  t u rbu -  
l e n c e  decreased by more than  a  f a c t o r  o f  2.5 a long  t h e  body, w h i l e  t h e  
i n t e n s i t y  o f  t h e  o l d  tu rbu lence  f rom t h e  s e t t l i n g  chamber upstream o f  t h e  
c o n t r a c t i o n  increased somewhat. 

Th i s  l a t t e r  l a c k  o f  decay was never exp la ined  s a t i s f a c t o r i l y .  I n  t h e  
exper ience  o f  t h e  au thor  and h i s  co l leagues ,  such a  behav io r  means t h e  p robab le  
presence of some s low mean g rad ien t s  o r  a  s w i r l  w i t h  p roduc t i on  o f  new tu rbu -  
lence .  N e i t h e r  o f  t h e  f i e l d s  behaves l i k e  t h e  i d e a l i z e d  i s o t r o p i c  tu rbu lence .  
Note t h a t  n e i t h e r  i n t e n s i t y  i n  these exper iments represen ts  r e a l l y  l a r g e  d i s t u r -  
bances. Turbulence o f  h i g h  i n t e n s i t y  i s  i n v a r i a b l y  s p a t i a l l y  nonhomogeneous, 
and i t s  c a r e f u l  mapping would d i s c l o s e  mean l a t e r a l  and streamwise g r a d i e n t s  

. i n  i n t e n s i t y .  Quo ta t i ons  o f  gr id-produced t u rbu lence  w i t h  i n t e n s i t y  Tu = 
ul/Ue > 0.04 seldom ment ion t h a t  such f i e l d s  a l s o  e x h i b i t  mean v e l o c i t y  
g r a d i e n t s  when measured a long  cont inuous t r ave rses .  As we have discussed, such 
mean g r a d i e n t s  mod i fy  t h e  boundary- layer  a m p l i f i e r s  a l ong  t h e i r  paths.  Obvi- 
o u s l y  t h e r e  i s  no s i n g l e  Tu number t h a t  can c h a r a c t e r i z e  t h e  t u r b u l e n t  f i e l d  
as a  gu ide  t o  t h e  onset o f  t r a n s i t i o n .  No wonder t h a t  e a r l i e r  i n  t h i s  sympo- 
sium, Ray Gaugler r epo r t ed  f a i l u r e  i n  p r e d i c t i n g  t r a n s i t i o n  w i t h  a l l  techniques 
and c o r r e l a t i o n s  i n  t h e  cases o f  l a r g e  d is tu rbances  he had analyzed. There a r e  
t o o  many parameters and s u b t l e  n o n l i n e a r i t i t e s  (many n o t  even recorded) t o  make 
p o s s i b l e  any k i n d  o f  a  c r e d i b l e  s t a t i s t i c a l  base f o r  such p r e d i c t i o n  codes t o  
be t r u s t w o r t h y .  

The ONERA study a t  small-to-medium Tu l e v e l s  i l l u s t r a t e s  t h e  dilemmas 
t h a t  we o f t e n  f ace  as we make more measurements: x t r  i n  t h e  absence o f  t h e  
g r i d  was a t  0.9 m, which i s  upstream o f  t h e  x t r  o f  1.05 m achieved i n  t h e  
presence o f  t h e  g r i d  a t  much h i ghe r  Tu. These a r e  measurements by p ro fes -  
s i o n a l s  t h a t  cannot be d ismissed as i f  they  were a  beg inne r ' s  masters t h e s i s .  
E v i d e n t l y  a d d i t i o n a l  f a c t o r s ,  more impo r tan t  than  u '  l e v e l s ,  must be l u r k i n g  
i n  t h e  exper iments.  One such f a c t o r  cou ld  be t h e  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  
e x t e r n a l  d i s tu rbances  conveyed i n  t h e  i n s e t s  o f  f i g u r e  9. The au thors  c o n f i r m  
t h a t  t h e  g r i d  a c t u a l l y  suppressed t h e  low-frequency end o f  t h e  spectrum. Could 
low- f requency f l u c t u a t i o n  o f  h i ghe r  amp l i tude  more e f f e c t i v e l y  induce TS waves 
a t  h i g h e r  f requenc ies (between 400 and 550 Hz) i n  t h i s  f l o w  a t  29 m/s? Th i s  
i s  n o t  a l t o g e t h e r  o u t  o f  t h e  ques t ion ;  one impo r tan t  r e c e p t i v i t y  p a t h  ( r e f .  19)  
I s  th rough  unsteady p ressure  g r a d i e n t s  impressed on t h e  i n n e r  boundary l a y e r  
near  and p a s t  Recr. We s h a l l  r e t u r n  t o  t h i s  i s sue  i n  connec t ion  w i t h  
f i g u r e  10. Another p o s s i b i l i t y  i s  t h a t  t h e  l a r g e  d is tu rbances  caused by t h e  
g r i d  rods p l a n t e d  d i r e c t l y  i n t o  t h e  w a l l  o f  t h e  t unne l  caused a  cons ide rab l y  
t h i c k e r  t u r b u l e n t  boundary l a y e r .  The growth o f  t h e  displacement t h i c kness  on 
t h e  w a l l  must have acce le ra ted  t h e  f l o w  somewhat and made t h e  boundary l a y e r  



on t h e  body more s t a b l e  than i n  t h e  absence o f  t h e  g r i d .  The authors  doubt 
t h a t  t h i s  e f f o r t  was s i g n i f i c a n t ,  b u t  t h e  measurements o f  Ue/Ue,,,f i n  t h e  
upper p a r t  o f  f i g u r e  9  were n o t  made near t h e  body. Furthermore, Arna l  and 
J u i l l e n ' s  own f i g u r e  42 shows t h a t  t h e  d isp lacement  t h i c kness  o f  t h e  boundary 
l a y e r  grew about 10 percen t  f a s t e r  w i t h o u t  t h e  g r i d ,  i n d i c a t i n g  a  s l i g h t l y  more 
d e s t a b i l i z i n g  p ressure  g r a d i e n t .  We a r e  l e f t  w i t h  specu la t i ons .  However, t h a t  
i s  a f r equen t  predicament o f  exper imenters  i n  t r a n s i t i o n ,  when they  make more 
than  one exper iment,  e s p e c i a l l y  when these a r e  separated by un re l a ted  expe r i -  
ments on t h e  d i f f e r e n t  ins t ruments .  I t  i s  a  ve ry  u s e f u l  l esson  f o r  researchers  
embarking upon t h e  much more demanding t ask  o f  deve lop ing  unders tanding o f  t h e  
e f f e c t s  o f  l a r g e  d is tu rbances  on t h e  m u l t i f a c e t e d  phenomena o f  t r a n s i t i o n .  

Unsteady Dis turbances i n  Laminar Boundary Layers and R e c e p t i v i t y  

F i g u r e  10 compares ho t -w i r e  t r aces  u ( t )  a t  f i v e  h e i g h t s  y/O i n  t h e  
boundary l a y e r  as t h e  d is tu rbances  i n s i d e  t h e  l a y e r  i n  t h e  presence o f  t h e  g r i d  
develop w i t h  x, where 8 i s  t h e  l o c a l  momentum th i ckness  a t  eack x. (Fo r  
approximate es t imates  we r e c a l l  t h a t  i n  a  B las i us  l a y e r  6  - 2.96 - 2.9 x  
2.59 0 . )  The f i r s t  s t a t i o n  ( x  = 3.7 cm) i s  l oca ted  i n  t h e  acce le ra ted  bound- 
a r y  l a y e r  on t h e  nose o f  t h e  body. S ince t h e  t ime  sca les i n  a l l  o f  t h e  t r aces  
a r e  t h e  same, t h e  e x t e r n a l  h igh- f requency con ten t  (see sample e x t e r n a l  spectrum 
i n  t h e  i n s e t  o f  f i g .  9 )  appears a t  a l l  t h e  l e v e l s  o f  t h e  l a y e r .  A t  t h e  n e x t  
s t a t i o n ,  x  = 36 cm, 10 t imes as f a r  f rom t h e  nose, t h e  h i g h  frequency has been 
f i l t e r e d  ou t  o r  d i s s i p a t e d  near t h e  w a l l .  I n c i d e n t a l l y ,  Remin should occur 
near  x  = 15 cm. The boundary l a y e r  on t h e  f r o n t  o f  t h e  body i s  e f f e c t i v e l y  
b u f f e t e d  by t h e  f r e e  stream. Upstream o f  Remi, t h e  t r a n s p o r t  processes 
across t h e  boundary l a y e r  must remain l a r g e l y  laminar  ( i . e . ,  mo lecu la r ) ;  t h e  
v o r t i c i t y  convected i n t o  t h e  p a r a b o l i c  l a y e r  and t h e  p ressure  f i e l d  o f  t h e  
v o r t i c l t y  remain ing o u t s i d e  t h e  l a y e r  make i t  unsteady ( i . e . ,  b u f f e t  i t ) ;  see 
t o p  o f  f i g u r e  14. The sma l l - sca le  v e l o c i t y  f l u c t u a t i o n s  c a r r i e d  w i t h  t h e  
i nges ted  v o r t i c i t y  a r e  e f f e c t i v e l y  damped near  t h e  w a l l .  Th i s  i s  evidence 
a g a i n s t  t h e  r e c e p t i v i t y  pa th  whereby d i r e c t  f ree -s t ream v o r t i c i t y  inges ted  i n t o  
t h e  spreading l a y e r  would be conver ted i n t o  v e r t i c a l  TS waves. V o r t i c i t y  
e n t e r i n g  t h e  l a y e r  downstream o f  Recr and t h e  v o r t i c i t y  induced by p ressure  
f l u c t u a t i o n s  across t h e  s t reaml ines  remain as p o s s i b l e  a c t i v e  agents o f  recep- 
t i v i t y  ( r e f .  19 ) ;  see t o p  o f  f i g u r e  14. 

