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PREFACE

This paper constitutes the “Opening Address” delivered by the author during the AGARD
Fluid Dynamics Panel Symposium on “Laminar-Turbulent Transition” held at the Technical
University of Denmark , Lynghy, Denmark , 2 4 May 1977 (AGA RD-CP-224).

The manuscript was not ready in time for inclusion in the AGARD Conference
Proceedings, CP-224 , however , in view of its importance to the research community, the
Fluid Dynamics Panel chose to publish it as a separate AGAR D publication, Consequently,
the author was able to include in the present report an up-to-date view of the phenomenon
of transition, It is recommended that interested readers also obtain copies of AGARD-
(‘P-~24 and the Technical Evaluation Report on the Symposium on “Laminar-Turbulent
Transition” by the present author, AGARD-AR- 1 22.
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INSTABI LITI , T RANSITION TO TURBULENCE AND PREDICTAB ILITY

by

Mark V. Morkovin
Illinois Institute of Technology
Chicago, Illinois , USA 60616

SUMMARY

Transition is described and analyzed as a system. The progress in our understanding of the various
features of the system is examined and illustrated. This includes advances in the long confused problems
of transition in channels and pipes. The role of linear and nonlinear theory and of microscopic experi-
mentation is discussed.

The transition system is recognized as inherently nondeterministic and some consequences of this
fact for research and design are drawn . The interrelationship between researchers , testers , correlators ,
computer predictors and designers is touched upon. Misunderstandings have been expensive. It is con-
cluded that need exists for a more realistic philosophy of transition research and of transition-
conditioned design .

1 INTRODUCTION

la Framework of Reference for Our Task

WhCn twenty years ago I was preparing my first survey paper on transition1, it became clear that I
could not convey adequately the complexity of the phenomena un1~.ss I borrowed the more fam~

1+ar language
of electrical systems: hence Fig. 1 (rearranged into the present iorm in my later reviews ‘ ). The
det~iils in the Figure deserve careful individual consideration , but Figure 1 will be used here primarily
as an overall map to guide us with respect to our task to “review the progress achieved during the last
ten years and to bring to light the still unsolved problems ,” as set for us by the Fluid Dynamics Panel
under THEME AND OBJESTIVES.4 ~~~~ of the detailed progrgss (or lac~1of it) has been reviewed ratherrecently by Reshotko ,

9
Tani ‘ ‘ (low speeds), Liepmann , Morkovin (high speeds> , S~~ lichting e~ 3

a)
Loehrke_Morkov~g_Fejer (for fre~6

streams u • * A ~ ~ ~~t) 27’ 
Mack and Morkovin , Hirschel (swept

wings), Stuart and Stewartson (nonlinear theories), Michalke (free shear layers) , and others . I will
therefore assume that these reviews were or shortly will be studied* by this transition research communi-
ty so that I can be free to focus here on a smaller set of observations and issues related to the state
of our knowledge and its usage.

lb Development of Attitudes toward Transition Research

Ten years ago Lester Lees, keynoting a similar transition congregation~
’4 at San Bernardino , in the

midst of gloomy confusion about transition in high—speed and three-dimensional flows, opened the dis-
cussion with “I think it might be appropriate to begin with a short prayer.” He called for “microscopic**
experiments,” especially in the areas of confusion , to identify the disturbance environment and the
multiple modes of instability and mechanisms of transition , preferably in conjunction with linear
stability calculations. A crystallized list of critical high—speed transition issues and practicable
high-priority research directions was presented ~~~ to NASA ’S Subcommittee on Fluid Dynanr~cs in October
1969 and led to the formation of the U.S. Transition Study Group (USTSG), still chaired by Eli Reshotko
despite organizationa~5

metamorphoses. The Group ’s initial program of research and its philosophy was
presented by Reshotko in 1971 but continues to be relevant to our task here. A first crop of seven
coordinated papers by t~~g Group was published in the March 1975 issue of the AIM Journal and was put into
perspective by Reshotko at the 1974 IcAs Congress. Similar recognition that transition had best be
tackled cooperatively also grew in Europe in the early seventies and ultimately led to the formation of
the Workj9g Party on Transition in Boundary Layers within EuroVisc and to an outline of their credo by
Hirschel , most pertinent to our task here. And , of course, the Fluid Dynamics Panel of AGARD has
repeatedly focused on stability and transition questions and has convened us here for another sharing of
views and appraisal.

lc Reliability of Evidence

In the latest review
3 
Reshotko not only traced the interaction of microscopic experirn, ntation and

linear theory that did in fact remove some of the confusion which prompted Lees ’ 1967 sermon in Ref. 14,
but also covered major developments through mid—1975 and ended with “Directions of current and future

* Mi,~imal start~~g background for appreciation of the complexities of transition: Tani 4~
l0

, Reshotko 3.
Morkovin , Hirschel -

** Term incorrectly attributed to me.

‘~~~ The report was published in 1971 with minor modifications as Ref. 11. The four groups of hiqh-speed
problems listed on pp. 16 and 17 therein remain essentially unsolved, although h a ,  clarification of the
role and limits of existing linear theory , has been much advanced by Mack and Kendall , and the Quiet
Tunnel is making headway under Ivan Beckwith’s leadership. The rest can therefore be part of the Cot~en-
hagen 1977 Open Questions List.
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in vest iqat iotis ,” another a ss i st  f t  the ta sk  b , t , ’ t  i’ us. Lin I ik e  any t h , - r  , , ‘n t  t ibu t  i, ’tt  t o  the A n n u a l
Re v i e w s  s i t  105 , }O’s h , ’t  k~ i ’ s incorpora ted  a set i f  c h at  l e n g in g  t:FT :o; g u i d e ) :  ne.s fo r  ri - s . .-  it  i -h i n  T r a n s it  ion
‘Ft-st iriq which in eft i ’ i ’t emptias j zes the  s) e i iai  multi fa ct ’ t e d  and hyj  -, ‘ r,i’-ns i t  ive i t t  u re  of i-or sut’ j , - , - t  .

N. ’ ,- au ’i, ’ the fo u r t h  qu i d e l  t i e  rc l at e s  to i-i t t ’  of the  thens’s of the t . ’~..s: t I s i t - ~- r :
Wh a t  cun st i  t u ti ’s su f f  ic i i ’f lt  e vt d i ’ttce for  a result to t’,- , - , ’ns i i t - r i d  as_ e st a b li .shed .’ ,

I w i  1 I . 10i ’t  0 j t  in f u ll :  “ 4 .  Tests whe ’re possib le  should  in v , i lv e  tm,r , -  t h a i t  one f a c i l i t y .  T.’st s should
have t . i i : i t i ’,: , ‘t ‘ven al -h 1 tOt paraltx’ t . ‘ rs and whet .’ ~‘oss it ’le , e x p e r i m e n ts  shou ld  have  redundancy i n  t r a i t —
s it ,  ‘ii me a- , t t e m, ’i it s .  ~‘ This ‘tu i,1’-l it - ic s h o u l d  perhaps  be ex t  ended t o  t h , -ori -t  t i - a l  research as w e l l , and by
4 “ t i ,  i i i  ty ” we could e qu a l l y  mean a “I h i- u t - i- t i ca l  mod,- 1 wi  Ut i t~i u i m p i t t , - t  p rogr am . ” One can have a good
und, ’, ‘,t  .in I i i , , :  i - f  a theon,’t i ca l  H :‘atin,’,it without be i i i i t  able t , d , ’~ - ide w h i c h  paper  ( s ay  on n o n —p ar a l l e l

i l i t  y t h.s’r y t  is most  trustworthy , iuile,;,, t he r e  is a harmon l u i t i , ;  overlap i i i  conq:uted r e s u l t s, or
mile s,; t h e  se t s  of authors , i t ,’ w i l l i n g  to sub scr i i - .’  t o  a ~~~~~~~~~~~ pos i t  ion .

1.1 Fu n d i ng  and P h i  losorh y fo r  Tran s  i t  ion R,’si- ,.r,-ti

A l l  in a l l ,  i t  would  ‘u -em that Copenhagen 1977 is more b l e s sed  titan San R er n ar d in o  1967: we have
a f i t -  - .t a p p r o x i m a t i o n  t o  ,t ;y st  i-m s view of our subject in  F i g .  1, we have a s .-r  t es of recent r e l i a b l e

t i t i c a l  reviews of va r ious  subf i e id s  of the subj ec t , and p a r t  of i ’ur t a sk  has li , ’,’n accomplished t h roug h
t h o ug h t f u l  1 i st s  ,:f ot . ’t i  q ue s t i ons  :‘ s t a( ’lj  st:, ’,i th rough  i i i s; - :ission among resea rchers  who recoqnize  the
)i , -c , ’-,’; t t y  of coo n , i i n a t e d  and ~o.~~’i ’ r at iv e  approach . However , w h a t  has been i n c r e a s i n g l y  m i s s i n g  under  the
p r ev a i l i n g  i c i i t i o m i c  c l im at e  is  s it s  1 ,i i ned f u n d i ng  f . ’r such c o o r d i n a t e d  r i- sea rch  and t ot  f a c i l i ti e s  which are

I - tie . i ’s - ; a t y  t i  t a ck l e  w h a t e v e r  w o r t h w h i l e  l i s t s  of research t i  r’ii’ t S any  b l u e — r i b b o n  gro ups may P-~~ n s —
, ik in g ly  work i ,u t .  Th is  i s  a ser ious  and trust rating mat t or. Prob lems  u n r e s olv e d  40 yea r s  a f t e r  the
iv,ii l a bi l i t y  i t t  hot  w ir e s  are  1 ik . ’ ly t o  y i e l d  on ly  t i  s u s t a i n e d  . 1 1  ,-r t , ;  of .‘xtra  qual  i f i . - d  m i n d s  and h inds

w i th - ;p i ’ -  i t t  tools  and f , i u - j J j  t i es .  W, ’ should i t t  i- i - i t t - s e  convey our  ri’lat ivel y ha ruto i ij ou s  and thus ho i’ e—
f u l l y  more conv inc: : i’i  v iews  wi  Ut s u f f i c i e n t  em p h a s i s  t o  the  f un d i t i ’ t  powers tha t  hi’. But  i n  face of
genuinely limi ted r ‘source-; we shou ld  perhaps  al so  - , , t u t  i n  i ce  , ‘::t t o s , ’  i t  h shot ’ t -  i n g  l i st : ;  for  p i  t o r i ti e s  -

P et  i .q - we -: h, ‘ u I  d a 1 so examine  how o u r  i c  search p rouiuct is it ,;  i ’d t ’~ t he iii ’s t qn commitu i ty  . Pt’ vi’ , - ot i  —

vey t o  them adequa tely  t h e  u n a v o i d a b l y  un c er t a  in t o t  l i l y  i l  our t i , i t o :  i t  ion k i t ow ) , ’i I ’ t u ’ an d i-st imates? ~~‘,‘,;
the ,i, ’s t o i l e r unders t  i t : , i  w e l l  enough the j ’r i i t ~ai i i  i st  ic n a t u r e  of the  in fot -m a t  ion g i v e n  him, t i  it i clu i i ,-
p robabt i  i t  let ,  in the  as,;en’ument of the r i s k s  i ’f  h i s  de s i g n ?  IS’ the compu te r—arm e d tr , i ns i  t u t u  t ’ n i ’d : ,t . ’rs
who f u r n i s h  h i m  w i t h  st , t , -k- ;  of d e f i n i t i v e  t r a n s i t i o n  v a r i a t i o n s  w i t h  m u l t i p le parameters  w i t h o u t  e s t i ma t e ,
of poss ible  i - t r o t - ; r e a l l y  he lp  the designer in h :s  t rue  t a s k 7  A communal p h i l o s o p h y  of t r a n s i t i o n  reseat-cit
ti,is bet-n eme r g i n g  for  sorts’ t ime , v i z ,  t he  )l ~;T:h: g u i d e ]  it :es. Shou ldn ’t  we also pay a t t e n t i o n  t o  t he  1.hi to—
sophy of t r an s m i s s i o n  of  the t r a n s i t i o n  i n f o rm at i o n  and of i t s  u t i l i z a t ion? Th i s  m i g h t  he lp  w i t h  the
assessment  of p r i o r i  i i i ’ s  for  the unsolved  problems and even w i t h  i m p r o v i n g  the - ‘1 ima t e  to t  t r an . : t ion
res e .i r i -h f un d i n g .

1 SELECTED OR~~FRVATl(iNS (iN TRANSITION .Vcl’Er,h

• The t i r s i  ‘t r out  of  ol’se i-va t  i ot is i ; i m i ’  ly t r., 0.; 1 at-i’s ii :t i’ words Se I e , t  . u t  f e a t  ores of t hi’ uns t at’ 1.- sy s —
tem liorttayi’ l in F i g .  1. 11,—ri’ t h e  t’c~ of l i m it  ,tmpl ific at ion r e f , - r , ;  t i  T o l l m i o n — S ’ - t t l  i c h t  m u  waves
(u i , ’n , ’r al  ic, ’d H’, ,- , ‘n )p t i ’s,; i I , i  1 it ~ ,f

~
i .uk ew :ie’~s)  , i ’ r ;;t~r t  l.’t wave s (concave boundary l a y , ’ is )  , or u t i s ta b l e

.;i g’e rson ic h i  ‘t hu  t- modes ,~~ f ~-t,u-k 
‘ , or just il , 1 i ty  wave s in  t Ii ree—d I tts’ns i ‘ t ia  1 I’, ‘it u i d ,  t ry  I ii’ ,’ rs (i ’ .g. on

swept w i ng s , si -c S tu ar t ~ ) , t I 1 grow i no in St reamwi si- ‘ii  rect  ion i n  response t o  ,tni ’ominq n o n — t i n  i foils l i i i , -,’ —
d i m e n s i o n a l  d i s t u r b a n c e  co n f igu r a t i o n s  ,,f vort  i c i t y ,  sound , and cut ropy pal terns(which i n c l ud e  .~~t i a sub~~~t

i t  reamv i 5.- vi :r t  i c i t y  wave n uut~cers  c.iI’ ,itt I i ’ of f e e d i ng  t h e  G~Srt  1cr mi ’.i, - , - i c  I-’ i t  - 3 ‘f ~~ t’i’e~ and O~~r t  I i -n  3 -

~‘ ,t ~~~ i t n i::ii ,~~nj~~~~~~i c at i nn of E i y en w , i ve Packets

The d st u rban  ,‘,‘e  t i v i r . ‘t im . ’,:t to r i -i’s t ran s  i t ion to uc, -, i t - , of ten t ti rough .1 ~~~~ - ri ‘,-e ~i5  i- f  cot: ca t en a  ted
( c v i  I .‘pm.-n t i t  l it :’.; -

For ittoderate t -‘ small di.;t urh~nc,-s the t i -,u 1’otid i ng  met i ~ rt ,u i t ”  Lncompress u b Ic ‘i ‘,‘t’d,u -- l ’etu ~~ve ~s a
s i i~ s’t 

~
‘-

~ 
i t  ion of  f r i - i ’ 2 1) and 31i i’l u ) i S i f l i t , lO. ; , f u l l y  i n t e r n a l  I ci ’d h ’ a , u t  - st y ,  Ri’ 

- 
T h e i r  t ot a l  ampl i  f i c , i t  t i - t i

in the l i n ear  r,”t ork ’ is l i k e l y  to exceed 500 — 2000 (pp .  1 2— 1 3  of R e f .  1~~) .i n~1
’m i y  t eac h  10000 to l2u)0:L

2t’ N a t u r e  , irH .;~~~~~- t f i c a t i o n  of F o r c i ng  1) i st u rh an c~~s

The ,1 i t  u t -l a,:, - , - e n v i r o n m e n t s  ( t h e  I i i p i : t  Pox i n  F ig .  1) i n  wit ich t r a n s i t  i o n — d e p en d e n t  designs w i l l
op- t a t . ’  are  u t e t i i ’r , t  I Ly unknowti

S ince  t lii ’ ,i t ’ove ,tm~- 1 j~ i ca t  ion f , iv , -r .; so l i -c t  Vt ’ ly s i t u ) )  Re—d ep endent  subregions to  the  wave—number
‘pu- i ’ , t ro t - i ’  r -h: ,,r,n—ter : c i t  ion would  i - _ i l l  f o r  f i t )  1 31) sp ec t ra  of a l l  th ree  types  of d i s t u rb an c es  n ea r  t h e
- x c :  t , i h ’ l e  l u - c a t i o n  of t h u - - h e i r  lay e r .  Vu ~t t i c i ty  and the d e n s i t y — t e m per a t ur e  , i i st u t -han c e s  , being qu a s t  —

- i t  ,tbo ) i ’ , t n ’  t i - ni - r i h , i I ’ l e  i n  terms of , - l , a , u i t i  i - i l ii) Four ier  uie, ’omt’,’s t t ion . A,—oust  i i ’ d i s tu rb ance s in
:;uh.ion i i ’ f,ic i 1 it l i - - u  need to ts’ deu -i ’t sl’o’ i ’u i i n  t u’ progress i v,’ tue  t modes anj  St reamw i se and ,- t 05,1st ream
- ; t , t i i u i t t i . t  waves: - ,-, ‘ u h - ; u ’is- ;ion on h’I’ - ‘‘ 30 , ‘ ‘4” , m d  547 ,‘f l,oehrk~ et al

Even f .  - r - - - i i  . - t i l l  w i nil — t t i t i t i , ’ I ex t .- F  i itsutt it  ion requ is  i te measurements  tend t i ’ be p r o h i b i t  i v,’
i i  l iy  wheti -n. ’ i ‘ ‘ - ‘ ‘n i l  c, ’, u I i t t  I :tnne I i i i , ; t t  i i  I’. i i i , - ’ . : t end to  change even dur i nq a s i ng  I. — day)

2c S,s~~~ -t i i i ? ;  , i t i d  f l i t  i H ’ , i n c F t- i i p aga tion  Sj’i’t’il

F vt-ti I f t - l i s t u rha t i , ,’ - - l i v i ronrrs’n t wet known , t he manni’ r in which i t  i ttducr’a t he i nt  i’ntia 1 i red
e t m ’ i i w .tv . ’ - - w h ic h  

~~
t - -j •lJ at ’ i t  i i i ?  h t . .

~u .~j1’ed. titan the l’ar,’nt ,li to i i t t ’ . tt i c e . ;  lx u t cn, ’t ii ly net known. Thi
t - ’ ’ ’ - 1 t t v tty i , i i  i m r r , ’ws connect  tnt tim ttiput Pox t o  t h e  t i n - m t  Anij’i t f i a t  ion Pox i n  Fig . 1) prolial’ly

• I t i  t t i t t , . t t t e t i  w,ii k t h,’t,’ i i  a t v n d e n i - y I , ’  -v e i l - , ’ !  l e v i - new j n~~I i ih t i t  w h t , -h ,‘t ti-n t : t r -n ,‘ut t o be only
in II ly v.,l i i i  - — s . ’  - 5 , -rn , ’ I,. ’,-;s, ’ t i- ~ f t , ’m U t  to ry - l’P - 4 — 7  ft - cm Ref . 2 .
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r e s ul t s  in t r a rt s fer  f un c t i o n s  wh : c t t  at t e nu at e  the i n p u t  at first, see pp. 6—8 ,‘f Ref. 19, The only con—
c,- 1-tua l models u - t  tIe- ri-cet-tivity process with some accord with %periments thus far are f ’ i  acoustic
disturbances: for supe9onic boundary layers (Mack , see Reshotko I and for low—speed laminar jets
h M u ’ r k u ’v i t :  ,ui d Par an j , iI  - - I

The receptivity transfer functions are in pt-incil’Ie determinable by a combination of theory and
“i t  . -v i t t s-j :t .  },‘est i i’th, ’  reviewed the state of the art in Ref. 3 and Rogler will describe the latest think—
l i t to t , s’r rs~~~.

2d Nonuum iversality of tiltimate Nonlinear Breakdown

i i i  the rionliticar stages the ultimate development (left bottom of F l u . 1) is unlikely to he universal
but  is l i k e l y  i i ’ dept ’nd on the spec i f :  c d istu rb . inc . -— :  i idu c,’J spec t ra l  m i x  of tl i , - t l i t , -  r : i ,i  1 i zed ci  q~~~modes.
(; ‘,-,- t - r  it i st at ice  th~~,3r a p id  g r u i w t h  of oblique com(’, ’t u i - n t s  in the wave packets  of Gas te r  arid Gr an t  and

M t k - ; t , i ’ -; . i . -. ; c r i p t ron  i - f  the  “s e n s i t i v i t y  of I t t i n t l i n e a r )  wave n umber s e l e c t i o n  Ii: i n i t ia l  arid e x t er n a l
ccn d it  ions  i n  h is  arid ‘t I t er  i’i’ople ’ .i experiments.) Then, ’ may 1-c t u ’p o l , - qi ca l  s i m i l a r i t y  due t ,‘ t h e  con—

i - t i n t , ;  of  mass c, ’io . c t  i i i  ioni  , ,t i d  w a ll  bouiidar’,’ , bu t  t b i i ’ t i i ’;- i - i ; d a r -y  :n . ;t , t l , i  l i t  i i - ’ . wti ich fr i ’ ut ui ’ru ~ l y lead ti ’
• ‘r lam in i .m rt ty may I-i ’ s e n s i t i v e  t o  f i n e r  details ‘f •hi , flow - I t  is known I i ’  .g. T.irii I that whoti

Kutmod,i i n , -r , ’a.; ’,I I he t h r i ’, -— d i m e r : sj o n a l  ~‘i’ r t u r bat  i, ’n q~ 
h i s  boundary layer the p a t t e r n  ci t ’r e ,mkdown

I - . I .‘,l I t  i - r n  t ha t  . ‘ t El ,‘b.a i i , ’ ff - -r i 1st rots , ,it i d F ,m r ’t u - ti t

2 .- Fec - s l i t - v  I n s t m b i l i t t e . ;

The t , . i i i - ; i t i , ’n- ; wIn ch an .;, - f t- om i . i i ’i ; t  i f i a b l e  l in e , tr  i n s tab i l i t i e s  . com t i .  nei l , mt  li ’ t s t  i ii,-
.ie, ‘n d . mr y  i t i , ;t , ib i l i tv  tn t -n i -  t i t r b u l i ’i :, - u- se t, ’  in .  A 1 ’p t t - i i t  l y  t hi, ’ l in e a r l y  t n i - t ~~i ’ i c  1 utii.t t i o n s  I :  r ; t  l ’ui  I i
;i i  1,ir ~ t~’t - —s. .m l i ’  w i  u - c—i - ,l ,ti- ,‘tt t i t i i ’ ;  w h i c h  1,-ad tu ’  ~‘.‘ t - :u : d i c  t h i n  l u ic a I  sl it - a r  1 . t v’r s .  The -i ’ ’,s- r i l l v  t h r , , - —
,l :tn,- t i - , i , in a l smum i l i t  —, ,c . i le  w , i v c — , ’ , l . h v i ’n t i t i , ’,, ni- su l t it i g  f t - i ’m tt c. ’i i ,t . ir y  i n s t a l - i l i t y  is t hen  i nt e r . m ’ t
w , t t i  t h e  I i ,  - ; t - — s c a l e  s i t  i i ’ , : ., ; (w b i j c h  may a l s o  I-. - i i i t c r - ,m c t i nq  among t h u rn .., hi’ - .; as i t ,  t he r n l x i n q — l , m : i - t
f i - ; u o r t  - r ’ -~~-s.s.- s )  to , - r , u’ : d, - - t  h - a s i c  st . i ’t , - i n  the t u r b ulen c e  c,m sc ,i,li’ , I t  is I ’ o - ; . ; i l - l c  t o  - ) c , i e r , t  ,‘ t i l t - —
‘ ; t ett  i ~i :  l - w - r  Reyno lub ;  i;.iinl - , - , - s by •i , - t  i va t  ing the r i o n h i t : i ’ .m t  t l i r e c— d im , ’t i s i , - n ,il .-, , - , i t  cc t en t s  of u- n t  i c i t y

./ 1 ‘5 v, ’t 1 i c i t - v  - V ye l,’ci t-,’ v, -ct  ;- r s)  - 1- u t t tie i t r o u t u i c t  ion atid di  to’ i1’,it i , ’ti - t  i t - t I i i ’:: t , t i i , ,

- ‘i  _ t t  n e , m r l u -  ( l ie  .;_tm,_ ’ -s- i l , ’,; , w i t  Ii t i i -  ‘‘ r ~‘i ’m t , ’i h - n t t u r bu l e n t  c , i , ;c , t , t u ’,; _ “ (A qu at i t  i t , , ,  ~~~~~ v, - n ;  i , , ,  -f
I i i , ;  - c it - In t l s, w:’u l l Ins’ m t  iT-imetit :; siutt i 1,m t  t i ’ I t :,’,’. on I’ , m , t c - ;  l ’ , ’ i— 1, -u i of Tet in€ ’bc ,—s an d 1.uml, -’.’ -

rIte se - - , ‘i :, t .t  t v  i t s; I ml ’ i u i -s i ivc h-eon ,‘ls,,’ r i’ , - ui q b<’unid~ i-y I a’.- ,’ rs tn K I ,‘l’.mn ,’ I t “I a l
O 

(mu l l t i 1’ l , -

~ b - 1k, ’.; i , by ~~~~~ i .  cn .mv  a t  - and b~~4
tIarnu a i i , t  N u t a t i t  - h r t ’~’ t” . tu i - c t  as Fi ii - 3 iii 5, - f .  ‘1 i n , ,M n I Icr

iO s il- i i 1-’, R i b ’ b ’ i ’ , . - , m : i . h  5. ’ i t  m a n i t i  i n  Ek rnv mt ,  1~~t ’i’r.u in  spi  ,;ops m d  sp it :downs 1-v Fal  1 , t  m u d  K , iy l i - u -  - -

re1 , ‘,t uc,st ,a.; t-’ iu i s .  lii ,m i i , t  11 iii R e f .  7 ( ;  in  t he  t t i r i ’e— . lj r t s ’r i si i ’r i a l  . ;kow bou t ida :y  l .iv, ’r on - i  sp i n t i l n i t
- ‘,t i s - i - — ,-y 1 i : i ; lt ’r by st  it , l cn t s  - - f 1- ’ .N

3~~, htr ew:i ( r i ’~’t i s Iu t c , ’,i ,)s F l u )  - 17 of Ref. 2 ) i  ~ nd i n  m i x i n g  I ay er s  by
- ‘ i l l , - ’ - s u i c u t t . ’s , i’. g.  Fr, ’ymu th  , an, ! -I h i , ’ , - .; i’ I scwti , ’ r-e .

In  h i s  t- n ’- - ’ nt I t  i , ’n a t the  10,1:1 N ATO -iym ~’ ’ s i i t m  on T r a n s i t i o ti
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, M i c t t a l k , - t ’ , - i l it e d  n u t  t h a t , i t t  t he
-ii xi no — I - m u - i’ r c,i , ; . ’ , t t i  rbu len  cc o f t  en .; ,- t s in t .t  t hi , ’ r .‘ u t u h d i -n lv i n  t h i , ’ st r o ng  I ~- sh : , - - i  i- cut an d ,ii ’ formed l iv , ’ r .; ,

- i ;  two u’ - t I i i ’,’ ,; , - ‘t i t  - ‘ ~m roun d u’sch u ’t tto  u- i n  t Ii, - fus  lot i  mat log  danci ’ ( : “ i ’ F l i t  . 2 1 , but f l i t ’ con to retic. -
rep. - r t il- , ’ led .ml I I t ’ ’ - - -- b:’ - i t -  — l iv.’ r t n . m  i i - ;  it i u -os  a,; : n it ,’ ron 11:’ -‘ ,u I ,-w ‘‘ v i  th u t u t  re f e  ,-i’tice t o  d i  mm ns i on 1,’ ,‘s
Sc,i 1 l r i uj .  F i gu r e  2 - c - u t I - - , ; - .- u~f i t t  , -b i a  I ke an d F ri’ysuuth , show- u t hi, m t t i  u - l’u I c,: - ,’ can appea ,- v i  t b i t  t i 1—2 f un d ,m —
rn,-~t t .i l  w .mv , - l , - s i t t  hs a f t , ’ r t he  secondary i n s t  il- i ~~, t v  , ;c l , u  i n , tu s t  as i t  di,t f,’r K l u ’ b,m n o f f  et a t  it: a
Is ’  ,tnd .m r I .iy, ’ t , At  t hi’ same con ti r, ’n c,’ Thi u t  rpi - - demotis t ra t ,’d the  tie , , - n i t  n - u- f US lou :  ins tab 11 i t - v ,and c,t t i  —

-u i ’q uet t ,ii ’,i, ’.;is - f  t u r b u l e n c e  ,‘,, the K c l v i r i — I l e l m h u t l t  z in t e r f a , - ,’ u ’ f  w a t e r  ~ t:d b r i ne  ( i n  an ,‘s,-, ’1-t j o n a l
- X ( - ,- r l m e n t  wInch - - u - n  t - ” - .t ‘ - n h ;  mi t t - i ’ c lu ~s - l y  to  t empor a l  I n s t a b i l i ty  t h i , ’, t t - y  that :  to  i(’ ,m t i,: l theorv t ,

‘t ith in g def irti t - ‘ i s  kt iowtt  ,ils.tu t  .;,‘, - ,‘i’ , L i t v  u i - ’ sIn I i  Ui-s  a t  . ;u i , - cr sot i j c  ~t~~i’,’,I.; , m o s t l y  b,’c,iu,i e m i c  , -o—
5~’o(’ic m ea s u rem e ni t s  are so much rts ’t i ’ i i i  f f i  , - i t !  t t u ’ c a r r y  out and to ir i t ” r ) ’ r ~’t F b-cc l a l  ,-, m u , ’  i n  o ( t t i c m l
t echn , -

~~‘ 
- ~~f t , ’n i i i  sc 1, -si -s t he  

~
‘ . i ’ . ’ - - iu c c  , t f  ,l ni ’wti  w.is- i - — i ’,i,ty i t : ,  i t  ics u - ,t  is’ f . ’t-e the  idc ,i ti  f I tb 1,- break-

down i n t o  t u r b u l e n c e .

2f  itsj’ .m~cu i - s

Ry 1- ,m s - u . - - u .i r . - those r’’,,uI , u to f t - i n s  i 11, -it  wit i iii canno t  I’,’ i d e n t :  f u . - ii Is start inig from a known 1 irm~ar
i t t  S t tb i l i t  y ( i t t  r i ’.: ~~, - i u n e c t  i, -,, s ’ t -om t ho I r:~ - i t  P,’x t it th , ’ F, ’ , - , t i s l .i i v  I r i s  t alt i l l  t v or the To thu lent Spu :t
iii F t  ,, , 1 t . The vi -n  y tor t s  l ’vp i tu s  i s  - m ru - i t  I i  i-mat ion of t t o- h i ,  t t h a t  j u d i  c t  ‘‘us lv  Ut j I i  zed i i  t i car
f lu . - , ‘ t  i e s — — ’~ ’n”r al 1 c i i  T o l 1 m i en— F ~-h 1 1 , - t i n  i no I T — F )  w ives , ;‘~~i-t I ,‘r th eory - -‘be. — — p r o s ’  i de  us Wi t t i  the 1-s., i c
f r a m e w o r k  wi  f in n  winch - ; i ’m~ ,,‘, ‘t , mn  l ; , i t  ion of ‘ui i n t u I t  i f i r  u ,tu . ;  , ‘lt - ., ’r v , i t  i, n,; , - , i i u  tie r a t i o na l ly  e f fe c t ed