The smal l  w igg les  on t h e  two t r a c e s  nea res t  t o  t h e  w a l l  a t  x  o f  66 and 
85 cm a r e  i n  f a c t  t h e  s igna tu res  o f  TS wave packets  growing away f rom t h e  w a l l .  
A d d i t i o n a l  s p e c t r a l  evidence suggests t h a t  these TS wave packets keep growing 
and t h a t  a f t e r  secondary i n s t a b i l i t i e s  near x  = 95 cm and f i n a l  i n s t a b i l i t i e s  
near  x  = 100 cm, t u r b u l e n t  i n t e r m i t t e n c y  se t s  i n .  The impo r tan t  f i n d i n g  i s  
t h a t  TS waves f i r s t  appear near t h e  w a l l ,  a f t e r  a l l  f requenc ies  i n  t h e  TS range 
seem t o  have been f i l t e r e d  ou t  o r  d i s s i p a t e d  upstream. These f i n d i n g s  a r e  
c o n s i s t e n t  w i t h  t h e  more recen t  r e s u l t s  o f  Kenda l l  ( r e f .  16 ) .  However, t h e  
u '  i n f o r m a t i o n  t e l l s  us l i t t l e  about damping o f  i nges ted ,  n e a r l y  streamwise 
v o r t i c i t y .  Such v o r t i c i t y  would produce a zero s i g n a l  i f  s t r i c t l y  a l i g n e d  i n  
t h e  x  d i r e c t i o n .  S ince i t  weaves a l ong  i t s  way, a l l  such unsteadiness would 
be sensed as low-frequency u '  s i g n a l s  by t h e  h o t  w i r e  o r i e n t e d  i n  t h e  z  
d i r e c t i o n .  The low f requenc ies  i n  t h e  i n n e r  y reg ions  a t  t h e  l a s t  two s ta -  
t i o n s  a r e  p robab ly  p a r t l y  o f  t h i s  cha rac te r .  However, v e l o c i t y  f i e l d s  induced 
by v o r t i c i t y  convected o u t s i d e  t h e  boundary l a y e r  should a l s o  c o n t r i b u t e  p r i -  
m a r i l y  a t  lower  f requenc ies:  o n l y  l a r g e r  s c a l e  fo rmat ions  can i n f l u e n c e  
reg ions  a t  g r e a t e r  d is tances  ( t o p  o f  f i g .  1 4 ) .  Measurements o f  space-t ime 
c o r r e l a t i o n s  a t  two o r  t h r e e  p o i n t s  a r e  needed t o  s o r t  o u t  t h e  compl icated 



f o r c i n g  and response f i e l d s .  R e c e p t j v i t y  t o  f ree -s t ream t u r b u l e n c e  appears t o  
be v e r y  s u b t l e  indeed; see Kenda l l  ( r e f .  16) f o r  a d d i t i o n a l  f a c t u a l  i n f o r m a t i o n  
on t h e  response a t  a  f o r c i n g - g r i d - g e n e r a t e d  i n t e n s i t y  ul/Ue o f  0.16 p e r c e n t .  

I n  t h e  r e l a t i v e l y  l o w - i n t e n s i t y  exper iments o f  f i g u r e s  9  and 10, recep- 
t i v i t y  appears t o  b e g i n  as a  l i n e a r  process seeding l i n e a r i z a b l e  TS wave 
packets  t h a t  cumulate and grow t o  n o n l i n e a r  l e v e l s  and l e a d  t o  h i g h e r  i n s t a -  
b i l i t i e s .  A t  h i g h e r  i n t e n s i t i e s  t h e  n o n l i n e a r  e f f e c t s  desc r ibed  i n  t h e  s e c t i o n  
Broad C l a s s i f i c a t i o n  o f  Large Dis turbances should  be expected. I m p o r t a n t  
m o d i f i c a t i o n s  o f  t h e  oncoming v o r t i c i t y  f i e l d s  can be a n t j c i p a t e d  a t  a  sharp 
l e a d i n g  edge b u t  may be d i f f i c u l t  t o  model. 

When a  t u r b u l e n t  f i e l d  approaches a  b l u n t  body, t h e  p o t e n t i a l  f i e l d  
induced by t h e  b l u n t  shape d i s t o r t s  t h e  t u r b u l e n t  f i e l d  s u b s t a n t i a l l y  and non- 
i s o t r o p i c a l l y .  I t  i s  t h e  d i s t o r t e d  f i e l d  t h a t  u l t i m a t e l y  i n t e r a c t s  w i t h  t h e  
boundary l a y e r .  A s e r v i c e a b l e  account  of t h e  t ransformed f i e l d  i s  o b t a i n a b l e  
t h r o u g h  t h e  s o - c a l l e d  " r a p i d  d i s t o r t i o n  t h e o r y n  ( r e f .  20).  I f  a p p l i e d  t o  oz 
v o r t i c i t y  An f i g u r e  6, t h e  t h e o r y  would i n d i c a t e  t h a t  such v o r t i c i t y  i s  
s t r e t c h e d  and a m p l i f i e d  a l g e b r a i c a l l y  as i t  i s  convected toward t h e  b l u n t  body. 
The v o r t i c i t y  l i n e s  a l s o  deform i n t o  a  horseshoe shape as t h e y  approach t h e  
body. Once t h e y  p e n e t r a t e  deeply  enough i n t o  t h e  boundary l a y e r  t h e  s t r e t c h -  
i n g  i s  coun te rac ted  by v i s c o s i t y  and t h e  a s s o c i a t e d  d i s t u r b a n c e s  damp, a t  l e a s t  
a t  t h e  l i n e a r i z e d  l e v e l  o f  s t a b i l i t y  a n a l y s i s .  

A  ve ry  u s e f u l  o u t l i n e  o f  t h e  many phenomena d iscovered  i n  f i e l d s  where 
d i f f e r e n t  t u r b u l e n t  o r  v o r t i c a l  f l o w s  convect  i n t o  o r  impinge upon a  body i s  
i n  t h e  r e c e n t  survey o f  Bushne l l  ( r e f .  21).  

LAMINAR BOUNDARY LAYERS BUFFETED BY INTENSE TURBULENCE 

What happens i n  t h e  boundary l a y e r s  upstream o f  Remi,? As no ted  i n  
connec t ion  w i t h  f i g u r e  10, t h e r e  may be a  g r e a t  dea l  o f  a c t i v i t y  near t h e  w a l l ,  
much o f  i t  d i s s i p a t e d  a t  t h e  low Reynolds number. The dominant mode o f  t r a n s -  
f e r  remains mo lecu la r .  However, t h e  ONERA d i s t u r b a n c e  l e v e l s  were r e l a t i v e l y  
low. When t h e  s t ream c o n t a i n s  l a r g e  d i s t u r b a n c e s ,  we r u n  i n t o  t h e  prob lem o f  
d e f i n i n g  and d e s c r i b i n g  t h e  dominant c h a r a c t e r i s t i c s  o f  such f l ows ,  as d i s -  
cussed e a r l i e r  i n  t h e  s e c t i o n  on c l a s s i f i c a t i o n .  There a r e  many i s o l a t e d  
r e p o r t s  on t r a n s i t i o n ,  hea t  t r a n s f e r ,  drag, and o t h e r  o v e r a l l  uoutputs l l  w i t h  
i n a d e q u a t e l y  d e f i n e d  c o n d i t i o n s .  Such u s u a l l y  ad hoc t e s t s  a r e  o f t e n  c o n t r a -  
d i c t o r y  and l e a v e  a  g r e a t  dea l  o f  u n c e r t a i n t y  i n  t h e i r  wake, p r i m a r i l y  because 
t h e  r e s u l t s  a r e  n o t  documented t n  terms o f  mechanisms o r  d e t a i l e d  f l o w  behav- 
i o r .  A  v a l i d  c r i t i c i s m  by Dyban, Epik,  and Suprun ( r e f .  22) s t a t e s ,  "The 
observed augmentat ion o f  t r a n s f e r  processes ( i n  a  l a y e r  t h a t  remains l a m i n a r )  
i s  1 0  t o  80 p e r c e n t  ( f o u r  quoted re fe rences)  . . . v e r y  l i t t l e  was p u b l i s h e d  
on t h e  mechanism o f  t h e  i n t e r a c t i o n  . . ." The r e s u l t s  o f  Dyban and co- 
workers ,  a  sma l l  sample o f  which i s  summarized i n  f i g u r e s  11 and 12, deserve 
a t t e n t i o n  and an a t t e m p t  a t  d u p l i c a t i o n  t o  see whether t u r b u l e n t  b u f f e t i n g  
would a c t  t h e  same way i n  t h e  U n i t e d  S t a t e s  as i t  d i d  i n  K iev .  