o , ‘ t , - K,’ ‘;tu, ,t K,- - s aria I yt;  1 :; ‘ itt citnt rail i ,- t 1, -t i . ;  among sit 1’.- i -ic- r i i , - f , .  - 1 1 1 1  cii ) . ~h,’ class I u~, m I i i  f f 1 1  no
hyp.a .; -i has been I h i t  i t t  t u i i i  t l io n  in  a 

~~~~~~~ 
, f i rs t ,‘tt ’ , ’i -vr ’d ‘0 yi ’~i i ‘ i-  to by ,2,;I,o i t:,’ Reynut l , i ,u . We si:,i 11

r,-turn ,‘ t h is  ,re ,tnn, ’t t y w i i  hi .m cu r n , ’u i t  in t e r ~~ ’et i t  ion ‘f t h e  pitCnOtIit’ni ’ui . “in.i t t i , -  r tiypass , a u  l i t t l e  uuide r—
st u -,, 1 ,: ,  i ’ t , i t l  now i. in l°43  when C h m a r t i - r  ii f i r ’ ; t  ,i,s,cr i1 ’~-~i i t , is  t t t i ’ pheri ;tm,’t;on it f  t i , ,nsverse or
1 .i t ,’r.t I - -i: t .itt l n a t  iu ’n .  We st i l l  cannot r a t  u ens i ii ’  b - r i - - i l  - - t  the s~~~es , i inur  an -, Ic -f  the t u rb o l ,-n t  f r o n t

n u t r  why it  drop. , t o  rou ’ttt ly  ,i h a  If it  . : i ( ’on  son i~~
- s(’t n ’  i ; - 

. Tr an s I t  i i tO due t i  ,ii st  t i t — u t  ,- , t t - ong tu—
i i . - ii,’ r emains  a l’yb’ l ‘,u even t hi ’unit -u r u - i ’ ,;, ’ r c i t  f ona I and i -om l’u t i t  1, - t i . i l  t ,t , ‘I s4 .j t’ .’ t ‘‘ ,‘l ’ ,m l ’ lv  ready [ , t u ~ ,a ti ot it, ’ t 

look. F’,’ f , ’ nt  i rig t o  t h e  i l l —  f i t  i i  I ‘m ’ , m , — S H  ,i. -~~~~~ut:i’; of host  —sink n~~es of reorit  ry veli j  d e s  ,ttiii t o
ex p er t m en t s  h a c k i n g  them h . - .g .  , Pet-ru - t i and H o r t , ’t u 1 - IS ’n alui . ’ , ’ii wro t e  ~~, “ , . ,th t ’  n a t u r e  ~‘f tr sr : s i  t i o t i
,tn b l u u i t  ‘ ‘ I i i ’,, a t  t ory it i’rti t,’, - u’n, - lils , iiml ’ ,- rs h,i.’ I’,’.-n ,, - - ‘ i i ,  i ’ u - f  ,‘m lt ,a r r , a s - ,m i ’ti t t i ’  ~ ‘- t . -n au t j c s l  i’t i , i i t i ce
Fit , ’ 1,,~ -k of ri- . ; }-i ’ - - t  i n  I hi , ’ , i o , i u u ,  f , ’r  b’ i~~i si h 1 e  l ’v p , m s ’ .i ’- u in itn .- t im t ted t i - un i , - , u s  ‘1 p~iu,Inns’ti’ t r n  cost  t ens  of

m i l l  t , ’ , i -, of dol lar , ;  (or i ts-n ’’ l  , an ,‘nt tt s t  n • t ’ i , i i n q  less,tt i  t h i . i t  , ‘ti i ’i i l , t  tsak,’ us r . t ,h , ’r s,’nsi  t is’,- Ii ’ h ’ u t ’ , m , ~.u i ’.;
w bi , ’ u i  t r a t t s  ; I l u _ l i  ri ‘‘k~u impl y i t  - u S - . l it the I i’; Ic  m i s s i o n  i t t  t h e  , i i ’ - ; i u l r i .  ( i a p . - i i l o  n i — i - n t  i-v on t ‘I urn f rom

M i  r ii i t t  i iuc im a ,ti , . ; i go . ) Tito 
2pitetiomi ’ri a i f  “ t . ’m}’et’ .i t u n e  r i -c, ’ , - ; ,, 1” ,it i ,1 ever: - ,  i c r ’ s -,- nsa I -‘ i t  sopo r si - ui  i c

l u  (revi owed by M orkitv  in , pp. It ’ ~rtd 50—5.’) rep n i ” ui ’ t t t  l i i ,  t h i , , ,‘tnt’,i r r ,ass u n i t  hl’b’ass’.ni w h I c h  inve l ye
l i i  ut t i e  r cii,t  11 nun  n . ites m u  Possib ly  re l i t  l vi’ I - r o t  t i t ’;  t on - - t ro tr qhn c tS  :i :  I - - Ii i ,’ tn ’itt ui i . i  t -y lay.’ i
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2-t Ku,~~~~~~ t~~~~~~
,,

~~ t S ’ i ’r t i c i t y  i i i  “ l ’ i u d l - ; I u n b e d ”  Boundar y Layers

Tile l i n e a r  aml ’l t t  i c , i t , ion t a t , - . ,  depend r a ther  s e u ; s i ti v e l y  up on the  d i s t n i l , u t i , ’r m  -I  v - n t  i c i t y  in the
l — , ’~~i ; - l , , t  i i s v , ’ ,  - t h e  I t  l t ’ ’t - —a nq ’ l  i t  li— n. Kti , ’w nu i n  uu i ~;ii , ; b - i ’, - t i - u t , arty u ’ t i . ’ i ’  t b : ,  f a , - t o r s l i s t  i d  i u m  fbi,- box on
u~~~~’t , t t i O f l i-j, ., h l t l , ’ r 5  cii II,.- t ight of I- i - i ,  1 , ‘b i , t i i , r i ’’i the u’, ’r t  i c l t y  i i i s t r i l ’u t  i , ’u , , t u ; , I t h u , - l i - f - u , ’  w i l l
t h u i ’ - t  t b ~ n a n - n , d i u , -ct  l y u -i i :ud t  nect  ly , i v,’ u a p or t  ion ‘1 t I c  dis  turban ie , ’  was ’,’ (‘ackct Ira h i - t n  y or’
I t i n u ’uu ~h. - u I  -

rb,~- e i n  i-c Is - - I s,’h , i u  i i i , ’., i t i i v , - um.:d i f i . ,  ii -, r ,’ ~~ _ron-a 1~,y ti -1 1 i r le_ ) o~j~ - tj ~ it -.al)1i -.

- ‘i l l ). m c m i ’  f ul  “ ° ‘ 1’ .~~ L - - ‘x,j~~ n 1 m , - u i t s - t i ’  w,- a.~si -ss  tb t t - actu,a l ‘;t m l  c - I  the F’L ainm it l i f : i ’ i  , u~bi ich
de 1-eui j . ,  on s’i l o o t  t y  Icr  i v . m t  1 5 i 5 —  —. ‘ ‘~~. , as well as on l i l y ) and W ( y t

Rd ishli, ~~~~~~~~~~~~~~~~~~~~~ y i i ’  ld in q  the m,’ati IlL ( ‘n ; ’pi ’ r I le s  f , ,  tb i e  v a n iou s  mu ,idu I i,’r .; . i n i -  .m p i e —
i- _ l i s t  t e t s t - t i  - t t y .m , i  a t  y . ; i ’s ar id  adi ’q us t i - c u t ii ce~’t us 1 uu Ii ’ r s t _ mu iii i ng  i t  i-yen the I i  rica r’ s t , r i t , ’ s  i ’h  the

l t i s ~~. i l m l i t y  of ;i s ( - i ’ci f i i - IlL Ot  ln t , ’ni-S t .

li v,’ ve t -  - it. i s  a sot,,- r i ng f , t  - - I - - f 1 i fi’ t h a t  on 1 y in  the S i m~ - l e s t  c .nu-s bias the hI von t 1 ~‘ i t  
~

- di . ;  I n l —
t ’itt tori been p r ci  i _ - t e d  ,i;bcqu .i t - -  ly  wh en .- u - r n p a t  i- ,i to OX I ,’ t i  m c i il , ,  - Th us we seldom kn,’w w el l  en :ouq h t lie
cb ; ,m n,i -ti -i- t n t  ids f u - l i t  .mm~- 1 i f i , ’ i

b-m. ’t i,tt,~~l ly  ab - l ’~’.Il  tog h u t  co,; t l y f u t_ , ~j~~ r , i m ’ n i s - i n v a n i a l - l y d o n ,  t f u r n i s h  ad~ ,1u ,i t ,’ mcdi f i , ,

_ a t u ,h  IlL i n t u i t - i t t  t o , :  (nu t  I , - 5 1,5 1, i f  , n i f , ’nm,m t l o ll  on ,h , . ; ,  ur hancc en v i r u , n m en it (  - ;m i, , l  t b n  i r i f , - r r , ’ ,l t n , m : . . , t t  1, - t i
l~’ i t  ion s bi a s ’ ,’ r , , be n . i t l , l , , . m i ic- - i  ~ b,~n, ’, m - i b i  d1s~~i’p~- i i u t .~~n.t  se ts  of ,;iipp,- sm I i - i , , ;  - y i e l d i n g  l i t t l e  ,1, ’ f i n i t i ’
1,., w I , ’ - l,t , ’ — — i ’ , u , ,  i t , , ’ X — l S  .airpl.ine and n h ,’ J a r i b u  . The “ s u f fj , - n ’ n t — e v i , l , - , u i -c ’ q u e s t i o n  ~ ‘ f a n , ’s .‘.‘, b y
in  f I  i i jb i t  t , ’ , ; t s  arid not much I ’ct t , ’, i , u  tl~~- ma u n I v  of qrou::d i ’xp . ’ r i r ti c t : ts  j u t  w h i c h  .i, ’t . t t  1 t - r ~~l - , t i , t  i -n  th ,’
bou u, . t , i , - v I i , ’, ts ii, ’t avail,mt’Ic.

An y pr o- i  l c .m l I- sl y . ;b i . tj ’ i’ w i l l  have  a n umber ,‘f l np i ~ r t , m n i  m o d i f i e r s  s it  in i~ s i m u 1 t a n ’~ ’u i . ; 1y ,  m a k i n . 1
, - u ’m( - u i t ,~~ c a l c u lat ions of the boundary l . m y , - n  or i t s  expenin ,a-: :tal  d et e r mj i ; ,mt  ion more iii t t  i c , i l t  ( - ‘ . u n ,  -

at a n g l e  -f  a t ta c k  ,‘r t b , ,  s i mp l est  o n i q i n i u a l s h u t  t Ii’ sb , .m: -en seen in ( ‘r . -f  ii,’ oti lv  i i ,  F i t ,  i t  -

2b,  i k ,m 1, u ; t  t u i l i l u i lt i p l e  Res~ ’on s i bi l ity

In  any  u c ,i l  1 — .m t ion ~‘ I .i s b - i t  I .ty’’ i ,i ii i q:: i f t  , a:it t iummbe r of  i t t  t i nt : ,  t r i g  I ac t  i t , ;  is uai.ia ~ 1 y
s im u l t . m t : e o u s lv  ( l ; u ~’ut .in,1 M, ’, i i  f i , -r  lt, ’xc~~~ ,,f  F l , ; ,  1) As th ie se  l n i g r - e d i c u : t s  va ry  in t’, ’I st iv e  , u t n , ’n g t  ; , f l u , ’
fr . ’qui.-n t 1y lo,, ’i tu ’v e l o p u s e u , t , m l  cb i . : ln  I e _ t ~i t n q  ~~ t r a n s i t i o n  w i l l  ‘.‘. i t -

~ ’ , ,and su - w i  11 II, - 
r ’ Cb iar iui i-s in :  t h e

- 
, 

at  ,, ‘u ; - ,  t h i  o f ii;:- :,, - ,si’u,tl’i ’ t .; i f  f lit ’ I n p ut  tn it ,-r  t he Mcdi f t  ,. r lb x ri ’s’,’.: 1 e i the i dutm i n a t u  t ,‘ r ~~~~~~~ a l l  v
t e -j ~~:;s m b - i l i t ~~ f o r  t b u e  t r . m u i s  i t  o n  onsi’t ( F i g ,  1) , tt ie  ,‘ f f , ’,-t  of t h e  ct i , : , iuu , ’,; b e i n g  g, ’nonal ly  , :ou , I
t b ;  c - - u’ en t . ’r t i t e  r e l , i t  l u-e l y s im p l i- ca,;i’ ~-f a m i x i n g  l .mver  w i t h :  , ui’, t t i.s’ 4~_ :tu .iu ’s f r i  the  ~ nt,tt -tt 5o~ atour i ’
ti ,t , m ’ Iv v.mn i - i t  1, - n-; . - t ,i ‘i -us t i c  i - xe  I f i t  i en it  f t , ’ ,: u, u:c u i ’s f ,:,i,i f 

- , i-t i Ks ad ’ ,,tnu, ’ t  s c - , hot h i dots i u i , , , , ’ w i t h
non l I n , ’. it  su( I n ’ s  ion of the  we,ak, - n i t ,  , , i  u t - I - i n , - ,’ ,is w e l l  .a~i s’, t r i , ’i  t :u t c r a , ’t ion ’;  1’, ’ t w ’ , ’i ’n b-i t H ,  m , m t c b o - ,i
,b 1 st  un h a um c e  ii . The s up~ ‘ res ii ion depends on: both t u e  _im~’ 1 i I ud,’ ii at id tmp ii f I i t  I it,t r.i t - In t lii ’ - uX’pe r . m t  iV i ’

- i- ; . ’  ‘‘ t u e  ,-e su i t s  S u l u : ’I - ’ st  t b u . i t  m e a n — f l o w  d i s t or t i o n s  may p 1 _ at ’ ,i p r i m a r y  t i t l e  i n  t h e  i ’.~u ,  1 i l i  , it l on  ( ‘ i i ’u ’io’S ’’

a,i,i tti .at t i~ ‘n - c i s  a -- f in i  I, .imp I i  tude t r i g g e r e d  inst . ib i  I i  ty  01 the ,t :1 f , - n , ’ 5, - i ’ It’ 1 ~:c n)  m,t,i,’ (~~ ‘r r i ’u ;p~’t i . i  I i l . i
to)

‘Fhe nn i ecbi . t iu i ,um ,s of m i te  ract  ion between , ‘ b u . m u i , n c s  in  f r i -i ’ — , ; t  t e am t urb u l e n c e  it,,) a t it~~ t , sn :n ’.- ii 1, ‘t ’ i i  t u l

the t- , ’u,:darv l . iy i ’r I- ref  i le by a s m a l l  tw o  d imens ion ia l  pn ot ube ra u i cu ’ (amb ’l  i f  i c i t  ion mcdi f 1,_ n t h u  ou gh i
t’it r t  i d l  I v  r e , t m s t r , l ’n t  1,_ n )  w i - n e , - l u cida t ed  for  us by K l ob a : :i t f f  , iu,d Ti , i s tn i tm  in sri impcr t an :t  microscop ic
ex ( - i ’r i mi -n , 4t ’ -

The .m f o remen  t ion,’d st:ut t  le shot 1’ ,’ i ni F i g .  3 c,m us,’.’ art i’ve ni ’ X p i i l ; i on  a t  scm, - anig les of ~ t tack and .m
n, ’, ;u l t au i t  l u -c., I m i u t i m u m  i n  the shockwave :ulop:- . This  in t u r ’ri g,’n ier , : t -” a lo, ’al vel o c i t y  ,‘v, ’ rst ic i ’t — — i

n i t  r i -i, i ,‘t w h i c h  , - ,iu: 1-, - t r.ac,-d m s t u e  whi ~~~~ 1 i u u i ’ ,i l’l-noad ti i ng  I hi , ’ hot  tom it t  Iii,- s h u t t l e  in the  shadow-
s, .aph - f  Fm,:  - , Young , tOols, .aniil Rolterge docuim,’nt,’,i for  its th a t  th i  ,u local j e t  is  r a t h e r  u n s t a b l e’

i ,  ,a ,b , ’,iI’ ly  i i ;  f i,’cted f r i-c shear  layer  should ho) arid tb u, , t i t s  t urbu ler: . ’i ’ ,‘,tni t amiu ia tes  the boundary
l i v e r  :ui ’,:r f bi,’ srn ’it w in Nit . .m , causi ,:s  a prom i t  ir e  t r a n s i t  i i ’,,, A lon g c tt a i n  .‘t mciii  f i e t ’  j i l t , ’, au -h  t oot ’
, i i u , i  - t  m u l t i p l e  ri -spons ih i l  i tt ’ l , l ,h , ’,- ;i .  Awar en :,’,;s of the n ,, ‘, 1s ’i: ,uibt l i t y  P n u : , c t p l i - is an ,‘ss cn t  i a l  , l t , i . :—
no . ;t t c  t , s ’l  ,ind the key to postpon i n g  or h a s t e n i ng  t r a u i s i  t i c ,i ,w h i c hev e r  may It,’ iii’s,  r , ab l e.

2i 0~ Unit Rt~~p c I d n  Number E f f e c t s

A,; I have i i i  .,cus’ scil on pp. 21— 25 ,‘f 11.- f .  2 and i llustrat,’,i on i’t’• Ill — t h i t  i t t  R e f .  4F , when i n f 1 iu iht
or e x p e r i m e n t  .,u ,,- c t m a :u g , ’s the f r i -i - s t  ream veloci I y I ’ or the dynamic s-i see,; itt- ‘it ( t h rough deni s i  tv  ati , i

cm ( ’e r . m t  urei t .‘t .a f i xed I’o.-l y - one oht ,ait :s a var  u ,ab~ -
, Reynolds number of I nato’ i t  i,tn - Re (t 1 1, ‘it) . T h i s

n, ’,u , ’,-n ,; t . t i t cy  is ~a tii’i’eSsany cOni~u eu (u ie t i cc i’ f the f , ,o t  th a t  not ,aI 1 the , l et e ru t tt in in q  f a c t  F l i t .
I i n c l u d i n g  time fn , ’i ’stream du st u rh an : ce s )  ‘i - i l, ’ un: i f o n n n t l v  w i t h  U

1 
arid 1- c • T h i s  u~ t ,-ourse l”~ ”~ ~

prott lem fo r  the  des i ’i , lo r  to dec ide  w h i c h  RC
t r  

v ;i lue  wou l , i  c5t n i e n b ’ o i i u i  l i t the “ real 1 i I i ’ i i t n i u i i  t i on s . ”
i ” , i i .m 11 y Re i s  p lot ted aga i~ist  th i , -  dinni .’ns ion,a 1 var iable  0

1 
C i n  log log coo n d i t a at  en , .a power law t s

f t t t e ,j n ,  t’~,’ ,itscrete p o i n ts  and usi’d for extrapolat lot: to the real—l ife unit  Ri’t-u:olii s number.  This
con re spo t iu l : i  r , t at-i ,m c t  of f a i t h  t h a t  there i s a  unique dependence on the dimens ion , i  1 un i t  Rr,’n ,olds number
I’

1
- i t

When f o r  s ui a r b  bodies i t  h i g h e r  Ma cit n umbers i t  became cl ,’an  t h a t  leadin,g ,‘u i u t c  t t i i ck t u , ’ssi’s a s small
i ’  0 .00 1  inch ( O . 0 2 h  nun ) p layed impor ta n t roles as a second ch i . m n s c t o n j s t  ic  l e n g t h  and sl’cj led the il

l ~,b. ’b- l ’ :1.1, -t i c , ’ , i t l’i ’came necessary tu : t i-st  ,t ,:iimb i’r ,‘f l e a dir iq— eui ine  t h i cknesses  and e x t ra po l a t e  to ci - n o
thi  - k ,  .s i i ’ save the I’i’wi’r f u n c t i o n  arid f a i t h .  When we review the det en it t in i  r ig t , i c t  u -rn iii th~ I n p u t  a ri ,i
?‘l, t , i l  f i , ’r i’u t x , ’ . u  in  F i g .  1, we re~’~’.tn i in’ th a t  I t  does take f , j i t h  to expect t ime rs  t ,t ,;c ,m Ic i n the same
fashion  to groun d f , i c i l i l  i i ’s ait , i  In f I  i u i t i t  - since at least the freestn, ’am d i s t u r b a ti , -es , roughnes~’ , at , , )
tb , , w a l l  t cmp e r . i t u r t ’ T ix )  art ’ su h t , ’ct to ‘ii f f o r e n t  control l ing  f ,mctor s  of the m own . Of coot .;i it i i i

— 
-‘ .i.’~ ’ t , ’ cr iti c i ce ; It another matter to offer .a constructive ,iugqestloti to the uli’,utgner
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When we nestrict ourselves to e-omparisons of Re 
r 

information between , say , supersonic and hyper-
sonic windtunnels for which the determining factors o~ Pig. 1 may bear closer family similarities , the
faith might be more justified but less useful. If there were a single factor with dominant responsi-
bility then we could expect orderly variations with the body Re and w i t h  the Re characterizing the
dominan t factor, and perhaps then also orderly variations with 1J

1/~
, . We now know that at  least for

3 ’(Mach’( 8— 9, the freestream disturbances are dominated by the aeroacuustics of the turbulent sidewall
bouxidary

4~~
ayers (without counterparts in flight or ballistic ranges). The correlations of Pate and

Schueler , whi ch helped to establish the current consensus , are in effect a reflection of this restricted
orderliness. The corollary to this ,teroacoustic dominance is unfortunately that even less faith can be
placed in extrapolating from windtunnel data to design flight. Hence the need for the Quiet Tunnel that
we shall hear about later from Beckwith , who w~~h his colleagues at NASA Langley Research Center undertook
this important but risky and courageous effort

2) On Sufficient Evidence in Macroscopic ~~asureme,ut5

t-~ st measurements of Re r 
are macroscopic, made by a variety of tech~~ques with their distinct sensi-

tivities which introduce further discrepancies--e.g., Potter and Whitfield . This and the unit Re
effects (plural!) hardly make macroscopic measurements of Re sufficient evidence for design information ,
let alone for conclusions about instability mechanisms causin~ the transition, ever, when the instruments
are in the most skillful hands . A case in point was the pre—1974 disagreement between two NASA Mach 7.5
tunnels, one yielding an exponent in the U

1/c approximately four times that in the other. With the
encouragement of tJSTSG under Guideline No. 4,cited in Section Ic, the Langley and Ames researchers got
together, bringin~ 3their own techniques and tools with them, and after great effort reconciled the new
Re observations which differ from the earlier ones. Free-stream disturbances measured with hot wires
an~~pressure sensitive gauges turned out not to be as similar as was generally assumed. Careful atten-
tion to the sensitivity of the transition detection gauges and to consistent identification of “Onset ,”
“peak ,” and “end” of transition also contributed to the reconciliation. This special effort removed
some conceptual difficulties and underscored the need for extra care in macroscopic measurements in the
inclement super92ic environment. For deeper understanding one

5~
as to turn to the microscopic measure-

ments of Kendall and linear theories and computations of Mack , who cooperatively brought much light to
the supersonic scene.

If the variation Re (U
1/it ( for sharp cones were due solely to the Re-conditioned sound generation

from the turbulent sidewaFf layers , one would expect no such variation itt ballistic range experiments
where the air disturbances are minimal. Alas , range experiments with slender cones disclose a strong Re

~variation (with an exponent higher than in wind tunnels!), a fact which limits the utility of transition
information from ranges. In a series of determinations culmincting with Ref. 56, J .L .  Potter has sys-
tematically eliminated or substantially modified the various suspected causes without significant changes
in the variation with U Ic . Therefore at present there is no explanation , not even a plausible sug-
gestion as to which of ~~~ interacting determinants of transition in Fig. 1 could be responsible for the
observed effects. This conceptual impasse is sobering, especially since Potter had the benefit of con-
structive criticism and help of USTSG and of specially designed experiments by Kendall , who provided
Potter wi~~ data on the sensitivity of slender—cone transition to small angles of attack and to tip
vibration . The impasse lays bare once again the limitations of our ability to understand deeply enough
supersonic transition in environments where microscopic experimentation is not available.

3 AN UNCERTAINTY RESIDUE IN TRANSITION OBSERVATION AND KNOWLE DGE

3a Features Which Will Not Be Kn own

The preceding chapter analyzed and illustrated those features of the transition system which are inmost
relevant to our task. Their character and some of their implications for transition prediction are sum-
marized in Table I. Even if we could improve our tools and knowledge by orders of magnitude , feature A
alone would still make the system nondeterministic on the basis of our information . However , in any
practical situation feature E also entails operating with severe uncertainties. Among the parameters D
are included the inadvertent modifiers generated by steady or quasisteady departures from ideal geometry
of flow and body, which invariably arise in research or prototype environments (waviness, roughness , low
frequency vibrations, leading—edge nonuniformi~~ ,

8~
naccounted for wall-temperature nonun iformities , dead

bugs impacted iii take off and low—level flight ‘ , etc.). By their nature many of these modifiers of
consequence will remain unknown even in rather controlled research environments with frequent inspection
and recalibration. As an illustrative lesson , we need only to recall the vexing effects of category 

98 56
type of spanwise nonuniforinities in the historic Bureau of Standards wind tunnel; see Klebanoff et al
We may improve our understanding of the interactions between parameters associated with D (essentially
the Box of Modifiers in Fig 1), but the presence of the inadvertent imperfections and their amp1i~ udes
will generally remain unknown , we may also hope to improve our knowledge of C and F, more conceptually
than quantitatively. But from our base of information the transition processes will remain nondeter-
ministic.

3b The Residue

As engineers and students  of continua we seldom th ink  n o n d e t e r m i n i s t i c a l l y,  even in turbulence
problems . I have therefore chosen the provocative description of unce r t a in ty  p r inc ip le for t r a n s i t i o n  to
emphasize the notion , but the a l lusion misrepresents  the basis for the u n c e r t a i n t y .

The observation only recognizes the preceding evidence and states tha t  in a give n s i t u a t i o n  we shall
never know enough about the conditions and fac tors  de te rmin ing  t r ans i t ion  and that  a basic u n c e r t a i n t y
margin will remain for transition predictability. We Dan strive and hopeful ly  will be suci-essfiul in under-
standing conceptually the workings of the transition system , but we shall remain unable to transf,.n-n such
understanding into accurate ipiantitative predictions. 

--~~~~~~~ _ - - ~~~~~~~~~~~ - ~~~~~~~~~ - --—-- -.- - -— —---.-
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Ii  1 ; ; , - i t m ~ ,,~~ 1_ L1t ,- m c k t ’ t , ,  arid Ahse ’i i  O h S t ’ L , l  ab i  l : , 1 -  I - t , i u i l , ’w, n~~

W b i , ’ u i i ’  v i ’,  we - _ m , ,  , a t t  t t i n  th iat i i , - l-s- ~ 
_ t - - -i’’ ’ ~. ,ll  - ( n - n  i t , - wi shiuuit h , 1 lit - d l i ’ t , - -Ia, ’,- 1, , , , t ,t  i t a t  i ’,,-

b—i a~ Ri -I  It ,-u ,  l iii ’ ~‘ h ”’ tm ’’~ n a ; i u ; i ’  - I 11*• : 
, II, ‘1’i t i m h  Ii - ’ , t i,,- ,,’ l - u a - t o t  - - w i l l  ui - t n  t i -i. w i t  hi t iu t t , , - r I - i - -u  i i :

- ‘~ ‘ ‘‘ I I ;i,t l ,u ,h , r - , t a n d i n q . 1 , , t - ; i  r s i t  i o n ,  .5 t n t a b - h , ’  1 i ’mj  u i - i  c i ’ , ;  t b , , :  ,o’ , l , -  mu t t  h i v e  ,t  i l - i l  i -

1 i t ic  I _ t m - - 1, - i  t I m , ’ t n t  h i i . ’ t -  t l ii,’ , i i  , ti t u ,~ ‘ i ,  t n t  - - ‘n t i , t t ’ s t  I i u ’ n i  .i- ’ - ; t i - n t , , t i u t t b , i n i q  n i - m i ’t i ’ly  - ‘Int l i n  t b - I , - t , -

th i ’  t - I  i ,~l.iI i - .‘; i i ~ , - ‘t - ’, , - i ” - ’ - I I , ,  i ‘ u , i ’  t a t  i , i  I n i l , - i t  I s  - W, ’ ‘‘I  ttu I - l v  h i ,  i’,’ i m i u , u i , ,  s o b  on u,’b i  i _ - h i  t - - l b  ‘- ‘ - i  c i ’
d i i i  V i i 5t ~~ i’Xi on i , - , ,  - I , ’ t ’ ,ih i l i t t i ’s  I , t ’~~ -‘ I ,~~t ,utmi ’t  r , h’ -so, I t n y  b - - n  I ; i t  l , ; l i i , ,  i - - u , - ., ’ t - Thi ,-t, - t , - t , - the

, t l n - ~~, - e st t , m , it i , ’t m oh  b - n , , ’  ~,, - t S  i.- i l h  r ’ - l , t , ,  - ‘  st t , , u , - m  i - n m ~ - - - r  u - u t i , l  au ,) ‘- i i i  ‘ - i- i -n iv,’ i - l c u t s - u i t  i’s’ , - , ,  1 i t  i — _ d ins-
, ‘ii _i , , i t  i - n  , t i , , b  ~pi, ’, , - h  I , - t — t X  - m - u , i t t ,  t i m  — - I , l i t u b ’ t  i - t i ’ ; , i - h i , ’ ,  i- u t - h , ’ I i i  1 I i t t  i i  I tti.tili I i i i ~~ -
, - I , - , b .

i ui t’ i i ’ .h i c t i o ; u Su b t ,  - I  i v , t s

l ie,  ‘i it’ .,- ,‘ V i i i . ’  i~ i i - - I i v :  t y  , h i , - a - -  - - ;~~~‘ u i  n I t ,, - t - ‘  - k - I  - - , , ,t ,  h-, -’ ( Is- 1,- ui , - i n, ‘i t , - us’  I t i - n t w Ith rh, 
n - I  I t , , ’ - - ,- - 1 ,e u-s I i u t , _ , t , - - , t b , ,  -h , - - : ‘ ‘ - u  — I t  t~ b u t ’  i.’ti - , t , i ,- , I  u I- i , - It; , ’ ~~~~~~~~~~~~ ‘‘ s i - b  u b :  - i ’ ’ I imat , ---

i t ,  ~- , - i  I t  u s , , , , , ’ a r id  , ‘m’s, iu is t iic  t o k - , -1 l b  i , ’ ,t i v , ’  u ,  1, - oem u i  I , -.. - , h i , ’  t , ,  t u l  lv  . w i n , - ‘1 t i , n i a t u r i ’  ,-t t u e

t - ( . , r , - .1 I - ,  h im . - - - i  io ns m t s  u , t i t , t rn t ’tu t  it - i t ,  t.aK,’ i - I , , - , - -b , - : -~ m r  - i - , t h i ’ I o h  i t , ’, - a,: i t , , )

‘~bi -s 1,1 i - S a m , , , , - I t , , -  C l enn ien i t  a ,‘ I ml - - ,- i s  ; i y w h i t ,  hi - r ‘
~ 

I i ,,t ,‘ h u s  ‘
~~

-
~~

: I I , — ,h u , I  - A ‘- m m ~ l e  I ,- - - I i. ‘i ;l,b

‘‘ I,’ - ‘,;I, I I n i’ ,- u - utun,i-u ,,I I i -  ,,,-i nn~ ’ 5, - b - ,  , t ,  b u t  - i t  I i_ i l i b m , - - ,, ’ h i ’ i i ’s~ ’iuiis b - i  l i t i - ’  I - i  tb ,  ,b , - i ’i  ., ~,, u ,  i,b i i u t i  ,‘i ’i i l ,h