Such a  sugges t ion  i s  much more than  a  j o k e  and deserves c l a r i f i c a t i o n .  
C o n t r a d i c t o r y  and unconf i rmed o v e r a l l  n o u t p u t s "  (such as mean p o s i t i o n  o f  
t r a n s i t i o n ,  average hea t  t r a n s f e r  over  l a r g e r  areas,  drag,  e t c . ,  l a b e l e d  
 macroscopic measurements" by L e s t e r  Lees) were recognized as a  major  b l o c k  i n  
t h e  p rogress  o f  t r a n s i t i o n  research  i n  1970 by t h e  U.S. Transition Study Group 
( c u r r e n t l y  an i n f o r m a l  group, c h a i r e d  by E l i  Reshotko).  To remedy such 



u n c e r t a i n t i e s  and t o  avo id  miscues f o r  f u r t h e r  research, USTSG adopted (among 
o t h e r s )  g u i d e l i n e  4  ( r e f .  23) :  "Whenever poss ib l e ,  t e s t s  should i n v o l v e  more 
than  one f a c i l i t y ;  t e s t s  should have ranges o f  ove r l app ing  parameters, and 
whenever poss ib l e ,  exper iments should have redundancy i n  t r a n s i t i o n  measure- 
m e n t ~ . ~  I n  my f u n c t i o n  here as a  preacher,  I would paraphrase Lees: "Go 
mic roscop ic  research (seek d e t a i l e d  mechanisms), young man o r  woman!" and add, 
" I n  t r a n s i t i o n  research, d u p l i c a t i n g  key measurements i s  n o t  a  S in ,  i t ' s  a  
V i r t u e . "  I n  1977, I broadened ( r e f .  24) g u i d e l i n e  4  t o  computer research, 
whereby by " f a c i l i t y n  we understand a  t h e o r e t i c a l  model, however s i m p l i f i e d ,  
w i t h  i t s  computer program. A case i n  p o i n t  i s  t h e  r ecen t  p u b l i c  con fus ion  
( r e f .  25) concern ing supersonic i n s t a b i l i t y ,  when c o n t r a d i c t o r y  numer ica l  
r e s u l t s  went t o  p r i n t  w i t h o u t  i n s i s t e n c e  on r i g o r o u s  p r e p u b l i c a t i o n  comparison 
o f  t h e  two codes. 

Most c a r e f u l  researchers  b e l i e v e  t h a t  " h i ghe r  va lues o f  f ree-s t ream tu rbu -  
l ence  can be ach ieved o n l y  w i t h  i n c r e a s i n g  inhomogeneous d i s t r i b u t i o n s  o f  
dynamic head and t u rbu lence  across t h e  t e s t  s e c t i o n "  ( r e f .  26).  On t h e  o t h e r  
hand t h e  K iev  group c la ims  t h a t  i t  i s  p o s s i b l e  t o  ach ieve " v i r t u a l l y  complete 
u n i f o r m i t y  o f  t h e  s p a t i a l  d i s t r i b u t i o n  o f  f l u c t u a t i n g  and average v e l o c i t i e s  
a t  t h e  t e s t  s e c t i o n  i n l e t "  by t h e  use o f  h i g h - s o l i d i t y  g r i d s  - prov ided  they  
a r e  p laced  j u s t  ahead o f  t h e  converg ing s e c t i o n  o f  t h e  wind t unne l .  Hassan 
Nagib, who was o r i g i n a l l y  s k e p t i c a l ,  t e l l s  me now t h a t  t h e  scheme has p o s s i b i l -  
i t i e s  because t h e  immediate a c c e l e r a t i o n  th rough  t h e  c o n t r a c t i o n  may p reven t  
t h e  l~anomalousu behav io r  o f  h i g h - s o l i d l t y  i n s e r t s .  (The p ressure  d rop  across 
h i g h - s o l i d i t y  dev ices i s  h igh ;  i n  f a c t  they  produce m u l t i p l e  j e t s  which have a  
tendency toward random coalescence, llanomalousu nonhomogeneity, low-frequency 
i n t e r m i t t e n c y ,  and spur ious  i n t e n s i t y  growth.  Th i s  i s  d iscussed on page 33 o f  
r e f e rence  27, a  mechanism o r i e n t e d  t e x t  i nd i spensab le  t o  researchers  i n t o  t h e  
e f f e c t s  o f  tu rbu lence . )  The K iev  group has approached p r a c t i c a l  h igh -  
t u r b u l e n c e  research  more s y s t e m a t i c a l l y  than  o thers ,  and t h e i r  pub l i shed  
r e s u l t s  e x h i b i t  unexpected cons is tency .  

The a b s t r a c t  i n  f i g u r e  11 descr ibes  adequate ly  t h e  s i x  f i g u r e s  i n  t h e  
paper.  The graphs i n  f i g u r e  11 convey t h e  development o f  t h e  mean p r o f i l e s ,  
i n c l u d i n g  t h e i r  s u b s t a n t i a l  t h i c k e n i n g  as compared w i t h  t h e  B las i us  p r o f i l e ,  
l a b e l e d  I. The measurements a t  t h e  Reynolds numbers noted i n  f i g u r e  11 were 
ach ieved w i t h  ho t -w i r e  anemometers a t  a  f ree -s t ream speed o f  0.88 m/s a t  d i s -  
tances x  o f  105 and 340 mm f rom t h e  nose o f  t h e  f l a t  p l a t e  sketched i n  t h e  
marg in  o f  f i g u r e  12. F i gu re  11 suggests a  cons ide rab le  inc rease  i n  t h e  s lope  
a t  t h e  w a l l  a t  i n t e n s i t i e s  o f  8  t o  10 percen t .  I n  f i g u r e  1  o f  another  paper 
i n  Eng l i sh ,  Dyban and Epik  ( r e f .  28) d i s p l a y  measured u ' ,  v l ,  and wl d i s -  
t r i b u t i o n  th rough  e v i d e n t l y  t h e  same boundary l a y e r  a t  Re, = 20 000. They -- 
i n f e r  t h a t  they  a l s o  measured t h e  Reynold s t r e s s  uv f rom B las i us  YI = 1.5 ou t -  
ward. E x t r a p o l a t i o n  t o  t h e  w a l l  y i e l d s  an increment  o f  some 45 percen t  over  
t h e  l am ina r  va lue  f o r  Tu - 9  percen t  i n  f i g u r e  7  o f  r e f e rence  28; see a l s o  t h e  
t h r e e  c i r c l e s  ( i . e . ,  t h e  t h r e e  da ta  p o i n t s  i n  t h e  cu rve  f o r  s k i n  f r i c t i o n  C f  
i n  t h e  t o p  graph o f  our  f i g .  12 ) .  As marked i n  t h e  marg in  o f  t h a t  graph, t h e  
au thors  assure us t h a t  i n  t h e  b u f f e t e d  l a y e r s ,  which t hey  c a l l  pseudolaminar, 
t h e  d isp lacement  t h i c kness  remains " v i r t u a l l y  cons tan t . "  The shape f a c t o r  H  
then  decreases f r om t h e  B las i us  va lue  t o  t h e  1.9 p l a t e a u  because t h e  s k i n  
f r i c t i o n  and momentum th i ckness  (which they  denote by 6**) grow as Tu i s  
inc reased  t o  14  percen t .  (.In r e f .  27, t hey  f o r c e - f i t  t h e  r i s e  i n  C f  and t h e  
Nusse l t  number Nu w i t h  Tu by a  second-degree po lynomia l  i n  Tu and go on 
t o  l i n k  i t  w i t h  eddy v i s c o s i t y  and o t h e r  p r e d i c t i o n  formulas.  The quad ra t i c  
f i t  would y i e l d  a  f a c t o r  o f  1.98 f o r  Cf/Cf,0, which c o n t r a d i c t s  t h e  t o p  graph 



i n  our  f i g u r e  12. They a r b i t r a r i l y  l i m i t  t h e  p r e d i c t i o n s  t o  Tu - 14 percen t ,  
t h e  beg inn ing  o f  t h e  p l a t e a u  i n  t h a t  graph.)  

The lower  graph i n  f i g u r e  12 d i s p l a y s  t h e  i n t e n s i t y  d i s t r i b u t ~ o n s  u '  
th rough  t h e  boundary l a y e r  as a  f u n c t i o p  of f ree -s t ream f o r c i n g  u,. They 
focus on t h e  p o s i t i o n  o f  t h e  maximum utax i n  t h e  boundary l a y e r  as a  measure 
o f  t h e  " p e n e t r a t i o n  of t h e  f l u c t u a t i o n s  r e f e r r e d  t o  i n  t h e  a b s t r a c t  and i n  
t h e i r  f i g u r e  4; they  f e e l  i t  i s  i n d e p e n d e ~ t  o f  Reynolds number. However, ve r y  
pronounced uhax g r e a t e r  than 8  t o  10  u, i n  laminar  l a y e r s  was observed 
i t ?  t h e  1950 's  by A.  Favre (persona l  communication) and P. K lebano f f  f o r  l ow  
u,; see t o p  o f  f i g u r e  14. Th is  e f f e c t ,  desc r ibed  and r e f e r r e d  t o  as t h e  
K lebano f f  mode o f  f l u c t u a t i o n s  by Kenda l l  ( r e f .  16 ) ,  has been explained as a  
" low- f requency b r e a t h i n g  e f f e c t " ;  as t h e  q u a s i - s t a t i c  B l a s i u s  p r o f i l e  s h i f t s  
w i t h  s low t h i c k e n i n g  and t h i n n i n g  o f  t h e  l a y e r ,  t h e  maximum bu f e l t  by a  h o t  
w i r e  a t  a  f i x e d  h e i g h t  i s  near  6/2. The b r e a t h i n g  e f f e c t  j s  i n  no sense 
dynamic. The dominant c o n t r i b u t i o n s  t o  t h e  s i g n a l  umax a t  n = 2.5 f o r  
u, = 9.69" i n  t h e  lower  p a r t  o f  f i g u r e  12 a r e  w e l l  below 150 Hz; t h e r e f o r e  
t h e  s low t h i c k e n i n g - t h i n n i n g  e f f e c t  p robab ly  has n o n n e g l i g i b l e  i n f l u e n c e  on t h e  
f o rma t i on  o f  t h e  u '  peak i n s i d e  t h e  l a y e r  even a t  t h i s  h i g h  f o r c i n g  i n t e n -  
s i t y .  Some o f  t h e  au tho rs '  i n t e r p r e t a t i o n s  should t h e r e f o r e  be accepted tempo- 
r a r i l y  w i t h  much cau t i on .  Note a l s o  t h a t  t h e  reader  i s  g i v e n  no u l ( x )  decay 
curve  such as was p rov ided  by Arna l  and J u i l l e n  i n  t h e  lower  p a r t  o f  f i g u r e  9 .  