i c- - i t  o, -i I ~ - , _ , , , - t ens,- m i l l , ,  - -

‘ ‘i- - I I , t i  - - b o i u , , h ,  i - _ b  int l l i i i ’s ,h,~l ‘ - - , u : , , ’ l i t , ’ - h i i t i uh t  ed liii’’ ’’’ ‘i t t ’
— t u u i a t , ’l y ~~ - n ’ ’ b i , I , - i - - .‘,‘ldom ‘l i v , ’  l t , t ,  k,, - - - n v, ’,, ~- , - , , ‘ ru - ,  - i  l o i n ’ , , u , i t l v i t v  a t o m l y  - ; , ‘t , , I t b i , i t

1 - t ’ - , b i _ - I  i s - i - , ‘it ii’- : - . - A n d  I h t -  I b i t  1 - - h  h i - -  ,be ,~~~~‘ , i u , i ,  nia k t n - n  t n  t n t - , - - ,  1 1 , - u , — , - , ’  u , ’ , I i ’ , ,  - h i - - i g n . ’  b , , . ’ . ,  t

d i ’ - ,  i i . , ’ ’, ’ ,I_ I t , , - , it ’ to t  t b , ,  to t  us, I i ’ i - s _ t m , , , , - u ’ i ’ i , t t u ;  c_i t o n _ t i  1 , _ u , -’; , b ’ , m t , ‘ Si ’ can - i - t h u _ t i - , ,  s i i , t — t - - - - t  t bi ,,t I t , , ’
; : , I , - t , - ’ . t , ” h  i i i  s -in 10,1. b - t i ’ . I t i : ; -  i t  ion ( i i  I - I  u i u  I t ; , ’ t u i i ) u t  ‘ - I  Tab le I )  I ,y  I , - , l l, ’w 0 ,  t h i c

‘;s- ,I e-4n v i e w  - I I t t , , ’ , ,  to ‘s and i (  n , ; . t ,  - -  i - , ,  hi  -I hot - - - u  ‘b- h,-n’ , ,,,’,,h o-I ,“;. :‘o~~~uni u - m t  ui -u , s,-,, 1,t hi ’ l i ’ .

I,’ Thi ’ By; i ’ ..  h’ t -,’l’ lcu’u

lb ;, ii - , - ’ ’ — h i ni g u i m ’ ; c u - ; . ’ m o u u  ‘ t  m~ ’ii 1 ,,te ’,l It, , ’ ,tt ’. ’eiO ’i’ ‘ -I t ’ ’( t ” - : i - , i n  t h e  ut i s’i ’I:  ‘-y s t i ’m ,  I - u  how u _ mu , w i ’  b- i -
1 ike  I t ;, ’ b,, ’ ,tt — ‘ ; i n ~~ n ose ,b,’- , u inu u s-i ll i o n  b - , ,o, - , - c t  i t :  ,i t ‘ -  ,, o ; , - , m - . , -  i i , s-~ ’ h v i i I i n  I - n i ’—

vi. ’,;- , l v  ;~ , -  u i ,  l i d  i, ’’ i i  u , u , - ’ , ’ I ‘u i  , - .t t mu n, ’t , ’ n  ( - b i _ t u ; s ’ - ‘p _ i , ’ , ’ . ’ i, , .  I , ,  i iu it  I i , , , 1 - u t ~~~‘ , . m , ,  be t ’ , , ’,, , i n u , , ’ , h ,
on t b i i ’  l, ’,-k, -u mI 1, -i 1’ ’, 1 _ m- , ’:, ’- . ,iti,b ,-i, ,b i - .,v,’i t i  - l i t  i I v  I t , , - m,-c)u_ mni sm : ;  - - I I b , , ,-, ’ vi— k u , , ’i,’ , s : - t ,

1:, It,, - ni ,u xt  _ t i _ t I - t i _ ’ n  it ,, ’ 1 _ t i i t  i, ’,i t i , it u _ m u , _ (  I _ l t ’t i i i i , ’uios’ ,i I 0 :  I t s ’  lu i l ’ i ’ — t t , u o i t i u i ’ , l’’,’,’, t. - ’; , i , .  t - i ’ t t , , i ,
u l ,  , I ’ s - n i - i s .t w’ ,iv it hi ’ , i - i t , I  i,’ ,— ,- ,m r i ’b u - u i ; ~ ’ - t  m i S i s  i n , ’ ,j- ; k , ’ . b ,  i” ut th i , ’rnnuin,’, i n t u - ’ ; t , ,  , ‘b  t t , ,  “ 1 u t , . h —
t ; 1,- - i - u t , , i, , , ,  - i , , . d ; - , i on ( ‘ l , , ,‘‘, , ,l u ,  I’,- I , u t  i i,,. ‘-b di’ lii- ,’, i t  ~‘1’ ’ I - , . , - ;v , i s ’  t u ’ - i ’ , .’  i t i s i i s  , - :  t h - t i ’m t

,l - I, - - h i ’ ( - _ t n  I .1,’ , t i ’ilu i , ( ,- ,t l  ,-,‘,, ,hi t i, — n .- — — i  e’ , .  ap p l y  tb :, “ st .- ’ l,’n ’’ techn t ,-i u -  (Ref , ,‘ _ - ; , ‘ i - ttid ,— x I t , i ’ i i ’ i i i ’ -

- ,  ‘ ‘‘~~ ‘ ‘ , ,:c’ ’~~~ so’,- ’~ ot t h e  t o t  t i , r , t ~~~j t~~s I i ( U i ’  t o t  S’ ’ ’.c , t ’ b i  !‘t’n ’io,,, i I - ‘ u s : , ’,, 

u s - i l  m u ,  i- i t- i  - r i b - I , - i 1 t , - , ’ ., ’ n h at  i u i  v i i ’s’ i t  I t s - ,,.,, , u t i , , , u  i i ’s , u - sp~’, ; m o , . t  .1 ,i ; , ,b  t t o , : , t  i c . t l
- ‘ ,‘ i i , - t ,  i, ’t,i ,-b; is  I im, ’,j i l  , h I - , ,mu ,, b u,u,’cb u ,i u, m ’ ;m . ; hi, i - , ,i -h’’ , , , i l n o l , ’ I i  ~‘l a y  si t :) :  ic . ; ; - i ’ot  i ,  , b u ’’ - i q n .  I t

i.’ , I t v  m~ h ’  t t , c  , , ‘ i - I -I ; m . m  I m id i ’ x ( - , ’t  i , , , ,  i. t l t t m , , -,, , , ‘, w , t b ,  ,: s ’b , i  b ;  It, , m u t n i ’ n ot i o u , , ,1 ‘ ud’umc ’:’ - i r e  made .
‘h ,  , ‘ t i t  i t ’ ;, 1 , t b, , ’ , s m u t , ’:,, 0 ‘1 t b , e  u i , , ,  - i  I , t ; ~ i t  - ,ui ,m b, , - ’ :  scm,’ t , ’se’,in , ’b , ~~~~~~ iou,. ‘ncviu ’u ’ ’ I s- ,m ’ - ’,e,l

r , t t b i e ’ n ,ac , iulemm; : , i t  : 1  ,,‘ , m ’ ; t , ’t , , h - t i - u  : ;,.;t _ i n c i ’ , we ul,’ r iot  t i m ’, ’, ’ u t i l  t i n t ,  ~‘,( f , , i , , l ’ - I u , u t . ’ U i ’ i’ l . i l ’ o n , i i
i - u , . , w t , i , - t u  1. ’ s - I  i ’ l l  t o i l  b - t , ’n u ’ ~i ’ - I  , m s ’ -,, - , ’ u ’ , o, , b ’ , m - ’ I c  0 ‘:,,, “.‘I ,u , m l  .,i, ’ - t , i .’,us.’ u i

b ,.m 1’I’,~ i - , - i - I _ m i -  - - l i l t Ic s ot  1, -s n , ’n r t ,t I i , ’ u i - , , ‘ ‘ : ( ‘ i —  , i _ i l l i - ’  i n  t it, ’’,’ i i ’ t ot,, ’ , m ’ :  ,,,.i ct:, — i n i t b i ,  0’,,’ ~~~ hi’
s, h i m, ,‘.I I ’ , such i “i - n , ’ ’ ’ ; ,  v, d i ’ ; t -  1_ t v . ;  I - ‘ i’nul i ’W I t i o t i  w i t  it - ‘ ‘ I  i~i~ - ; ; , ‘  I I I  ie,1 _ . , . , ; i ’ , ’: r i - _ a l i t  i-’ _ I t  v i i  l i i

u I - i l - I s ’  1 ‘ i’; ~~~ ‘ u s ’ ,’ i f  ,, t i -n ’s’ 10 i~ ; “ l i m i t  1 , - u i  h i , ’ b  .1 W t , ’i ; ’i  5 i , I u~~, I!.’ (‘. 0,1 ~: t bi,tt u ,uhi -ss siuch
,st ’ - u u , t I ,’ ,I wi th ,,0.mh’ ,t i c i l - . t , , , - , t - . ,O o( m u , ,  ‘ - u - u - i c  ‘0-, - i uui - , i I . i l  i~~t , ’t , ’ ,, m h  ,, ‘, I b ~u ’ ,

t~ ’s~, m i n  mi’ re l y i , ’ t I s  u - i . t y l b i i ; , ’ : ’ ’ , N i mu ’~i ’t  , , - ,1  , ‘ tip ’ ’n i it i c t i t t ;  u i , ’, ’ ,) i- u t’t i t , ’)i 1 , ’, i ~- ,m n , i  ‘, ‘ u ’ ’ - - i g ! , I  I , - ,‘st n ,i ct  I t , , -
mi - I  - , i u i i s ’ , - t - . ,i I i u i , h  ‘,, m , : , i1- i  1,41 ~~~~~~~~~~~ ‘ m i i i t  I i ~ j I  ii, ‘ - - t , ‘,‘, I t , , ’ ms _ _ i  l _ a n i c b i ,’ i i ;  m v i i  lj t ’l , ’ ‘ ‘ h i ’, , , ’’ i s  lu ’ ,‘l . i s. ’i , ’ ,i I

PU, i , — ; ,  i ’ ( , c  0 s , - , - u  S m u t ’ , ‘‘ ‘ - 
- ‘I i i, ,  i , t ’ 

~‘\ I  t , , , - t , ’ . b t , ’, it  i u ’ i U i ’’ I i ’~~~t I _ u , s b , , , i  - , - s , , t , l , , I  - - t o n  ~i Is - , ’— u m ,l, ’
non t , : , - i t  ‘ ‘ p m :  l i b ’ u , u  - ‘s I ’ u ’ ’,’— ’5s I t — u,, h i s  u - I  i , ,  1 , ’~~ t u, ’ i - u , , ,  ‘ ‘i’ s’ 0 5  5 ; i , m . ; I , , l ’ l i ’ ,s, x , u , , ,  I , i ’ , - , ’ t  , th ,,, - . .;,,,’,’,— t

S l i t ,~ t t ,.’.,- , I  -i l,’c ,,t ‘c.:l i .hi ty , ‘t  - too, I ’,, si’,sLl~ ~:, ‘0 i;., , ’,mt I h , ’, ’i v  I . ,  t ’o,, t I low ,st i, - , , ’ I~ ’y , o ’I,f. ; ,,,m,’:be,
is , : n , ’~ - ,  si u , , , ‘ . ‘h i , t m i  Id i . ,  ,,uni, ,’n m ‘ i  1 cx~’,’i iu,’,’’,it .; I— ,’ i l ,  Ic I,’ ,hi t i t  i , ’ , i ’ ’l  .1,’ u,’ , ’ l l . ’

In  h i s  I i’ , , u u I  i i ’s - os  .‘ f , ;, ‘ u , I  ~u u i ’ , m t  it ,, ,’, i , ’ ;  O t i s - i t  I , u i ’~ ;i ii ,‘ ‘ I h , , , u  I bt i ’ t , , a u u u b a i u — O t  , i ,t i  t t b u u ,~ u

, w t ,  , - b ,  h i ’d ,aunmc ’nug - I  h i t  n , ’-  o i l  - ‘ i i ’ the  ‘i i ,  i ’p t  , ‘1’ u b , i i ’ - : t , , ’ I i )  imp I , I Sub’, — ; , i l ’ , r  i t  , , m l  i s ’ .: m b - i  l i t ’  , i S , h  . ;u : ( ’ i ’ n —

m t t ,  ,, 1 ,‘ 1 , m m l  t b - i  I unti) ‘‘ , ‘,m, ,  it~i I I i-’ it.’ n i ’ q ,mn di’,l i -  I but ’ most  , i’., , ’,  I , i u : t  I t , , ’ , , ,,‘‘, i , . .  I , i , h v , m , u , ’i’ t I t  It,, ’ ’. iii- ,ect
I t , , ’ Ti’l l m i i ’u i - ; h - h u l  i , t , t  i ; iu t  i- ms - i c ., ” I,” ’ - - h , . , I I i , , , b , ’ , ’,( b : . , , h l b ,, ’ ,, c, ’i u , - i ’; ’ t  ,, i h i t  s’b,,’i,

we ,l i . ; , ’,i,;s t he  t e l l  In ’ !  o X ( ’ i ’t u n , - , I - i ’ f N i  . ‘ b , i o k . m  u t  i l  i i :  1w , ’ ,i i ,u tc , i , ; -m, ’i u , i l  ,‘ b i , m t t u u , ’l I I ,~s, , (sot i,, ’ ’; 1u. i I I m l
i 0 u i  I b i t t  I b i n ’, ’ I i  n, ,; - , ; , ‘s ,t  I i l v  I . ,  ni gh, , tu oms ’ ,’ u , ( , n h ’  I c  in  - ‘ i l  l i t, ’  I 1 ’s’’; , honti’ ,.: , m  I ’ , - - u t . ’  ,i I - ., ’ s i ’,’m I , -

t b _ i t  I t , - ’ w e a k l y  u, , ’;, l inc-an ‘ , : ‘ :, o u  i i u , ; t a l t t l , t i -  t t , , ’ , ’ns -  i u , t , i , - t u  a l i ’s- , , ’-, , l v - ; u ’ , , i h l  m u - s i ,  I i c , a t i , ’,, ’; h- - i , , , ’ , -

p- -s. ’ t ’ ’ x~ ii ;  l ot:,; i n  I t i , - s ’ I c t t ~ i I  y - i  b lat ’ nie , i I  t ,u 1 on ,  v , b  - i , :  ,b~ ’ - ,, , I c  ‘t i , ’,,, it uui ’u i , t  ii’ , ’ I I  l’cs ’ , - u u , (  i t t ’  I i k , - 1 v
is; I t , , - 1- t i n n i n g , — t  t b u , ’ l - , , . , , k ,b , ’,,- , ,  I , ’ I ,u t - b ’ , , l , ’ r u ,  -o , , ‘, u u s ’ ,’n , t , ’,’,, ’ ,’ 1u , ’l’ I i ’u, u ’ : b ,, t , l , h ,  t n — o i l ’ 1 , ’ ttt ’ti t

n ,t n t  i , ’ ’ m n  . I:, ’,’, i , ’ , ; t  , m u , , h ,‘v , , I , ’ u t i’i’ ‘ I  ‘,c, - , -u ; b , l i \  i n s t _ i l — i  l i t  u , ’’ i t t  t ’ ,, - - . t , , , m ,  f t i ’i.’ ’. wi t :  b , h_ is ’,’ b ’ , ’i ’, u t - t b ’ , -

in  :; I I - - u I  1.1,, t 1 - i t  , , - , ,  -‘i _ u  , , , ,m k , ’ . fbi ,-; i , ,  - t i - u - b ,  t i t  t~ i ’ n l I ’~ t i ~~I l t ‘;I t o ,  (Sec i l ; , ’ ’ - ,  - I i , ’,,

u ’ - ‘ - i t  . I :  1,~ .1 ma t  t i — n  i ’ l l , ’,’ ’, ‘ s _ m b s i t  u , ’ , ~ ti d 1 , 1 : 1 , ’ , i t , i t ,,h c’ ci.’’  i - u k -  u t , i t  ,-,,, ‘ ‘ , n , ’’ ’, _ ,, ,-t, I’,’ I

.0 ‘ - u  o h  ‘ u i b ’ I  i i,’ ‘, ‘al,i,’ - u , , ’ -. w e l l .  t ’, ,~ - i,, 1t ,’ , , , i  ~‘‘ ‘ u ’ ’” I t u , a t  u u ,  - , t , t l ’ i  l i l y  , i , , b h t i ’ , , ’ - l i  ,i _ ’tm 
, t n . t ,  tb , - - \~~‘‘ 1 ’  I t - t _ ’~b5. I . i tm  mu I t , , ’ nittlIs’t’i’U5 ‘i mp ’ ;  i i,  , ,,u , - ,‘ u u , ’- ’~ ’I  - ‘ u : ;  I , , , , , b , - u  - , I , , . u , l , , u , n  u n u  1 , - u ,  1.

w, r u  t , wh i I c  I i -I ’ I , , , ’  I , , ’ b i , i I  ui , , m u , , b  t h i n , ,  h r  , I u u t t i  us I - n ’  ¼ u ,‘ , ‘,‘u ’r ill ,, ,, t ‘ 1  t ~‘si ’ , ,n ch i  ‘1 I ‘ ‘ t  I - - , it  . ; c u m ’ , -’, ’ ,h I i i

‘ - I -t i Id i,, ,I t~~- I t , , ’ ,, ‘ - , t i u ’I:s o- ,¼ , ’,( t b - n , ’,,, , In: c, I , I i ’ t  , ‘ : t , i , , , ,  on , ’ ’ - i , ’-;, ’, m , , t :  ~‘n u i ’n i t i i ’,, ,itu ,i t o t  l m i e u i , ’ t n , , t
lb ,,-’;, ‘1 , t b  u, ’n , ; , ,- u ,, ’ u , uu ’ - I  ‘ I  , i ’u i i _ _ i — i - s i _ I ,  I i i ’ - m u - ‘ ( b i , at  1” , t t e t u h  i , m l l v  ‘i — u , , , ’ . i~~, ’ u  , h — u I ~u ’I ‘ i ’, - i ’’ ‘ i _ I t  lv b o l ’ , i I _ l u

I ’ ,, , j t , , - , ,  1 _ b ,:,~ t h’,’ ’  tim. ’1 , t,, ’,l -
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4 ~ 1 ,AI-I K PO I SEUI LI ,b , FLOW N’- L O N C I R  A HYI ’ A ~ O

4 .m ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fur ,,h ’out f i  ~ t.y y e a rs , t he  i t u a b i l  1 t y  of e x pi .n im e n t c rs  to keC 1; two - ) i m ~n si on a l  channel  flows free
f r o m  t u r b u l e ni -c e  at  n i i - l a t r v~’l y low Reynolds  ,,urn,ber s b’i’, (Ii ‘ h a l t  w i dt h /u  ), when the parabol ic  f low s arc-
Su l p ,u si .’ h  to be s table  according to l i, ;, .ar  tb ie~;r ’j hIs’.. , ~~ e c r i t i ca l  Re , is 5772 fo r  an i n f i n i t e  aspect
r a t i o) ,~~ ,i - - ; t i m u lat ’ . - ,b  many s o 1ih i st i i .u,it , ’d ,mt te r nqo ts  at  ex p l a n a t i o n  of t h i s  bypass .  Thus McLaughl in  and
M~ n t m , i w r , t e :  “ u ’ l , , , , , : , , .l  f l o w , Ce,,mxmal p i p t .  flow ,.. an,’ examples of iruverted bifurcation ” and , acco rd—
:,i,; t ,o t hem , as the r , u , u tu r a i  p oir m t mc; ,q.~~roachcd “ tb , .. sys tem b itt i lm o d la te ly  sp i r a l s  out  ar id enters a st rong ly
,; , u i 1-,,- n i : ,d i c  - n i t ” , w b ; , - ’h “maps out an i n v a r i a n t  sur~~~ce in the phase space of the sys tem. .  .an examp le of
a u I  n .t:;qe a t t r ac tor ” , Ai . . - , i r d j n g  to Ch ’.’n and Jose1,h “Dis turbances  which  escape the dortia i r; of
, , t t r . , c t i u r i  of th i ’  s t i -o d y  s o l u t i o n  snap t h r o ugh  the unst ,mk;le  b i f u r c a t i ng  so l u t i o n  and are  a t t r a c t e d  to