Dyban and Epik  ( r e f .  28) i n f e r  t h a t  a t  Rex = 60 000 t h e  l ' i n i t i a l N  boundary 
l a y e r  i s  t u r b u l e n t .  That  t h i s  would be so f o r  t h e i r  l owes t  Tu va lue  o f  0.31 
pe rcen t  would be s u r p r i s i n g ;  never the less  t h i s  i s  as c l o s e  as they  come t o  t h e  
concept o f  Remjn. (Nor i s  t h e r e  any d i s c u s s i o n  o f  l am ina r - t u rbu len t  i n t e r -  
m l t t e n c y ,  which would be d i f f i c u l t  t o  i d e n t i f y  w i t h o u t  a  thermal  t r a c e r . )  
They c a l l  t h e  i n i t i a l l y  t u r b u l e n t  l a y e r s  d i s t u r b e d  by e x t e r n a l  Tu pseudo- 
t u r b u l e n t  boundary l a y e r s  and r e f e r  per tu rbed  c f  t o  t h e  t u r b u l e n t  w a l l  - 
f r i c t i o n  a t  t h e i r  l owes t  u:. They measure u '  , v '  , w '  , uv, ~ f ,  and Nu and 
i n t e r p r e t  t h e  r e s u l t s  i n  terms o f  a  m i x i ng  l e n g t h  f o r  p r e d i c t i o n  purposes. The 
p r e d i c t i o n  rang? once aga in  has t o  be l i m i t e d  t o  Tu < 14 percen t .  T h e i r  
f i g u r e  3 ' f o r l  u, = 6.?5 percen t  a t  Rex = 400 000 i s  p a r t i c u l a r l y  i n t e r e s t i n g .  
F i r s t ,  u,, v,, and w, a r e  w i t h i n  6  percen t  o f  each o the r ;  t h i s  achievement o f  
near  i s o t r o p y  a t  these h i g h  tu rbu lence  l e v e l s  lends c r e d i b i l i t y  t o  t h e i r  e f f o r t .  
Sycond, v '  has no maximum w i t h i n  t h e  l a y e r ,  r i s i n g  mono ton i ca l l y  outward t o  
v,; u 1  and v 1  on t h e  o the r  hand r i s e  mono ton i ca l l y  toward t h e  w a l l ,  presum- 
a b l y  t o  maximums a t  t h e  edge o f  t h e  sub layer ,  which remains i n s t r u m e n t a l l y  
unreso lved.  Through t h i s  account o f  some o f  t h e  work o f  t h e  K iev  group, i n  t h e  
r o l e  o f  an o b j e c t i v e  r e p o r t e r  I am c a l l i n g  t h e  a t t e n t i o n  o f  t h e  researchers  
s t a r t i n g  a l ong  t h i s  road t o  t h i s  e s s e n t i a l l y  unknown e x i s t i n g  systemat ic  i n f o r -  
mat ion.  I n  my r o l e  as a  preacher,  I am adding t h e  address:  Prof .  Evgen i i  
Pav lov i ch  Dyban and D r .  Eleanora Yakov l ieva Epik ,  I n s t .  Techn. Thermophysics, 
U k r a i n i a n  Academy o f  Sciences, 2a Zhelabova U l . ,  252057 Kiev,  USSR, i n  case 
de ten te  should break o u t  some sp r i ng .  

LOOKING BACK 

Now t h a t  we have examined t h e  concepts o f  Remin and bypasses, i d e n t i -  
f i e d  some o f  them, c l a s s i f i e d  l a r g e  d is tu rbances  ( w i t h  s p e c i a l  s t r e s s  on t h e  
l a r g e  mean and quas i -s teady d i s t o r t i o n s  o f  t h e  w a l l  o r  t h e  f r e e  stream as 
c r e a t i n g  bypass a m p l i f i e r s ) ,  acqu i red  some " f e e l "  f o r  t h e i r  e f f e c t s  v i a  g raph i c  
examples o f  such d i s t o r t i o n s  f rom protuberances, horseshoe v o r t i c e s ,  l o c a l  
separa t ions ,  and steady and unsteady wake d i s t o r t i o n s  o f  t h e  stream t o  more 



s t a t i s t i c a l l y  r e g u l a r  tu rbu lence ,  l a r g e ,  medium, and smal l ,  l e t  us l o o k  a t  a  
few overv iew f i g u r e s .  F igu res  13 and 14 p r o v i d e  t h e  o v e r a l l  s e t t i n g  f o r  o u r  
prob lem and should  make us a p p r e c i a t e  why we a r e  up a g a i n s t  an e s p e c i a l l y  d i f -  
f i c u l t  one. To understand nonunique s o l u t i o n s  o f  n o n l i n e a r  p a r t i a l  d i f f e r e n -  
t i a l  equa t ions  i n  f o u r  independent v a r i a b l e s  w i t h  v e r y  sma l l  c o e f f i c i e n t s  o f  
t h e  h i g h e s t  d e r i v a t i v e s  ( v i s c o s i t y  and hea t  c o n d u c t i v i t y )  i s  a  t a l l  o r d e r  
indeed.  F l u i d  dynamics o f  g e n e r a l i z e d  Navier-Stokes equat ions r e q u i r e s  us t o  
make sense o u t  o f  a  conca tena t ion  o f  i n t e r l a c e d  s i n g u l a r  p e r t u r b a t i o n s  w i t h  
m u l t i p l i c i t i e s  o f  s o l u t i o n s .  I n s t a b i l i t i e s  r e p r e s e n t  r a p i d l y  crossed moving 
b r i d g e s  between subsets o f  t h e  m u l t i p l i c i t y  o f  s o l u t i o n s  reachable  f rom p h y s i -  
c a l l y  i l l - d e f i n e d  i n i t i a l  c o n d i t i o n s  a t  t h e  e n t r y  t o  ou r  open f l u i d  systems. 
As v e l o c i t y  o r  x, and hence Re, i nc rease ,  t h e  e f f e c t i v e  degrees o f  freedom 
i n c r e a s e  and so does t h e  l a r g e  s e n s i t i v i t y  t o  i n i t i a l  c o n d i t i o n s .  The so lu -  
t i o n s  e v o l v e  toward " t u r b u l e n c e . "  

A c t u a l l y ,  i t  i s  d i f f i c u l t  t o  d e f i n e  t u r b u l e n t  s o l u t i o n s  o f  t h e  Nav ie r -  
Stokes equa t ions .  As f l u i d  dynamic is ts  we r e q u i r e  t h e  presence o f  t h e  f o u r  
syndromes i n  f i g u r e  13 t o  i d e n t i f y  t u r b u l e n t  behav io r .  Syndrome 1, which i s  
used t o  d e f i n e  " s t r a n g e  a t t r a c t o r s , "  i s  i n s u f f i c i e n t  f o r  ou r  needs. An examin- 
a t i o n  q u e s t i o n :  where does a  l a m i n a r  boundary l a y e r  b u f f e t e d  by h i g h  e x t e r n a l  
t u r b u l e n c e  f i t  here,  and how can we d i s t i n g u i s h  i t  e m p i r i c a l l y  f rom a  t u r b u l e n t  
boundary l a y e r ?  The concept i s  i m p o r t a n t  f o r  des ign.  How can we s tudy i t  
e x p e r i m e n t a l l y ?  I n  t h e  r e a l  wor ld ,  a l l  l a m i n a r  boundary l a y e r s  a r e  b u f f e t e d  
by decay ing f ree -s t ream t u r b u l e n c e  (wh ich  remains t u r b u l e n t  as l o n g  as t h e r e  
a r e  n o n l i n e a r  i n t e r a c t i o n s ,  as i n t e r m i t t e n t  i n  t i m e  and space as these may be) .  
We have l i t t l e  d i f f i c u l t y  w i t h  t h a t  i d e a  as l o n g  as t r a n s i t i o n  i s  downstream 
o f  Recr. The r e a l  d i f f i c u l t y  faces us near Remi,. O f  a l l  t h e  syndromes, 
o n l y  syndrome 3, d i f f u s i o n  f a r  i n  excess o f  mo lecu la r  m i x i n g ,  can gu ide  us. 
Some o f  t h e  s p e c u l a t i o n s  I o f f e r e d  e a r l i e r  were based on t h e  assumpt ion t h a t  
l i t t l e  t r u e  t u r b u l e n t  m i x i n g  c o u l d  go on a t  t h e  s c a l e  o f  l o c a l  6 below 
Remin. However, we can imagine a  l a r g e  unsteady t u r b u l e n t  event  pass ing  by, 
say 406 i n  l e n g t h .  The t e m p o r a r i l y  t h i c k e n e d  Ree may w e l l  exceed Ree,min. 
T u r b u l e n t  patches can fo rm I n  duc ts  a t  Re w 1000, b u t  t h e y  decay un less  Re 
exceeds 1500. I n  response t o  i n t e r m i t t e n t  l a r g e  d is tu rbances ,  i n t e r m i t t e n t  
decay ing  t u r b u l e n t  spots  c o u l d  e x i s t  upstream o f  nominal  Remin. I f  so, t h e  
t ime-average hea t  o r  mass t r a n s f e r  would r i s e  much more g r a d u a l l y  th rough  t h e  
nominal  l o c a t i o n  o f  Remin. The 1.55 asymptote o f  t h e  upper graph f o r  s k i n  
f r i c t i o n  i n  f i g u r e  10 o f  Dyban e t  a l .  ( r e f .  22)  i s  r a t h e r  r e a s s u r i n g .  The 
g rowth  cu rve  th rough  Remin may "smear" t h e  c o n t r a s t  i n  t r a n s p o r t  behav io r ,  
b u t  t h e r e  should  be a  p r a c t i c a l l y  i m p o r t a n t  upper bound f o r  t h a t  t r a n s f e r  r a t e .  

F i g u r e  14 summarizes t h e  processes d iscussed  i n  connec t ion  w i t h  f i g u r e s  9 
t o  12 as t h e y  were d r i v e n  by f ree -s t ream t u r b u l e n c e .  A few e x t r a  comments a r e  
i n  o r d e r :  ( 1 )  I n  connec t ion  w i t h  t h e  ONERA cases we no ted  t h a t  t h e  t u r b u l e n t  
v o r t i c i t y  i n g e s t e d  near t h e  l e a d i n g  edge had i t s  f i n e r  sca les  d i s s i p a t e d  by 
v i scous  w a l l  a c t i o n ;  t h e  f i l t e r i n g  was s o , e f f e c t i v e  t h a t ,  when t h e  TS waves 
w i t h  wavelengths o f  86 and l o n g e r  f i n a l l y  grew ( f i g .  8), t hey  represented 
h i g h e r  f requenc ies  and may have been induced across t h e  boundary l a y e r  by 
e x t e r n a l  t u r b u l e n t  v o r t i c i t y ,  as i n d i c a t e d  i n  f i g u r e  14 by t h e  l a b e l  " a t  d i s -  
tance . "  ( 2 )  TS ( o r  e q u i v a l e n t )  waves e x i s t  and a r e  induced upstream o f  t h e  TS 
Re,,. F o r c i n g  mot ion  i n  l i n e a r i z e d  system equa t ions  induces homogeneous 
s o l u t i o n s  ( i . e . ,  decay ing o r  growing e i g e n f u n c t i o n s )  by t h e  requ i rement  t h a t  
a l l  boundary c o n d i t i o n s  be s a t i s f i e d .  Upstream o f  Recr, t h e  induced TS 
response decays s h o r t l y  a f t e r .  i t s  b i r t h .  



The lower  ske tch  i n  f i g u r e  1 4  adds t h e  e f f e c t s  o f  an i s o l a t e d  t h ree -  
d imensional  roughness. These we d iscussed i n  cons ide rab le  d e t a i l  i n  connec t ion  
w i t h  f i g u r e s  2  and 5. F i n a l l y  we noted t h a t  i n  t h e  known systems Remi, < 
Recr, except  f o r  t h e  zero-pressure-grad ient  case, where Remin - Recr. 

LOOKING FORWARD 

The 1984 v iew o f  paths t o  w a l l  t u rbu lence  i n  m i l d l y  d i s t u r b e d  environments 
( f i g .  15)  can h e l p  t o  o rgan ize  our  thoughts  on research i n t o  t h e  e f f e c t s  o f  
l a r g e  d i s t u rbances .  We need t o  s t a r t  w i t h  a  conceptua l  framework t o  p r o j e c t  
bes t -be t  exper iments l i n k e d  i n  a  systemat ic  way. 

L e t  us r ev i ew  t h e  i n g r e d i e n t s  a l ong  t h e  paths t o  t u rbu lence  and cons ider  
how t h e i r  r o l e  i s  changed because o f  t h e  h i ghe r  d is tu rbances .  The s tandard 
p r ima ry  l i n e a r  i n s t a b i l i t i e s  (TS, G o r t l e r ,  and c r o s s f l o w  hal f -way up i n  t h e  
f i g u r e )  s t i l l  can a m p l i f y  t h e  i n i t i a l l y  much l a r g e r  v o r t i c i t y  d is tu rbances  
(e.g., t h e  v i s u a l i z e d  non l i nea r  TS wave packets  f o r  Tu - 3.6 percen t  i n  
f i g u r e  9  o f  E.M. Gates ( r e f .  2 9 ) ) .  We can expect  s t r o n g  e f f e c t s  o f  t h e  cen- 
t r i f u g a l  i n s t a b i l i t y  ( o f  t h e  G S r t l e r  t ype )  i n  t h e  concave reg ions  o f  t u r b i n e  
b lades,  b o t h  b e f o r e  and a f t e r  ( ! )  t r a n s i t i o n ;  see Bradshaw ( r e f .  30) ( an  
impo r tan t  r e fe rence  f o r  heat  t r a n s f e r  e s t i m a t o r s ) .  

However, t h e  major  upstream movements o f  t r a n s i t i o n  should come f r om t h e  
quas i -s teady,  l a r g e r  sca le  three-d imensional  shear l a y e r s  c a r r i e d  w i t h  t h e  
f l ow ,  which mod i fy  our  s tandard base f l ows  ( i . e . ,  our  a m p l i f i e r  systems). 
Because t h e  p robab ly  s p o t t y  and i n t e r m i t t e n t  reg ions  o f  l a r g e s t  d i s t u rbance  
b r i n g  t o  t h e  v i c i n i t y  o f  t h e  w a l l  three-d imensional  v o r t i c i t y  components 
s t r onge r  than  those t h a t  e f f e c t  t h e  s w i f t  secondary i n s t a b i l i t i e s  i n  t h e  m idd le  
o f  f i g u r e  15, we can say - w i t h  n o t  much exaggera t ion  - t h a t  we e s s e n t i a l l y  
beg in  w i t h  a  broader  c l a s s  o f  d i s c r e t e l y  s p r i n k l e d ,  moving, f a s t  secondary 
i n s t a b i l i t i e s .  ( I n  bypass t r a n s i t i o n s  I expect  t o  see t h e  number i n  t h e  
sequence o f  i n s t a b i l i t i e s  l e a d i n g  t o  t u rbu lence  c u t  a t  l e a s t  by one, i n  com- 
p a r i s o n  w i t h  t h e  s tandard paths o f  f i g .  15 . )  But  t h e  t o t a l  number o f  p o s s i b l e  
i n s t a b i l i t y  pa ths  may be l a r g e r .  As d iscussed i n  t h e  s e c t i o n  on c l a s s i f i c a t i o n  
and i l l u s t r a t e d  h e r e i n  (e.g. ,  f i g .  E l ) ,  t h e  l a r g e r  sca les a r e  l i k e l y  t o  generate  
ins tan taneous  three-dimensional p r o f i l e s  ( p o s s i b l y  w i t h  l o c a l  separa t ion )  sub- 
j e c t  t o  i n v l s c i d  i n s t a b i l i t i e s  f a s t  enough t o  l ead  a l l  t h e  way t o  t u rbu lence  
d u r i n g  t h e  l i f e t i m e  o f  these boundary- layer d i s t o r t i o n s .  

Such d e t a i l e d  unsteady behav io r  i s  ve ry  d i f f i c u l t  t o  document exper iment-  
a l l y :  i n s t r u m e n t a l  space-time r e s o l u t i o n  and adequate probe access and =- 
v e r s i n g  w i t h  min imal  f l o w  i n t e r f e r e n c e  a r e  major  problems. In g r a c t i c a l  f l o w  
c o n f i g u r a t i o n s ,  un less  we make a  h e r o i c  e f f o r t ,  t h e  d is tu rbances  a r e  l i k e l y  t o  
be c h a r a c t e r i z e d  by o n l y  one o r  two averaqed parameters and t h e  measured 
boundary- layer  p r o f i l e s ,  and 'lmacroscopic" ou tpu t s  a t  t h e  w a l l  (even when 
measured as f u n c t i o n s  o f  x) a r e  a l s o  seve re l y  averaged. Such i n f o r m a t i o n  i s  
t h e r e f o r e  u n l i k e l y  t o  l ead  t o  b e t t e r  unders tanding o f  t h e  p a r t i c u l a r  mechanisms 
i n v o l v e d  i n  t h e  increased heat  t r a n s f e r .  Nor w i l l  t h e  smeared i n f o r m a t i o n  l e a d  
t o  i n s p i r e d  ideas f o r  improvements i n  design: i t  does n o t  p rov i de  enough 
l i n k a g e  between t r u e  causes and t h e  measured, averaged ou tpu t .  