(po c - ; i b ly  ‘ tu r b u l e u , t ’)  solut ions w i t t ,  larger ampl i tudes ” , and ,  “The d i scont inuous  t r ans i t ions  which ar e
i m p l i e d  by the .in~~1i - th r ,uqh in s t a b i l i ty  are in e x c e l l e n t  agreeulti’it ’ w i t h  experomenta l  obse rvat ions ” . Direct-
ly or i n d i r e c t l y  thet ’e  au th , or s  are t ak ing  i ssue  w i t h  the La ndau v i , ’w  of t r a n s i t i o n  to turbulence  as a suc-
cession of  i ns tit L i l i tie s  a t  i n c r e a s i n g  f requenc i e s  as the parameter of the system increases; see Joseph 72
f i r  d e t a i l s ,  Landau j~~ :,t :m lat ed  tha t  t h e  essential features of the  e v o l u t i o n  of the ampli tude A of each
i n s t a b i l i t y  woulc i  be g iver,  by “

~ A 2 /~~t = ‘.1A 2 
+ k 2A4 . S t u a r t  developed a forma l expansion scheme (valid

s-o f l t c i e u ; t l y  close to the  cond i t i ons  of zero a mp l i f i c a t i o n  r a t e  of l inear ized  theory)  which  specialized to
the  Landau equa t ion  when t runca ted  a t  A 4 and which  was lauded by Stewartson~~~(~~ection 3 f )  - This approach’

t i~rs~~7
applied to channel  tIcs-i by S t u a r t 64 ari d watson 65 , In 1967 , Reynolds and Potter 66 and Pekeri s and

Shkc ,l l- . .r independently computed the equivalent  of k 2 . The resul ts  indicate  subcritical threshold instabi-
l i t y  an:d superc rlt ical  s t ab i liz a t i on , The question remains into what s tate wi l l  the f low develop once the
subcr i t ica l  threshold is transgressed , at-md could that  state evolve into the supercri t ical  equil ibria . Recent
; . ,us ’- n ica l  experunenatat i ot :  w i t h  “ d r a s t i c a l l y  t runcated ” set  of equations by Zahr, et a186 suggest that  the
t h r e s h o l d  u, n s ut ab i l i t ie s  lead to “ upper branch ” equ i l i b r i um s ta tes  which  are cont iguous  with  the above super-
c r i t i c a l  Landa u — l i k e  equil ib r ia .  For others , inverted b i f u r c ation implies that the states must be turbulent.
A l l  au tho r s  assume p e r f e c t l y  t w o - d i m en s i o n a l  base f l o w ,

45 Fxoer tnenta l  pj f fj c u l t i e , ,

The 1974 exper iments  of F’ ,.r u i i t z  et a1
68 (wi th freestream dis turbance uj7J — 0 , 3 %  at the entrance to

the channel  pushed the l a m i n a r  reg ime up to 0.87 Re , h igher  than in any of t~1c previous  tests , but s t i l l
wi th no t race of St uar t - tj p e  f e a t u r e s .  This , of course , is a bypass par excellence . At comparable free-
st r u am  d i s tu rbances ,  the t r a n s i t i o n  Reynolds 9l~inniber on a f l a t  plate exceeds i t s  Re by at  least 60% and
hot w i r e  t races  and spectra show T—S presence and presumably “ cooperation in thec!nstabili~~~,, . Itow ever,
f rees t ream disturbances  in wind  tunnels  had been reduced to 0 .0 2 %  by Sc’hubauer and Skramstad by 1942
and have been ’, bet tered s ince ,

Frees t reaun  d isturbances in  t igh t ly  confined flows may be harder to tame n feedback through pressure
f l - ,ictuations (pseudo sound as wel l  as sound> is enhanced,  and ins tantaneous changes in veloci ty  p ro f i l e s
caus e changes in mass f l ux  (unless tha t  is closely controlled , say by a sonic throat , as is desirable)
which are coupled with the ove rall  pressure drop. Accessibi l i ty  of p robes and the i r  in~~erference wi th  the
f l o w  (also enhanced> present  special problems . However,  lIT experience , v isual iza t ion  , and 3D probing
eviden ce by others lead me to believe that another major suspect is foun d in base-f low three d imens iona l i ty,
the in adver ten t  modif ier  of type D (section 3a) . Becauso of the t i gh t  confinement  the walls  have to be
except ional ly  f l a t , and careful  a t t en t i on  must be paid in design to the lu rk ing  secondary flows .

4c Th e New Experiment

The conf used sta te of 5~ nowled ge on su ch a fundamental  f low called for an all—out ef for t , and recently
Ni sh ioka,  lid a and Ichilcawa succeeded in b r ing ing  down the background turbulence to 0 .01% (with  sortie
0 .049% u ’/t ) due to fan noise at 715 Hz , a frequency too h igh  to i n f l u e n c e  s t ab i l i t y )  in a 6 meter  long,
40 cm x l .4~ cm channel,  Furthermore , as in the though t experiment mentioned in section 3m, they provided
fo r  control led  monochromatic exc i ta t ion  by p lacing a vibrat ing ribbon at x=400 cm , def in i te ly  downstream
of th e formation of the f u l l y  developed flow (at  x — 2 0 0  cnn for Re of 7500) . lJnlike thei r  predecessors
tney a lso provided for spanwi se t ravers ing , which did disclose some three dimensional development 5~ t the
higher Re va lues  (gradual , from about 3500) as in the plate experiments of Kiebanoff and Tidstrom . They
acknowledge tha t  th is  is likely to have some inf luence on the s tabi l i ty  characteristics, an e f f ec t  which
they are cur ren t ly  study i ng.

4d Three Dimens iona l i ty  and Comparison with Theory

it  should be remarked that  a s i m i l a r  departure from two d inens iona l i ty  was present in all the experi-
ments  on f la t  p lates where it was checked and that these experiments were used without any misgivings for
comparison with theoretical 2D results . Schubauer and Skramstad explicitly caut ion in l943n “The
presence of the w—cornponent (spanwise) thus indicates that the oscillations were three-dimensional” and
“ .. .how this should a f f e c t  the agreement with theory is not known ” . Liepmann observed in 1943 that
w ”-’ 2v ’ toward the end of his linear regime (Fig .  8 of Ref .  69) , and the researchers at the Bureau of
Standards finally concluded that three dinnensio~ gli ty  was unavoidable, nay natural . They decided to intro-
duce their own controlled three diitter’tsionalith’ and thus did set the stage for the capture of ~~e 3D
breakdown module with its “spikes” and “hairpin eddies ” just before the formation of the Emnnnoris tur-
bul en t 2~ pot , and ver i f ied  that the pattern under “n a t u r a l ”  conditions matched well the controlled
module

These i n s u f f i c i e n t l y  appreciated h is tor ica l  fac ts  are most relevant to any comparison of theory
and the Ni sh ioka  et al experiment .  On the basis of the Bureau of Standards experience one should anti-
ci pate that  the three d imens ional i ty  would spoil the balance for the superc r i t i cal  equi l ibr ium but that

r finite disturbances could damp out below some threshold leve l if  the Stuart  theoretical model is
appropriate for the idealized two dimensional flow. Whether the three dimensionality would make the
proofs  of the existence of an inverted b i f u r c a t i o n  inoperable is not clear.
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i ’ t ;t i ’ C ,~~ ; u I s - , , ’, ; -  i . t l i t y  is - I - , ‘ u i n  - i’  uxu, *v , - m , I , m t - I ’  i n  th,’ -c -n , , , ’r s  ~-I  I I , , -  1 , u , m t e — w i d t h  ch a n n e l .  ,~hi ,i
, t i , , b  S(- ~t r t - ”-. ~ u t .  -uo , - ,b t b ; , , u  t b , ,  m b ’.’ ,. t ,IU :1, ve l , :j - , n ig I i ’ s ’  is  n s t , -  s ta l - le  t ( , , i ’ , t h e  f u l l y  developed f l o w

~ - ‘I b - , ‘. ‘ i ~ ~‘ I ,,’ t he  s 1 t m i t  ; - ‘ , ,  in  l x  i ‘uymm, ’t r m c P01 seui  1 Ic I huw t , Al  I h ;~ ‘ ‘ i - u t :  ns, I h ; , ’or e t I cal informa t , , a; is
.av,i i l . . l - ( e  1, - n  t b , ,  t i ’ s  in  a , t ; , 0 , : i i - l  - n , : , -  n , t t , i s  is 1 ik ’ . ’ l y  f ,  be I t , ,  l , ’ , e u t  s t i l ls ’ 1 i ’o a t i O n , e ’ l - ’ . ’ c m a l l ’,’

- em,’ ’.’ ’  I t b , - d t t f i c u l t m c - s  m u  .,u~ -j n , ’ -  .u ; : u g  I t ; , ’ - _i t i ’ ’ u - - n y  I) sei~gn; . i .tn ’y  f l i u w s  ass  , i m t , ’ i i  w u t h  mc,~ - f a c i l i t y
t n , 1’.’t i - n  bends .i,,.I t h e  - - -ii, r a, I ion from It,,’ s , ’I t  1 i ng  cbtannnb e r 

- 
, Tb,,, . ,’  f l ows in  w h i c h  the d i st sm 4 .. s

w, ’ um Id ,i,’tt~ 1 i f y and bc’u,-ome fu r l -u i , ’ . : ,  I ir s  t m u ,  f lu e  c- - r u ; , - (.‘,‘‘- ‘bm scuss ion and z , ‘f , ’r , ’u ic i ’~ 1
of M c , i ’ i

w ,cId u i-i - , I  ‘ a n  e iy  , - , ‘u , t  ii,, , , ; . i t , ’  l , a I , ’r , u I ly  t he  res t  ‘f th~ cbi ann ’,e l  L y  ,,‘h a n t , - r s  t v l - a.:.~ and could there—
I~~i n ( ’ : , ’ - t  I’’ .’ c cmh . , n , ’ .b t ’ .’ .toy ‘f U.’’ Its’; n , ’ t ; . , t l r i - su i t s ,

The ,‘u n m , , ’ ,m .’  n u b , ’ r is t r i v i  ti- _b t - ‘ ,b i , a ’t ~~, ’,;,’ w h m .,-h of t )me d e t er m i n i ng  ( m r arn,’t or ’, c aus e -b  t h e  u,’,
- n m t i . . i l  .mu ,,b Iu.uu;’ ,,tt ,’I,,il k’.’y~ ,, - Ids  n umbers in  the 1 h y  8 , 2 , 4  cnn x 2 0 . 1 2  cm , :’ b ; , m r , i s ’ l  ,- b  t a  an I I ~m ; ’ b
f .m, .,,,,I Park , s’ -t k,nq with ’, w a t e r , wi - re  the  on ly  s-t t ,,’r n i - s- ,~’ ,,n ~ - b , ,-r s  t-~- introduce ,‘,, u i t r i , l l , ’,I d l s t u n t  - a u ; , , s

,iu . n x b , ’ n ;; ,,i ly s,t~-~m,- n t b  t O i l  t t . , ’ u , ’ b  n ,’ in ’ ,I, ’n f ’ ’rm i , - i t “s-mv ’- maker ” , Thm ’y iudqed tt , u’ mr ,‘x~ ,‘r: —

n,~ ’n : t , u l , , - , m t  n i l  Re to  1’,- 2, ct(’ t I- .is,’ ,b on: ic ’ s - n  a t’- velocity ~nd the hy dra:i l i i - dianut,’ter ( wh i ch, i.’ o rr ~ ’s(  ,.,t,,i.: I - -

u 2 ’ , l - ,i’;,’ ,I ,‘n i inuo x ,muini veloc i u - u and b , , , 1 I d ep t h .  V , , ,  and  I u t - k  i , l- ’ ; , rved T — S  w , m v , ’ o . - ‘ f t  i t ,  h i g h l y  d ;  ‘- t , ’ t  I d ,
,,ob t h i n , - ,- d m m e ns  i o i, a l  ,‘t f l - - -

4,’ ‘cm’,j~- n a i  ver . ,us  I ’j ’at , ,t I 1 : - I d 1j,~~’ m c , ba i scu i l l e  F low

m c - ,  Ii.’ - , bmrrmt ’ns i  -ca l I l u ,  t , m . i t m o n s  i t t  b a u m s e u i h l e  I i . ~s , the i n s i s t, ’:, , ’ on t h i n i k i n g  l o n e l y  in f t-ru ,,: ,:f

‘s’I’i- , ’n  ,a l m , , ~~t .il i l t t v  . r u u i i i ’e l t .; i t ;  i ,m , ’ ,;’, i o i ; , u l ’ l , - , I I t , , ’  t c i i  S’i , r  I d t b , ,  d i . . t  , m n h , i , ; c , ’s ,1c- no t  su ,b ; I , ’ u;  l y
c o  .11 1 , i i , ’ iii l b , ,  x .ux m a .  , l  t i ntt e t - 0. T)te Vi -n  t i ca l  di’ ; I , m r l  i i i , , ,’,’ mode i s  fed  th nc-u gh the  oncoming

- ‘ n ,‘ ii,, to  the .bi -s” .- 1’ -; i ;-u 1 - - ‘,mcit , m ,- y 1 m y ’ ’; ,in,I u h f  i ma te ly  I - t h u s ’ f u l l y  -1, -v ,  1, - u- i ’d f l - i ’ , The j - r i ’s su r e  mode
,t i s ,  - ~,,e, i,’ n , ,m: ; if it s  s 1 ect  r im  ~.“s’- ’n ’ s the T— ;- I n ” - ; a ” o ; ’ m ~ ’,: t , ,,:t “rs 1’ t h  eI;,i .’ of t b,, chan ne l  ( Soc  t h e

b i t t  - n , ’ , , , ,  m u :  I t : , ’  S:, , u , , ’ , I , , n — W e l l . ’  I t - , m u , , -  i t  mu o n .100 t i  do w n s t r e am  sonic , ‘ h , -k  m t ; g l

5’ ,, ’ ; ,  I t, ,- n i i i  on i s  osc i  1 1,, t  i i ’~ u , t b , - domiu ; . i i ; I  d i - : t  ur l ’, . iI, , ’ ,’ some i b m  st a i s,’ ,’ downst ream of the r i b - L o u ;
- , I i, . u , t , - u ,  , t - A , ’ .’t ix — 421’t “in t, t w b , , ’r c s~ ret I - - i - s b , :  t b ,, Di rac  I ,;:. , ; - - , ~~ , ~~, , u t , ,’n;, I , c a l  ly, then, the

i~ , : . I r , - . h , m ,  ‘ - ‘ i l l  . I 1 i ’I,g 7 ;t ; ~ ’ t . m x i s  a t  ,m f m x , ’,h x .‘;‘ n ’ r e s t s ’ i i - l ; I ; ’ I  to t b , ,  :‘ l ,m ’ . s i c a l  condi tic : ; , :  f or
-
~~ 

,uu .ial st~~h’i 1m b - .’ ,c;~~1’,’ ,: mc- , W ., t, ‘ . 5,  ‘ r e, - -”it, , :- ’ ,l t h a t  “ , u s t e n ’s s 1- ,mt  m a l  or , m h m  lily ‘m l ’l -ri ’ ,mi -b; r c -vj ded
m o d e l ”  1, - n Poi.’,’um lie fi ‘s ,m c , h  n , ’f  - r m i ; l , m I , ’ , b t b , 0  s’t ’a k l y  n o n l i u ; , - ar  t h t ’- ’ry f rom t b s i s  i” t nt  of v i ’ s ’ .
in 