Such i n f o r m a t i o n  w i l l  a l s o  a i d  l i t t l e  i n  model ing and computat iona l  code 
development, f o r  much t h e  same reasons. As I mentioned e a r l i e r  I am q u i t e  
p e s s i m i s t i c  about Navier-Stokes codes be ing  a b l e  t o  r e s o l v e  i n  t i m e  and space 
t h e  c l e a r l y  impo r tan t  unsteady f lows  near l e a d i n g  edges such as t h e  sample i n  



frames 4 t o  6 o f  f i g u r e  8 o r  t h e  t r a n s i t i o n  i n  t h e  o l d  bypass o f  t h e  b l u n t -  
body paradox, a t  l e a s t  f o r  a  few decades. So, codes must use g rosser  model ing.  
More p r i m i t i v e  model ing seldom leads t o  improved p h y s i c a l  i n s i g h t .  For ins tance ,  
i n  an e a r l i e r  t a l k  we heard about t h e  r e l a t i v e  success o f  t h e  Chor in  v o r t e x  
s i m u l a t i o n  o f  t h e  f l o w  downstream o f  a  backward-facing s tep,  aimed a t  one of 
t h e  s imp le r  cases o f  combustion. The impo r tan t  s i m p l i f i c a t i o n s  i n  t h e  model 
were two-d imens iona l i t y  o f  t h e  v o r t e x  f i l a m e n t s  and n e g l e c t  o f  v i s c o s i t y  - f o r  
t h e  good p h y s i c a l  reasons t h a t  t h e  separated shear l a y e r s  a re  s u b j e c t  t o  a  
quasi- two-dimensional  i n v i s c i d  i n s t a b i l i t y ,  whether t h e  l a y e r  i s  laminar  o r  
t u r b u l e n t .  A t  l e a s t  two aspects w i l l  have t o  be added t o  t h e  model: t h e  
presence o f  t h e  w a l l  below t h e  shear l a y e r  and a t  t h e  t e r m i n a t i o n  o f  t h e  cham- 
ber .  A c t u a l l y ,  t h e  p h y s i c a l  e f f e c t s  t h a t  those f ea tu res  i n t r o d u c e  a r e  t h ree -  
d i m e n s i o n a l i t y  of t h e  v o r t i c i t y  and c o m p r e s s i b i l i t y .  The reason f o r  t h e  f i r s t  
i s  t h a t  t h e  shear l a y e r  i s  th ree-d imens iona l l y  uns tab le  as i t  approaches t h e  
reat tachment  l i n e  on t h e  w a l l  below t h e  l a y e r .  From my years a t  M a r t i n -  
M a r i e t t a  Co., I r e c a l l  an exper imenta l  paper,  then  c l a s s i f i e d ,  showing spanwise 
maximum-minimum v a r i a t i o n  o f  hea t  t r a n s f e r  r a t e s  i n  a  r a t i o  o f  3 t o  1 a l ong  t h e  
mean reat tachment  l i n e .  The maximums were dangerous f o r  t h e  c o n t r o l s  on our  
maneuverable r e e n t r y  veh i c l e ,  t h e  SV5, and would be undes i r ab le  should  they  
occur i n  t h e  presence o f  combustion. George I n g e r  r e f e r s  t o  i t  i n  h i s  l i n e a r  
a n a l y s i s  ( r e f .  31) o f  t h e  i n s t a b i l i t y ;  Anata l  Roshko has been i n t e r e s t e d  i n  
t h i s  three-dimensionallzation o f  reat tachment  f l ows  f o r  over two decades and 
r e c e n t l y  has ob ta ined  some i n t e r e s t i n g  r e s u l t s  (unpub l i shed)  t h a t  cou ld  i n s p i r e  
b e t t e r  l o c a l  model ing.  Adding t h ree -d imens iona l i t y  o f  t h e  i n d i v i d u a l  v o r t i c e s  
t o  Cho r i n ' s  model amounts t o  m3re th$n 2 s l i g h t  g e n e r a l i z a t i o n .  Mos t l y  because 
o f  t h e  v o r t i c l t y  source t e rm  GJ g rad (v )  mentioned i n  t h e  s e c t i o n  on c l a s s i f i -  
c a t i o n ,  t h e  t a s k  i s  harder  than  Cho r i n ' s  developments t o  t h e  p resen t  f o rm  o f  
t h e  techn ique .  

FINAL INTERLUDE ON FREE-STREAM DISTURBANCES 

The example o f  t h e  t e r m i n a t i o n  o f  t h e  combustion chamber was chosen mos t l y  
t o  emphasize t h a t  f ree -s t ream d is tu rbances  tend t o  be o v e r i d e n t i f i e d  w i t h  t u r -  
bu lence ( i . e . ,  v o r t l c i t y  and i t s  induced v e l o c i t y  f i e l d ) .  It i s  w e l l  known 
t h a t ,  when shear f l ows  impinge on a r i g i d  sur face,  p ressure  feedback i s  
d i r e c t e d  upstream and s t r o n g l y  i n f l u e n c e s  t h e  i n s t a b i l i t y  o f  t h e  separated 
shear l a y e r  and any assoc ia ted  combustion. I n c o m p r e s s i b i l i t y  a l l o w s  o n l y  
ins tan taneous  p ressure  feedback, e s s e n t i a l l y  t h e  n e a r - f i e l d  a c o u s t i c  behav io r ;  
sound ( e s s e n t i a l l y  t h e  f a r - f i e l d  behav io r )  i s  n o t  a l lowed and w i t h  i t  many 
p o t e n t i a l l y  dangerous acous t i c  resonances common t o  shear l a y e r s  sepa ra t i ng  
c l e a n l y  f r om  a s o l i d  su r face .  R e c e p t i v i t y  t o  unsteady p ressure  g rad ien t s  i s  
one o r  two o rders  o f  magnitude h i ghe r  a t  sepa ra t i on  l i n e s  than  i t  i s  i n  
unseparated shear l a y e r s .  (Th i s  i s  t h e  reason why i n s t a b i l i t i e s  a t  i s o l a t e d  
three-d imensional  excrescences such as seen i n  f i g .  3 a r e  e a s i l y  pumped up 
a c o u s t i c a l l y  - f o r c e d  a t  d i s t ances  across s t reaml ines .  For xk p a s t  Recr, 
t r a n s i t i o n  can thereby  be moved s u b s t a n t i a l l y  upstream.) R e a l i s t i c  p r e d i c t i o n  
codes and d i a g n o s t i c s  o f  f ree -s t ream d is tu rbances  should a l l o w  f o r  such feed- 
back and resonant  coup l i ng .  

The Chor in  model was used o n l y  t o  i l l u s t r a t e  t h e  f a c t  t h a t  s i m p l i f i e d  
codes q u i t e  g e n e r a l l y  w i l l  n o t  be a b l e  t o  s imu la te  s a t i s f a c t o r i l y  t h i s  o r  t h a t  
mechanism o f  impor tance i n  .our t r a n s i t i o n  phenomena. Codes t h e r e f o r e  w i l l  n o t  
be g e n e r a l l y  a b l e  t o  gu ide  t h e  exper iments.  



Return ing  t o  l a r g e  f ree-s t ream d is tu rbances ,  t h e  p reced ing  d i scuss ion  
i n d i c a t e s  t h a t  t h e i r  t h e o r e t i c a l  and exper imenta l  d e f i n i t i o n  must i n c l u d e  
unsteady p ressure  g rad ien t s :  hydrodynamic ( n e a r - f i e l d  a c o u s t i c )  and acous t i c  
( f a r  f i e l d ) .  The unsteady i n p u t  d is tu rbances  ( A . C . )  i n  f i g u r e  15 f o r  l i n e a r -  
i z a b l e  ampl i tudes i n c l u d e  en t ropy  d is tu rbances  ( i . e . ,  dens i t y - tempera tu re  non- 
homogenit ies ( w i t h  n e g l i g i b l e  ~ p )  convected w i t h  t h e  f l u i d ) .  Such moving 
en t ropy  nonhomogenit ies can induce TS waves a t  supersonic  speeds, b u t  t h e  
s t r e n g t h  o f  t h e  e f f e c t  has n o t  been i n v e s t i g a t e d .  I t  has been assumed t o  be 
o f  secondary impor tance.  Th i s  i s  u n l i k e l y  t o  be warranted when c o o l i n g  e l e -  
ments o r  combustion a re  p resen t .  On t h e  o t h e r  hand, t h e  unsteady p ressure  
f i e l d  (sound) generated by t u r b u l e n t  boundary l a y e r s  on t h e  s i d e  w a l l s  i s  known 
t o  be so s t r ong  and e f f e c t i v e  a t  supersonic speeds t h a t  i t  s p o i l s  most s t u d i e s  
o f  t r a n s i t i o n  i n  wind tunne ls  f r om  Mach 1.5 t o  6 o r  7; t h e  t r a n s i t i o n  modes 
t h a t  would be p resen t  i n  f r e e  f l i g h t  a r e  bypassed and preempted by t h e  sound 
f o r c i n g .  

I d e a l l y ,  t o  c l a s s i f y  a  l a r g e  f ree-s t ream d is tu rbance ,  we would l i k e  t o  
d i s t i n g u i s h  i t s  steady o r  moving coherent  f ea tu res  f rom t h e  more homogeneous 
t u r b u l e n t  background (such as exp lo red  by Dyban's K iev  group ( r e f s .  22 and 2 8 ) ) .  
The f i r s t  t ask  would then be t o  i d e n t i f y  t h e  s t ronger ,  more r e g u l a r  f ea tu res  
such as movjng shock waves, quasi- two-dimensional  wakes f r om upstream obs tac les ,  
f r e e  concen t ra ted  v o r t i c e s ,  and s w i r l .  Th i s  r e q u i r e s  good unders tanding o f  t h e  
f l o w  p r e h i s t o r y ;  such knowledge would then  gu ide  s u b t l e  d i a g n o s t i c s  w i t h  two 
probes, one o f  which must be t r a v e r s i n g  w i t h i n  t h e  i n l e t  p lane.  

The same i n s t r u m e n t a t i o n  can p rov i de  es t imates  o f  n e a r - f i e l d  pressures and 
f a r - f i e l d  acous t i c  f i e l d s .  The coherent  v e l o c i t y  amp l i tude  o f  each s p e c t r a l  
peak c o r r e l a t e d  across t h e  i n l e t  p lane  o r  t e s t  s e c t i o n  y i e l d s  t h e  acous t i c  
f i e l d .  For n e a r l y  p lane  f a r - f i e l d  waves t h e  p ressure  f l u c t u a t i o n  i s  equal  t o  
pa t imes t h e  normal v e l o c i t y  f l u c t u a t i o n s ,  where p and a  a re  t h e  l o c a l  
mean d e n s i t y  and speed o f  sound, r e s p e c t i v e l y .  Few researchers  recogn ize  t o  
what e x t e n t  t h e  low-frequency end o f  t h e  v e l o c i t y  spectrum measured a t  t h e  
i n l e t  o f  t h e i r  t e s t  s e c t i o n  i s  a c t u a l l y  d r i v e n  by n e a r - f i e l d  p ressure  f l u c t u a -  
t i o n s  ( a l s o  c a l l e d  pseudosound). From exper ience I would guess f o r  i ns tance  
t h a t  more than  50 percen t  o f  t h e  very  low-frequency c o n t r i b u t i o n  t o  t h e  meas- 
ured ul/Ue "sans g r i l l e "  i n  t h e  i n s e t  o f  f i g u r e  9 comes f rom such p ressure  
f l u c t u a t i o n s ,  which a r e  g i ven  very  n e a r l y  by p U e ~ ' .  Th i s  i s  a  l i n e a r i z e d  
B e r n o u l l i  r e l a t i o n  f o r  u '  f i e l d s  c o r r e l a t e d  across t h e  i n l e t  p lane .  S ince t h e  
low f requenc ies correspond t o  acous t i c  wavelengths t h a t  a r e  f a r  l onger  t han  t h e  
t e s t  sec t i on ,  t h e  sources o f  t h e  n e a r - f i e l d  p ressure  ( u s u a l l y  random-l ike and 
broadband) can be q u i t e  d i s t a n t .  Some o f  these d is tu rbances  come f rom down- 
stream, as, f o r  example, t h e  low-frequency p a r t  o f  t h e  p ressure  feedback men- 
t i o n e d  e a r l i e r  ( r e f s .  32 and 33).  The r o l e  o f  r e l a t i v e l y  l a rge ,  low-frequency 
p ressu re  f l u c t u a t i o n s  i n  t h e  t r a n s i t i o n  process i s  n o t  c l e a r ,  b u t  t h e r e  i s  some 
i n d i r e c t  evidence t h a t  they c o n t r i b u t e  t o  r e c e p t i v i t y ,  e s p e c i a l l y  i n  t h e  p res -  
ence o f  smal l  d i s t r i b u t e d  roughness. They and t h e  a c o u s t i c  d is tu rbances  should  
be added t o  t h e  t o p  o f  f i g u r e  14 as a d d i t i o n a l  r e c e p t i v i t y  paths.  T h e i r  tempo- 
r a l  i r r e g u l a r i t y  e v i d e n t l y  modulates t h e  t i m e  development o f  whatever i n s t a b i l -  
i t i e s  do a r i s e ,  f o r c i n g  random c h a r a c t e r i s t i c s  upon t h e  p r imary  and h i ghe r  
modes l ong  be fo re  t h e r e  i s  tu rbu lence  o f  t h e  shear l a y e r  i t s e l f .  

I d e a l l y ,  a f t e r  i d e n t i f y i n g  t h e  c o n t r i b u t i o n s  f r om s w i r l ,  shock waves, 
wakes, and f r e e  v o r t i c e s  as w e l l  as f rom t h e  acous t i c  and n e a r - f i e l d  f l u c t u a -  
t i o n s ,  we should be a b l e  t o  s u b t r a c t  them i n  t h e  square f rom t o t a l  f l u c t u a t i o n  
s i g n a l s  and t o  o b t a i n  t h e  r e s i d u a l  f ree -s t ream tu rbu lences ,  p rov i ded  t h a t  t h e r e  



were no s i g n i f i c a n t  en t ropy  f l u c t u a t i o n s .  I f  t h e r e  i s  upstream c o o l i n g  o r  
combust ion,  a d d i t i o n a l  probes f o r  measurements o f  temperature  f l u c t u a t i o n s  w i l l  
be needed. Should t h e  r e s i d u a l  t u r b u l e n t  and en t ropy  f l u c t u a t i o n s  t u r n  o u t  t o  
be q u i t e  u n i f o r m l y  d i s t r i b u t e d  over  t h e  i n l e t  s e c t i o n ,  t h a t  would be an i n d i -  
c a t i o n  o f  t h e  cons is tency  o f  t h e  decomposi t ion process.  When we i n c l u d e  spec- 
t r a l  and c o r r e l a t i o n  c h a r a c t e r i s t i c s  r e l e v a n t  t o  t h e  t r a n s i t i o n  process,  t h e  
number o f  f ree -s t ream parameters w i l l  g e n e r a l l y  exceed 5 and cou ld  r u n  p a s t  10 
f o r  more complex f l o w s .  A lso  t h e r e  w i l l  be n o n n e g l i g i b l e  u n c e r t a i n t y  concern- 
i n g  each parameter.  

I t  should  be f a i r l y  c l e a r  t h a t  a f t e r  such i d e a l l y  e f f e c t i v e  measurements 
we s t i l l  would have d i f f i c u l t i e s  r e l a t i n g  t h e  i n p u t  parameters t o  t h e  o u t p u t  
measurements, even i f  we ( s t i l l  more i d e a l l y )  c o u l d  va ry  t h e  f ree -s t ream para-  
meters  r a t h e r  f r e e l y  i n  our  exper iments.  We need o n l y  t o  r e f l e c t  on t h e  l e s -  
sons f r o m  t h e  orders-of-magni tude s i m p l e r  example o f  f i g u r e  9, where t h e  low-Tu 
c o n d i t i o n s  induced an e a r l i e r  t r a n s i t i o n .  ( A  t h i r d  c o n d i t i o n  w i t h  s t r o n g e r  
g r i d - t u r b u l e n c e  d i d  n o t  r e s o l v e  t h e  puzz le . )  

REPRISE 

From t h e  p reced ing  e x e r c i s e  i t  appears t h a t  a  f r o n t a l  approach t o  p r a c t i -  
c a l  f l o w  c o n f i g u r a t i o n s  i s  l i k e l y  t o  r u n  i n t o  severe d i f f i c u l t i e s  i n  d e f i n i n g  
e x p e r i m e n t a l l y  t h e  r e q u i s i t e  env i ronmenta l  parameters on one hand and i n  i n t e r -  
p r e t i n g  m e a n i n g f u l l y  t h e  " o u t p u t  measurements" on t h e  o t h e r .  Yet, as i n  a l l  
research  d i r e c t e d  a t  s p e c i f i c  a p p l i c a t i o n s ,  t h e r e  w i l l  be s t r o n g  pressures t o  
l o o k  a t  t h e  " r e a l  t h i n g . n  A preacher  i s  expected t o  evoke t h e  p a t h  t o  r i g h t -  
eousness, even when he i s  i g n o r a n t  o f  " p r a c t i c a l  l i f e . "  So perhaps I may be 
p e r m i t t e d  t o  g i v e  my i n s u f f i c i e n t l y  in formed views. My exper imen ta l  b i a s  would 
be t o  s t r i v e  f i r s t  t o  e s t a b l i s h  a  q u a l i t a t i v e  framework o f  unders tand ing by 
c l a r i f y i n g  i n d i v i d u a l l y  as many i m p o r t a n t  mechanisms and i n t e r a c t i o n  p a t t e r n s  
as can be a n t i c i p a t e d .  As we have seen, key elements i n  t h e  i n t e r a c t i o n s  a r e  
l i k e l y  t o  be i s o l a t e d  wakes and v o r t i c e s  coming f rom d i f f e r e n t  ang les toward 
t h e  l e a d i n g  edges ( b l u n t ,  s lender ,  and sharp ) .  For s t r o n g  d is tu rbances  t h e  
main a c t i o n  o f  i n t e r e s t  should t a k e  p l a c e  f r o m  j u s t  upstream o f  t h e  l e a d i n g  
edge t o  p a s t  Remi,, perhaps t o  Recr. Access, t r a n s v e r s i n g  o f  t h e  ve loc -  
i t y  and thermal  f i e l d s ,  and v i s i b i l i t y  ( i f  p o s s i b l e )  i n  these  reg ions  a r e  
i m p o r t a n t .  B road ly  speaking we c o u l d  proceed i n  t h e  s p i r i t  o f  f i g u r e s  5 and 6 
o f  Hodson and Nagib ( r e f .  14) t o  g e n e r a l i z e  t h e i r  i n s i g h t  s y s t e m a t i c a l l y  t o  as 
many separa te  geomet r i ca l  v a r i a n t s  as t h e  i n g r e d i e n t s  i n  p r a c t i c a l  c o n f i g u r a -  
t i o n s  would suggest.  Each conceptua l  exper iment  would have a  smal l  number o f  
c o n t r o l l i n g  parameters so t h a t  connect ions between cause and e f f e c t  c o u l d  be 
made w i t h  some conf idence.  

Such s i m p l i f i c a t i o n  and c o n c e p t u a l i z a t i o n  i s  more l i k e l y  t o  l e a d  t o  
improvements i n  codes and des ign:  i t  more f r e q u e n t l y  i n s p i r e s  "cu res"  should  
p a r t i c u l a r l y  d e t r i m e n t a l  c o n d i t i o n s  be i d e n t i f i e d  (such as l o c a l  s e p a r a t i o n ) .  
I t  was such a  s i m p l i f i e d  wind t u n n e l  t e s t  t h a t  i d e n t i f i e d  and developed a  c u r e  
f o r  t h e  dangerous bypass on sweptback a i r c r a f t  ( t u r b u l e n c e  con tamina t ion  f rom 
t h e  f u s e l a g e  j u n c t u r e  t o  t h e  a t tachment  l a y e r  on t h e  l e a d i n g  edge o f  t h e  wing 
( r e f .  34) - see t h e  s e c t i o n  Flows w i t h  Known Ree,,jn and Recr). l lP rac t i ca l l l  
f l i g h t  t e s t s  had f a i l e d  t o  improve t h e  poor performance. We n o t e  t h a t  t h e  
exper iments  o f  Dyban e t  a l .  ( r e f s .  22 and 28) a r e  a l s o  s i m p l i f i e d  i n  t h a t  t h e y  
s t r o v e  t o  make t h e  l a r g e  t u r b u l e n c e  homogeneous and n e a r l y  i s o t r o p i c ,  so t h a t  
t h e  r e l e v a n t  parameters were reduced t o  Tu and t h e  v e l o c i t y  spectrum. ( I n  
any recheck o f  t h e i r  r e s u l t s  a t t e n t i o n  t o  t h e  r o l e  o f  t h e  l e a d i n g  edge would 



be d e s i r a b l e :  measurements j u s t  upstream and j u s t  downstream, w i t h  a t  l e a s t  
one v a r i a n t  f r om  t h e i r  sharp edge, t o  c l a r i f y  t h e  r e s t r u c t u r i n g  o f  t h e  f i e l d  
and p o s s i b l e  l o c a l  sepa ra t i on  i n  t h e  presence o f  t h e  l a r g e  f l u c t u a t i o n  normal 
t o  t h e  edge.) 