~~~~~~~ 
t cc-,ul’er,mI ‘,, sith N :st ,ii; ,ka, also ~bi’5’i ’i , -; ’c,I a ,m t xal tt,,’c-rs’ ,i u;d , ‘ x t  ,‘,, ,lu ’,i i t  t i  the

- - ‘5 , ,  . ; t . tt  i o u  of  I ; , ’ ~~‘,r, ’sho1,1 ,imt’ ui tu de h u b  ,m s f;mo, 1 1  :‘~ i of .lu;v ing t o ’s - c - soy  for s,’vt ’n,t l °‘~~~ r i t i ~- ,m1 and

c ri  - ‘ t i It ,.  s’ ,m I , ; , : ,  A - m i i n ,  it  is u :ic lean whether tbie l’r~’~’fs 
,‘f th,’ C X i 5 t e u i ~” .’ : f  ; :;‘,‘ ,‘ r t  c-i  l’m f;m,’ca—

f i o n a r , - , ’ ’ u - - , ’ ’. ;b m a l l ’ ,’ ,Ie~ ,‘:, I, ’, :t  ui-san t t , c i ,  ‘ -. m mt - t i o n : s  o h tb t e  tomb ~‘t u i  ‘ I L I

4 1 Tt ; ,’ b,, ’s 1’,- : 1 1 - :

The , , ‘ ,,,I,’r ~ ‘i~d,, t o  I .;.1\’ f b , - ’ Is’~ ’ n t y — t w .  s el , ’, t , ’,l f t q u ne s  , f  N ;  t , m , - k , u  i t  a l .’ t o  0t h t i ’,’ia te I t o ’  I ; ; 1
t t t i , ’’; , ’ Si ’s ’ f m u i t  1 tic- .’ on the i sssm s-s h-f ’ f,’r,’ us - l’leanl’,’ ft , ,  h-vpa,;.: is remc-s’e,l , I t  s h o u l d  I’r -ch- ,:t’ 1’,’

- u :,‘r ; l -c,j  t o  .m - ‘ ,‘,h - m : ; , u t  ion f ,b est ,ui ’i l s  ~t n q  mean , — t ’l , -s’ t t ; r e , ’ , b m m e n s l c u , , m i  i t y  and to f i n i t e  d i s t u r b a n ce s
.m .’t : ::.; - -v , ’, i , ’,; -t  h i  ‘ ; t , , ; - , “s i i ,  a t i g h t l y  , - ,‘u: f ;,;, ‘d .c-- , i , -” t o t ’..’t ions 41’ ,in :d 4, 11 - At a R e y n o l d s  u; ’~mber of
S s , , i ,t , c . ( , m , i  1 I , ’ 1. 1-’ Ii , ’ , - t h e  flow r emai: ; , ’,l l a,,ui,uar a t  the  e x i t  f r o m  I t , , - , -t ,j , t~~ic 1 a f t e r  it  had t , , ,v , ’ led a

- - ch. i , ;sel  i gh t s  ( a t  le as t  2 4 0  u ’f  t hem mn fully c-eu,’,- l ot’:-.b f 1, ’s’t from the i , - , - ,tt  i c-I: i ’t the
Sb - t  s or t  m . .’ i t y  d m 1  ,m r h- ,mu; , ’,’,; , If  we sh ; ’ ;m l , b  ,o ,’ ’ ’ c i m i u m t ’ .- c-n c o n t i n u e d  l a m i n t a r i t  sh o u l , I  the d u c t  I , ’,. ,;t t ;

ire ,‘x t i ’:sb, ’,b , ws- s hou ld  k, ’, ’-, mc, m i n d  t h a t  u n i l i k e  is  a h ’ ’u,,,j ,;r-,’ I au , ’,’r , tb , , ’ i de,t l I’ f l o w ’  b ; ,  r - ’ r ,’ t a t n s  Cc’s—

- .I , m : ; t  : l , m i i l i t  v ,‘b m , u u  u - I , ’, is t i c s ,  I f  the  c - I s ’ .’,; ‘c- - s - -b r imn - f  d i ’  t , i r h a n c e s m  1, - s’s u , c-t ,‘x, ’, t , ’ U I:Sb il- i , - modes in
b i s ’ ,,, :, - - ’ f 24  - . ‘ t ; , i ; ; , ; , ’ l  b’,,’ m - i h I  ‘: , m l . st uu ’uld : . , , t  di ’ ssu ,m s tb:e l ’ .’n , , t h ,  i s  m n c n , - , u ; , - ,b , ;i c lesa  the t hr ee

— r u m  - - c u  I i t ’ , ’ - ‘ ‘ - t m, - ”. b r ‘,, ‘i- ’ , it  tI: ibm s tance .

Tt ,t ’ u,ui’ , m , - ; m r e , b  , ‘x c m  t,’,l , m -i ,’ I c m m ( - 1  it udes  and ( ‘h,l se :; at - , ’ in as g c-o,h an a g r e e m e n t  w i t h  It c~i ‘r o t  j a l  l i n e a r
I t i u ’o ry  ( F i g .  5 of 10’ f - 58) ,u: .  i f l  du ly ,‘f tb ,, ‘1 b :on .‘ l um s s j c a l  m m  ~‘ roscop I c  ‘x ( ’ ’r i t t en t s .  The I S O ’ 

~‘t ,as e
- bsmu,, ~,’ I uk -s i i , ’ ,- u t  t b ; ’  ‘ - ,‘, m t , - ,  c - f  t h e  ,l;;, ’I ,un ,b r i o t  mt tb , , - c r il  m c i  l iv, ’ r :,s ’ ,,r th e wall as i s  q, ’,us’ I ins ’ ,’

S l , ’r r , ’ ,( b r - n  sun’  , - t  m o , , ’, ;t  in the , i - ;ynI’ t ~ ’t m c  th , , ’~’n - i t ’’ ’ , It 1’, :,, ‘,i t ’  t t ,  i s  layer that maxima l u ’ flue—
, ; . i t  m c - I , s  and Iss- yt ;, ’ l b s - -u ‘.t’05”5  i , - ’ ,~~,’ 1 , 11 1 ‘,‘ b, -v, ’ lo t ’ , When t h e  x ,l,’s-e 1, ’l’m e,; t ,~ f the fut ,dament , , l f l uo t u a t  ic-n

- ‘i i ’’’, ,‘,t on a scm,  l ’ .u t  - I ’ . , ,u  hi , fl theory m u ; , h  m c,;te.’ .;t r i  m i i b : t  — l i n e  growth or ,1,’oav , wit ) :  the s lO b - i’ Cc-I’ t i ’.’ —

t - ~ ’ i .u;’i  t o I t,, ’ , l l m , ’,;,; m o c l , - s r _ ’ c - i t  t a l  ,m nn’mp l i f m _ - ,t I i i ’:; rat, - — 
~~~

..  F u c - smr ,’ 7 of’ S,’ f, ‘b ut sb; cws I b , , i l in many
c’m o’-s I t o ’  o,- ,,i, n t, I 1,,,,’,; tend to 1, -cd ,b, ’w’cw,i n i b , t ’r e su ma h ll ’ due ho 3D ,‘ff,’’ Is when ampl;t ;m4 ’s i i i ’

‘‘5I’~~’:,ill y - u - i l - u ,  11 sully - The ex t  r,a ’ts’ib I m , , , ’ ,m, -u n , ’s’th 1 ut , ’ :: aqa in ,  ci - r u h ’ a r , ’ ,ls n u ’.,scu, ,, I ’lv  s i  U: ltth’s
t t; , ’, - r - .’ b , u s  i n  .‘i ’i’r t’ , m , , t l ’ t e  ir , ’ , ; ; u , b . , r ’,’ l iv,’’. si t u , i t ; , - ; , , , t  ml ,  Fi g, 1,’ ,i,;,1 11 i - f  R e f .  ‘O ,  Tb , , ’ : ’  a re  ;,s’lI

‘ 1; ic’ , ’ ,f I — S  s ly ’ ’ - : , u I ’ I - ,u r c I ; I ly . “ ; t t ,  .u t u - ; m c b ,  of u t ,r ee  , l i m i ’: is :onal  m l , -  i -u t  w i t b , , -ut  ‘m: i ’ oiu l , m i ’ I’,’b , , , v i , ’,-

The u ’ vs x — ru semi log p lo t s  w i t h  1 I,,,’rcasin q In  SI , m t l ’ , m ; i , ’ ,- a mp l i  t u dt - m. ’ -m u  mn,’t,’r (Fig, 1’ - - f  Ref  - ‘b i l l

, , u  I t , - - - : : 2 ’ , - n - j t i c , u l  b.c -f  5000 - 0.87  Re ,’. exh i b i t  ,, ‘ f i r s t  a slow growtbi  at  st,tt mci; ru , ( w h i c h ,  i~ i7 cm
i1i ’w’ u~s t n - ,’,,i ru 01 ‘;, ‘ cc-ulq ’l i o a t , ’,b field ,;i ’,i~ ’ I t s,’ r t t  i,- c - , i )  - f l u e , :  z e , , ’ sI  c - h i ’ in-ui f m u ; , , l i y  ~‘i ’i’,~ m u ; , m i - d ’ u n - ,t, b m i , m l  ~~~~~~

maxu mum ,n - l x , u annn p l i tud ,’ it t- t,’ ,m ly-,mt 1% of the  c en t e r — i  inc b’ ,’ :s, ; m m  1 le vu’ i s - c i t y  U A. ’ c-u t -  s ket c h  in
Fig . 4 m, , , l;i ’,,I- ’” ’, ,, u ’ ,1,s tun-I’,,o,,’e of l.,’~ -f U mi sc l,’u,’,’is off , h ’ ,mt then it I,t k ’’’: ~‘ff wi lt , mu,, ’n’,’.i’o ,’,I

V i  I- - n  - t i i - : t , m n l ’ , u , , , - , ’s -f l .5s  -f 11 ,tn:d m i t t , , ’,-  ,u ~~, ’s’ nu onuu: . fon’tnnly bu t  do i t l t i m ~~t ,’ly des’,’lop i S . ’I , , , , I , u , , ’ , ’;i’,
inf1,.~’t i - ’,i,il vcl-s,’tb v ‘u -files - b~ ’~ ’i:mu ~(t I ~j J  l-y N i sh : c k, ,  et all w i t h  iu:ten: se ‘.t , , ’, u ,  , ;u - , m r  V ‘1: i~~, ~nd
c - m i s - s  r,’uuuo:i ,u- ’,’ m t  -f K1s’I’.,n,’ff ,‘t ai - , , u , , b  b,’com,- turl’ul,’u:t m b - n  I ly  t h , u ’t’,’,uft,’n , It is ,t: ffi ,,’ult to
in:: - ‘n t -r i -’, tb;, ;,~ results tn i u r  t,,’n’ tltat i ,°tmi, trt ‘ru t , ’rms 1 ,a tt :r u ’”b, , ld l ’e lmas’ u cr -  1-, ’ I~ ’i.’ ampl i tu,b,-,; ‘f ~l’out

1-1 m m,; r,,I t,,’r o h - se t,’ tb,;’.’, where KI- ’I- ,i,s’ff ,,u,,b ;‘owcrk,’r.’ t ,’ui,,l bi ’(’,mrt :i ni ’., f rom I moor behavior ,in,1 u lii’
i n I ‘f fbi,- nucnli,i, ’,m’- tuuod milr ’ ,-m mm - ‘,‘ ,‘;u h,try instabilit y in: a Blasi,,,’ l,mi’ ,’r bitt l i on I t ; ,,:; , f ,,’~ -u . .;”  I u - f

nus- n  1 t ; , , ’ . u t  m l ’ ,’ i n  f n’~— i’ oh :,’,’. 1.mvcr .u l , I’ ,’n h m t l’ ,; the It o’ ,’t\’ l , ’,,, b u  ‘icr I , ’ u i : s ’ , ’ ui ‘ b  ; f-mn - i l  , ,- , ,‘ - ‘ -

mu js’,n or ‘e’.bi,m~’’ . it is s- ,al ,,b h u t I I ;  , m’ ’. ’;, m , - u u - I  i , , , ; : is O- u ’,i’.,.,’,b  i l i  se, ’t i o n s  4~1 ,m, , , t  4,’ t r , ,k , ’ i t
d i  ff,’r,’nt w,’n’ld,

Th~’ t n t n i g u , m : i n  F i u t .  I t -  ot  R d .  58 is I’’.i’sent,’,t in a ,;u m u ’ I u f i ,’d ma Im er in c-i l ,  I’tg , 5. I I

I b:~ - 1,hn ,‘‘i b,~’ l I  dm 1- I l l  i t , ’ c - m u - i t t  ions w i t h  ft ’ , ’ j m u u ’u i , ’v u ;  1’’ ,‘ , l u  , ‘t , ’,l l-~’ It oh ’ ,; m.’,’, m k l ’ ,’ u i o n i  itt,’,, , I t , , ’, ’n u, w i t h ,
b,e r ’x pt ’r t men t i  1 - I O u ’ ’ x t n t , :  te,1 f rem 5 , 1  ‘ ‘ v -f g raphs as in our F i a . 4 f o r  Re - - I 4000  , ‘-22,’ - ~ t:d i ’020 , The

expa’r  ,mu’ ,,I t i  - : t ; , m I ’ ,- ~“\ for 5000 fjt~u l’,’I w, ’,’u u I !uc - ,; , ’ ‘f ‘iO,,i , r c m l  i ’225 ,ind t i m . ’  thc’rc’fon,- h’i’,’,, on , t t ,~it tot-

, . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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I ,, u i y ,  ‘ i l , , ’ n n i , u n , , m . u  ‘ — i i  il, ’ h. ’ t i  - n n ’ ’’ ‘ u , u - _ i n  l~’ i ,  t I  — ‘ i — , ’ , , ,  b u t  i - u - - n  u , , . u ’ . u i , u u t , , u  . s t n n I - l  I I ,  m t  1 , — i ,  t m , , !  t n ’ ’
w u t h ,  i l , ,  t~~e m u , t’ . u - f  i b ,, ’ I i , - ’ -  u , ,  ‘ I i i , ’ , ’ . . i i i  n i , , ’  ,,f It ,, , , , , u x , , , , . u  , , n ,  l b , ,  , n , 1 b m t  ‘s.;’ . t i , , ’ , , ’ 1, 1’’

t , t i , ’ , b ’ , i ’ i , ’ ’h i ’  ‘‘‘‘ ‘ _ , t ’ l y  ‘‘ ,l,i,’ I , ’ I I , , - ~~~~~~~~~ t b,,,’, h um,,, ’ uu’ ,,, ’,u,u I u , , u  u i , , , ’  ,, , b i ’ , t u i n h, i , , , ’ w h im ,i I , , m ’ t u ’
I ’ “ , I s - i l - i  l I l y  ‘ ‘ u  t i , ’ ’ S I -I . ‘t . — ,I mu ,  I I  I ‘ ‘s’ u i I ’ . ’ “I’’ ’’ n,,t.— ,ut ‘ , , ‘ l b  ‘ ‘ — ‘ n i ’  i l , ’ , , , !  u t , ’ ’ I i l l - i l ,  n , ‘ ‘ -~ t i ’ ’t t , ’’,’ i h i

I I , , - , u , ’ t , w - u , , u  w i l l  I ’ , ’ i u t , - , ,  u q ’  ‘ i ’ , . t u l t  t n u  - .- ‘ - I 1 , - u i  ‘ I i i ,

‘mu - h i t , ,  . u t , , b  ‘ ‘,i I i — t i ,  i t t , ’ tm ui 1u, ’ rn_ a l ’ ‘ ‘ i t  t i m  n~ , u,’ i l , , !  I i t , ,— . 1 - s’, I ‘ ‘ I ’ ” ’ ’  i t  ‘ -I  ‘ ‘ u i hh ,,‘ ‘,, u I- , - n 1 I -  u
I i t t - a l  ~, ‘w l l n  u i - I t t t , , t  mau i ‘ i r n n i , , , m i t ” ’- w i t h ,  t b ,  1’ , a i t c n u u ’ . ‘ ‘I ~~I , ’l ’ , i u u , ’ t t  ‘b u I ’ l , u u t  w i l t ,  . , m u

‘ l b  , , n , ’ , , t  ly i i  ‘ ‘ u i - u- ’, , ‘ h ~ h - n  t h e  ( u , , s f l r , ’ t t % u - ’ - ( I I , - - , ,  b - u - n ’ , . 1/  ,-anuu i I ’ l l ,  t b , , ,  ‘ ‘b , , u, n , , , ’ t , t ,  ‘ i ’i’m 1 ’,ie , ’, , u - - u  i n . , s ’ , ’ l  1, - m i
‘ 1  1.—a m .~ i t t  .‘- .. t nt’, ’ i t - ’ ’ u,’ .’ i , ’ , ’ u  i v  ‘‘ “‘lit ,’ I , u , , , b . u u u u , ’ u , t  .11  r,m,u, ki’’tl u, ’ - l u , i  i c - i ’’ , i t  ‘; .t tnip I I t  ,,,I,’ ., u u , h -h , . i - i l , ’ .,~

, , ‘ , , ‘ , , b , ’w t , ’ , t  i , ’ .,,t , ’’ , t , u t  “ I h i , ’  ui. ’ , , , ,  v, I ’  I t u , ’  I i  i ,  ( ‘ r U  i , ’, u u t , , , t ’ ’ n - , , ’, ’’ , I , , ’  h i  n - n- b , ’ ,t . ‘ t  I ‘ ‘ u , ’ , ’’ i l n u i  t I t u , n t ’ , , t ’ ’ i , ,  a
‘, , ‘t ’ , I n , ‘ n , - , i t  , , - - , u ’ ’ , u u , , h u t  ‘.1 , u i , ’ u u , , ’ u u i ’ ,  ‘ c - u -il l , !  t , , , , t , u h  ,.‘ , ‘  t h u ,  , ‘ , , l - ,  I , - ,

~~, ‘  I , -  lI t,’ -i , ‘ u u u , . , l  ‘ , q ’ , ’, w l , u , I ,
1 u ’ b ’ . t n nm t i ’ti I ,‘~b ,n -n, I t i n -  t u , u , , b . i m , , , ’ u u t  ,, I I h i t w  i l l  ‘n  t I l l  u, ‘, ‘ , ‘ . t ,  - - ‘b ,icu t ( s i , - . . ,

-I-, i i ’ ,  - I up ’  O t i s ’ ,  1 ,01, 1 i nn ,  M, ’l , ’ , ’ j ’ u u u u - u i

Si I I ’ - ’ ‘ i t ’ ’ (I’ . ‘ -I- i u t  i , ’ I .  ‘ t b h i ,  u - a l - , ’ in u n i t u ’ , u  I I , , ’  h’ , - , ’ , , ’ , u , , l ‘ ( ‘ l u i l  ‘ m u ’ : , ,  I ‘ ‘ - ‘i ‘ii Ii’ , ‘‘ hl u ,i ‘‘‘ ‘I’’ ’ - i l  u,
I II , ’ ’ l ’ t , ’ . , k ’ I, ’s’,u , s i t u  ‘u- - u  l , t t . ’ , , ’ m , t h ’ ’ , a t , u  , ‘ ‘ . i n - h -’ ,, - tv ,’,b t i t i  u , ’ - . mu ,, , ’ ’ t n t  ,i ,i m , m u l t i - i t t

‘ u t  - Ii,,, ,, ’ i t t  i b l ’ ’ ‘ub ’ ’ ’ t  u n n , , ’ , , i ,, l u , , ,  b i t  i i i ’ ’ -- ’ ‘I’) , , ’;  u ’  l , ’ t ’ . , , , , , h  h - - u t t - ’- ’ ’ ’ t , - ’ ur ’ , , b , ’  . t n , i t - , .i u , , ’’ , w b , n .  I ,
- ‘ I t ‘ ‘ - I ’ ’ - ’ ’ ’ . ‘ - I i l  I u, ’’’ ’’ i t i - t’ ‘ i i  ‘u,’ I hi , ’  ‘ u ,  i I ‘ ‘ I  I i ’  I I ull , i tm t i,i~ ‘ I  I n i I I l l - u  I h u t ,  ‘it’d ,- —I tt u,, ‘‘ . I - i t  I I u i - i’ s’,’ I ‘~~~ ‘t t t~~’ n u t
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‘~~~
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, l ’ m I I I ’ , ’  , ‘ , u h s ’mi h .a t t, ’t I’ , % u l  I I , , - h, ’s ’ , - I i ’I’ m u u ,  , , - ‘ , i . ’ u u  , ,l  t h u ,  p ,~~’’’ i i ’ . I b ’ . u i u u , u  1 - 1 , 1 ,,,,‘ n t s — m i ’ t , ’ I , ’s’ , i i , I  I , ’ I , ,
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I h i ’  t h e  n ’ - .,, - I ’ h m . i b  u - u ’ s .;. I I s ’  wI ,,mt ‘ - ,,, - k . , s 
~ 1 ’ ’’ ’

~ 
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W , m b h l i m n l ’ , i I , ’ u , ,  ‘ s i - . u t ‘I ’’ ., ’ n an,’,! rn I, , ’b ,  t u , ’ I , -m,’ ., K~’u, ’II~’ h i t C  b I I l u f l I ’ u ’ I  ‘ ‘I 1 , 1 , ’ . I I  u ’i’ , ’s ’ .’ t , I i  ‘ ‘ ‘ ‘ I i , ’ 1 , 1 1 ,  1 1 1 1  1,11
b u n  , u I l ’ .u , ,  ,, ‘ ‘ . ,‘,‘ , i I ~ h in _ il , ,’ I I i , ’  I Ii ’s , , , ‘ . i t  I b ~~~~ l i t I . i u i ,  I ’ t i I l t I , I , ’ I l t t n  II,’ s u b ,  u , ’ ’ . .~ - l ’s’ ,, . _ ‘ ,~ i i , i , i ,  h i m ’ ’ I ‘ — u i

I s t , , ’w , m I ’ m .b ~’ . , , h ~’’ . . II m , t l l  l i l t  I i i i l i ’ , u .  ,‘ I ,  i - b  , ‘ m u l l  l u ,  ‘ I I I _ u I  u u • ’ . I  I t I  I ~~ , I ’ i t ’ n ’ t b  I I  , , ‘ ‘ ,,‘ , I I ’ 0 ,  u I - l I  I s ’ ’ I~.’ ’,’i~. ’ I h .
11111111 ‘~‘l~~i m I t t , ’ , i , b ’ . I - b~’ . , i ’, ’  i t i  , I I i  i I , t , ’ t n t t l t t , ’ u i t  I,,’ ’ h u u - ’,, i ;  I l u l l - u , . ’, ,  h , , , , l  ‘ l u ’s’,, s ’ u ’ , c - , , I  I ’, b ’,i Is In , I I ’ , ’ ,
5’, 1 ,,,,,

~~ , t . u t i i t  s ’ b l . m n m l ’ _t I n u t ’ I , . 1 ’  ‘.1 I t I ;  l u ’s’ , ’ I ‘pi ~~’ I I W I  I Ii I i ,  t I ’ , ; ’ . I I I , t  It ‘ ‘ I ’ , , ,  I I,, ’t .I, ’s’,i’ ,t t I - u r n  I t , , ’  I Low I u , , ’ , ittm ~’m,
t l u l u ’ , m m m l t n , ’ u u l  u ’  .n,,u ll,’t , b , , l , , K ’ . ‘ h  I m,tl ,u, ,l,’m , u , ~ l ’ n , ’ .i I ’, _ is ’ .lu, ’ ,u , I ,h is-v, , b , ’s’,,’ ,I tu’ ,mm, h’b,~- s- I t t  ‘ , l i h ’ , h l s ’ t b i I , ’ I ,

1~~15’ I , ’p, ’ ,~ I I I ’ ’,’ I I  , , i l t  IL , t t l  n’ ’~ uu , 1 m I ’ n  t Itian m n  i - ’ ,~~, 1 , 1  , i t I i I  ‘ 11 ,1  l u ,  1,-s- n ’ 1u~i ’u ’ ,1’ ,h,~u,j,,ji,, tis ’ s’,’ uI,,wil I 1,,’ I ’ l l ’ , ’ ” . ‘I’ll,’,.,’

t u m . ~ u u I  i :, ’,l l u u b - u i l , ’n, I  u ’ n m t  I I  0’, .  l ’ ’pn ~~’’ .• ’ ut ‘ ,,‘ I t  ‘ , , m ’ . t  ‘I l ? ~~l I i - I  ‘ ‘I’,’,, I m i I t t I I I , ’ I I t  “5’ ’, 1, ’t t , ’ :  w I l l ,  h , I n I  , ‘ u l n  I , ’ l i l t t l , , t h s - u h u , ’
u ’,’nlsI t t i , t , ’ a u m u ’ i , l 1~ u~’.i n I’s-p .,’’ . ‘h’ b i , ’~ ’ 1’ , ‘ ‘ ‘, ‘ , , I  , I ’ . I ’ ~~’ , t I  d i ,mj l i tmg ’,’ t~ ’ LImi, ’ u,- ,mt 1’s-s m’ , u s-ut ,4’ mIl_ ,,’ & i , ,~i ’U WQSIt’lIa ILL
I ~~~~~ I i ’s’s’,’

Sn  l’l, ~’ C I I I I I

M, ’ t u - n , ’, , ’, ,I l u ,  W’,’ .u,,,,,, ’ .km , ‘. ‘bsi ’ I , ’s’ ,mn ,, t I t  i , ’ iln n a, -a i i  ,‘,‘tnm t - m l u , ’it . , , i  u’’ .
~

’, ’ , ml lu, 1 , 1  IIm ,’ ,l s’,’ i ’ .I, ’ll ‘1 - , ‘u ~ , h i  I l , , m I , i I
I I n m c -  s u n  hi . ‘ c - I  n~ ’l I t ’,t p I l l  s, ’ , I i ’ . I ui I’.,uu , , ‘ ‘, , ‘ I l , , ’  I , ,u , ’n ‘l ’s , ’, s _ m t  I ,‘,,,. ,lI’ ,. I ‘‘ ,,s b t l , , , l  .m I l l , , ’ , ’  ‘ t i  I t  l ’t  t 11111
- s h i n - I ,  1, ’, ’’. 5,1 ‘‘II. ~ i i,b ~ ’ I t ’ , I t ’ l , . I t t I ,  ‘ u ’ , ~t t  -n I ’ ,’  u i , ’ _ t t  II , ’ ,‘ .‘ .‘S , I n it,’ ,., .‘ .‘ i 1 I l  It ~, 1 ,1 1  I ’ . , I , ’ , n n ’  i ’s’

m,S ’ i ’ lu , ’  I I I  l u ’ i , ’ t t h , , wt m t l • ’ I , - ,  II , ’ ‘I ,‘ I , I ,u 1 1111.. s’, , l l l , b  l , ’ n u i h t t , , ’ uu , , , u , b ‘ ‘ 1 - 1 1 1 ,  Al II,’ . ‘I ‘ , , , ,, u 
~~~~~ i h l ’ i t l l t h ’ . I u , ,  - ‘

l u l l ’ - ’ u I  I II , ’ ‘ l u l l  I N ,  u ’ m , u , t I , h  n ’ ’’ 1, 11 I I I  , , u u  .u t’ , ’ I , u , t , ’ , ’  I 4 l ’ u i l  I ’ ’ ,u l S I ’  ‘ -, ‘u b , i m u ,  I b u , ’ , -
~~

l I I I  i l l _ I  PIIt’1li~ m1mi ’i~ s-II
I ’ u , ’i l l , ’ I n ’ t  by I l I ~- i ’t u , ’  . u , , , t  i ’i lm)’ ,I t , u t s . ’

I~ ’ , n  i h I t . ’ I I I I  , i  . , I  i s ’ , ’ l i t  it , ’ t Wu,’ u , u , , i , u ’ .K , ‘I .ml b ’ i ’ s ’ u ’ lI ’ I I ’ , m u l l, ,a s’, ’ n ’ , ’  1 , 1  m l  l~ ’ b  , l , , . m I  ‘I ns’ ‘ b

c - u~ u I I h ’ t  t i i u t i  ‘ s i t  1 . — m l  5’,’ .‘,‘ ,‘, u ,  ‘ , l , , - ,un b u , , ’ i - .mt 1,’, I ’ . t m I I t 4unt, ’ ,‘t lt~ t, ’n ~‘ i i u ’,’ nnnm’t,’ IluiI i’ll It I I , , ’  b i l l _ I l l ’

I t . m m l  1111 1 11, 1, - I  I.,. ,‘, ,t ,. t I uh’ , u I u ’,,.. ’ I lilt ’ . i l l  s- ,’ I i i ’ m t u , ’ , i t t  II ’ ’ 
, s’ ‘ ‘ .t n , i I  i’ ’ ’ 1111, - I  ,u . i t i i ’ , , . ; . ‘I I c - ’ ’ , ’ u i ’ l . b ’  N t

i t ’ l l  m i ’ n u  I m l , ’’ , , ‘I’b,s ’ s-c - l l i  111, 1 10t h I - I l l  I .1 ‘ ,m wtm s ul,’ , t m  ‘ ; . , I ~ ’, i t  . mil, ’I , 1 1 m m  I r u m l u ’ l l b  , ‘ll, -I ir’ u, ’  ‘i ’  i t
1,111 I t  ‘‘‘ ‘ ‘ I ’  I t  u _ a l  b u t  I , l ’ , u t  l , ’ u i  I ’ ;  I ufl I’ i ’n I , i I l t  , ‘I’l,.’ , I l I l h i , ’ n . . ’_ I ’t’ i ’ iI I , i l , ’  I , i ’w ,mll , ‘l ’’ . , ’, s ’ ,’’l I i u ,’ , a l i , ’,’ i l

‘‘‘‘‘1,11 n t , ’  l’ ,, ’,b ui, I I s - i l  ‘ ‘ , , h d  I,, ’ ,‘,~b , . i ,u , ’i’ ,t i t  ,m i t uin m ’m t, , ab h , , , I b u , n t i , ’ ’ , ’ u , u~~l u b ’ . t I l Iul lhu , ’ t ’ , , u n l i t  h i ’ ,i ,b b~~’ I I,,’ ‘.I ’l I I I  m l i i i
‘ lu , ’, ,  — u n , ’ l i ,

i bm, ’ b ’ ,,,, , uj i n ij, \‘ u u ’s’ ‘b I’ lj,’ ’  ‘ I t s - u . I t

b ’ ’ ’ ’’ ’ 1111 , 1 ‘1 , 1  I I I , ’ ,‘ I II u ’ ’ - t ’ ’ I l , ’ . l ’ ;  u t ‘: I m m , t . ;  . , , u , b  b u l b  I ’ ; , i i u , l ‘I I 11 , 1 I ‘ h i _ m r  .1, I ‘n i t  l u  ‘ . ; , l t  I I , ’ , ’ ;  It’ i’mn
Ii , ’ I . h , ’ , , l  I ‘ ‘ ‘h s ’ u , ’w ’ . i t  u , , ’ , I  m I - I  I m l u , ’  in c - h  I n  ,i~ i ’ . I  I I , ’ u u  I l l  I ’ l l ’ ’ ’ ’ - ’ ‘I’ll, ’ W 5 N l I l . I I l ~~u ts I — i ’t I , mnI l t ’ _ uu h t  u , ’ ’ . ‘ b i , ’~ u . i b  I .  ‘‘ ‘ t i i , , l- ’ ’’ t i -

l l , , - 1 ‘ ‘ I ’ ’’ , , , l , ’ u , , - , ’ ‘ ‘I  I bu u- _ u t  i , u , u ’ . t , ’ , t , , n , ’’ . _ m n m ,u l . ’ , u ’ n  ‘ I I I ’ , ,, n , t hit ’ ’ ; I t n — n l , t t  l~ ‘I  I h, , ’ I n  I , ’t , t m  H I , ; ,  b _ t n  , ‘~ ‘‘i .111,1 Ii, ’’,’ ’
i l - h - , t , I m mb ’ , ’l i ’  t’ ’p n . — ’b s , ’ b m u  ‘ n u t , ‘ . I I  I ’ . ‘ I I  t s t u , ’ t l mih l l , ,i t i l l , ’ ,  , i , - , i t  l u, i ou , -  b~itn ~i h t i ’i l ‘,‘~ ‘. u i . ;  ,a , ‘,‘I l u ’s-I ’ t u i , m 1  l u,

s m , ’,, . ‘t  N,’ ’,’,,,- I , h- . ‘ l ’ h I , ’ u u i ~Inw—nl , ’Il m I — I  , i , ’ ’,t .  1 1, 1, 11, ’  I ’ ,  I l l  I ’ l l  ,— ,‘i lm , ’ t l I  si  t I m  I I , , ’ l b  ,, ‘, ‘ n , ’ I I s - i l  ,mn ,h

‘ ‘‘s t - i  m m , ’t , I  ml w ’n t Is sI lt I II , ’  ;l  i l ’  , I I I ’ , ’  u - f ’  I b ,i ’ ,‘,, I ~ , t u u ,  —
, I I ,‘w , st I ’ ., ’ l1’~ ’., ’ I 111 5 , 1  I ~~I l ‘u ’ .

I ’ l nn ’ m , u I i u  I , ’ ’. .  ‘ , . ( , , u , t  ,‘ h , ’, t s ’u I t  u ’  I s - I  I I,, ’ , - t u ’ ., ’ t ‘1 t , t n h ’ , t l , I l , ’, ’ b~I’l (~lil ’ I I,, ’ I’ . I l , ml ’ i ’ I I i ’ 1 1, -u,’ l . ’ e’. t , i h r l u ’ . l l , ’.b
‘ i i  t t , , ’ , t  u ’ , , .  I t ’ ’ , ’m, ’ l , b  1 , 1 w , ’,’,, ‘ ., , t 1 ’ k , , u , , t ’ s ‘ ,u u , . , I  I , b u S t u , i m t ’ . m b l , , , x l n ~ n I it,, ’,, t ’ . . t , , , b  I I I l t ’ ,ul  ,,t .m L’l lm t u, ’ I I , , - . - u ,’ ,’ ’ ,

‘ . 1  ‘t I  ‘ - 1  , - l , , ’,i l , b  ‘ , , n  ~‘K . ,u , ’a  ‘ ‘. n , ’..,m l t  ‘, l’,’ ’ . u i ’ , I l u l l s - I l h ’u,’ , h i ’~; l l n ’i l , , , t , t , t  1 , 1 1 , 1 1  , ‘s’