From t h e  s imp le r  exper iments we cou ld  proceed t o  compound problems, such 
as combinat ion o f  wakes approaching bodies w i t h  inc reased  f ree-s t ream tu rbu -  
l ence  (homogeneous Tu ou t s i de  t h e  wakes) t o  assess t h e  e f f e c t s  o f  "super-  
p o s i t i o n . "  The compounding would o f  course a im a t  approx imat ing  p r o g r e s s i v e l y  
t h e  suspected s t r u c t u r e  o f  t h e  environment i n  key p r a c t i c a l  c o n f i g u r a t i o n s .  
The prob lem o f  t h e  "sc rubb ing"  heat  t r a n s f e r  a t  j u n c t u r e s  and hubs o f  b lades,  
where boundary l a y e r s  ( w i t h  l o c a l  sepa ra t i on )  on two w a l l s  i n t e r a c t ,  can be 
approached i n  a  s i m i l a r  conceptual  manner. Any t ime  t h e r e  i s  a  mean v e l o c i t y  
component a l ong  t h e  l ead ing  edge o f  a  b lade,  a  coun te rpa r t  o f  t h e  s t r ong  con- 
t a m i n a t i o n  bypass encountered on sweptback wings ( r e f .  34) becomes a  p o t e n t i a l  
danger. (Away f r om t h e  at tachment l i n e  l a t e r a l  con tamina t ion  i n f l u e n c e s  a  
s u b s t a n t i a l l y  sma l l e r  domain, l i m i t e d  by t h e  spreading ang le  o f  t h e  o rde r  o f  
10" f r om  t h e  l o c a l  p o t e n t i a l  s t r eam l i ne  a t  t h e  edge o f  t h e  boundary l a y e r . )  

As we commented i n  connect ion w i t h  t h e  v i s u a l i z a t i o n  f i g u r e s ,  t o  s t a r t  
w i t h  low Reynolds numbers has many exper imenta l  and conceptua l  advantages, i n  
p a r t i c u l a r  space-t ime r e s o l u t i o n  and v i s i b i l i t y .  I n  exper iments a t  t h e  
p r o t o t y p e  Reynolds numbers w i t h  l a r g e  d is tu rbances ,  t h e  t r a n s i t i o n  phenomena 
t h a t  we seek t o  understand w i l l  occur a t  low Reynolds numbers based on t h e  
d i s t a n c e  f r om t h e  l e a d i n g  edge, anyway, b u t  on s p a t i a l  and temporal  sca les t h a t  
a r e  much harder  t o  r eso l ve .  I t h i n k  I am beg inn ing  t o  r epea t  mysel f  and t h e  
obv ious as w e l l .  I n  f a c t ,  many o f  t h e  a t t i t u d e s  I am preach ing  a r e  e v i d e n t  i n  
t h e  papers on NASA Lewis research i n  progress,  i n  p a r t i c u l a r  those o f  J im 
VanFossen and Barbara Brigham. So I can q u i t  p reach ing  w i t h  t h e  sense t h a t  t h e  
f l o c k  knows t h e  way t o  t h e  Promised Land. Never the less,  l e t  me remind you i n  
p a r t i n g  t o  heed t h e  wisdom o f  t h e  f o u r  g u i d e l i n e s  f o r  t r a n s i t i o n  research  on 
page 345 o f  E l i  Resotko 's  rev iew ( r e f .  23). 
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(a) Blasi us boundary layer. 
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Figure 1. - Growth o f  turbulent wedges i n  re lat ion t o  c r i t i c a l  Reynolds number Recr f o r  growth 
o f  inf ini tesimal disturbances i n  a Blasius and an accelerating boundary layer. 
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Figure 2. - Schematic o f  features i,n second steady stage of  flows around cylindrical protuberances, 
as visualized by Gregory and Walker ( ref .  12). 



Figure 3. - Schetnati c of  periodic hai rpi  n-vortex formation downstream of  hemi sphere protuberance, 
as visual i zed by C.R. Smith for Rek i n  range 450 t o  550. A t  the wake edges these vortices 
interact with the two arms of a counterrotating horseshoe vortex wrapped around the front of the 
hemi sphere (not shown). 



(a) Laminarwake: Urn= 7 ft/sec; k = 0.188 in; 6 = 0.3 in; Rek = 610.
(b) Periodic disturbances: LI== 9.5 ft/sec; k = 0.188 in; a = 0.25 in; Rek = 890.
(c) Turbulent wedgeformingnear cylinder: Uoo= 18.3 ft/sec; k = 0.188 in; 6 = 0.18 in;

Rek = 1800.

Figure 4. - Smokevisuallzation of vorticity rearrangementat fixed cylinder that protrudes into
thinning boundarylayer as external speedincreases. (Fromref. 13.)
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(a) Horseshoe system oscillation beginning: k = 0.375 in; 6 = 0.18 in; Rek = 3600.
(b) Horseshoe system oscillating strongly: k = O.S in; 6 = 0.18 in; Rek = 4800.
(c) Horseshoe system tu_ulent upstream of trip: k = 1.0 in; 6 = 0.1B in; Rek = 9600.

Figure 5. - Smokevisualization (at fixed external speed) of new instabilitles in boundary layer
distorted by cylinders with k = 0, as these protrude further outward. Um = 18.3 ft/sec.
(Frem ref. 13.)
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SIDE VIEW 

Figure 6. - Schematic of vortex flow module proposed for augmentation of  heat transfer from b lu f f  
bodies . 



_)i, i

(a) Red = 30; ReD = 1040; &x/d = 111; d = 0.027 in; D = 0.935 in.
(b) Red = 365; ReD = 2730; Ax/d = 32; d = 0.125 in; D = 0.935 in.

Figure T. - $ide-vleu dye vlsualization of single wake impinging on rectangular cylinder at Red
of 30 and 365. (From ref. 14.)
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(a) t = O. (d) t = 0.34 sec.
(b) t = 0.14 sec. (e) t = 0.44 sec.
(c) t = 0.24 sec. (f) t = 0.55 sec.

Figure 8. - Side-viee dye visualization showingeffect of free-stream perturbation P on vortex
floe moduleat Red = 90.
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Figure 9.  - Turbulence developmnt and s a p l e  spectra outside boundary layer along axis-tric 
slender body with and without upstream grid. (From ref. 17.) 



(c ) (dl 

(a) x = 3.7 an. (b) x = 36 an. 
(c) x = 66 an. (d) x = 85 an. 

Figure 10. - Samples o f  fluctuations u( t )  a t  f i v e  heights y o f  laminar boundary layer growing 
i n  presence o f  gr id  a t  x o f  3.7, 36, 66, and 85 an. (From r e f .  17.) 



FLUID MECHANICS-Soviet Research, Vol. 5 ,  No. 4, July-August 1976 

Characteristics of the Laminar 

Boundary Layer in the Presence of 

Elevated Free-Stream Turbulence 

YE. P .  DYBAN, E.YA. EPIK AND T. T.  SUPRUN 

The behavior of the laminar boundary layer was 
observed at free-stream turbulence of 0.3 to 25.2%. 
The increases in the boundary layer thickness, in the 
tangential stress at the wall, and in the momentum 
thickness with increase in turbulence a re  estimated. 
It i s  shown that the depth to which the fluctuations 
penetrate into the boundary layer does not depend on 
the turbulence but only on the Reynolds number. The 
perturbation peak in the layer are  highest at free- 
stream turbulence of the order of 4.5%. The longi- 
tudinal scale of turbulence increases monotonically 
toward the outer edge of the layer, while i ts  spectral 
distributions exhibit low (less than 300 Hz) frequencies. 

Fig. 1. Velocity dietribution in the laminar boundary 
layer. 

Figure 1 1. - Abstract and mean 1 ami nar boundary-1 ayer prof i 1 es i n presence of  i ncreasi ng free- 
stream turbulence. (From r e f .  22.) 



Characteristics of he Laminar Do Q 
Boundary Layer in ha hosence of 

Elevated Froe-Stream Tor bu lence 
#/ s* 

Fig. 2. Varlatloo i8 d r y  d c l e a t  rod 
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Figure 12. - Variation of skin friction ratio, shape factor, and u' fluctuation profiles in a 
laminar boundary 1 ayer as free-stream turbulence increases. (From ref. 22.) 
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Figure 13. - Salient features of turbulence. 



Figure 14. - Schematic of  influence on growing laminar boundary layer of  external turbulence (top) 
and a three-dimensional protuberance (bottom). 
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Figure 15. - Evolutionary paths to turbulence in undistorted boundary layers and ducts for mild 
environmental disturbances - 1984. 




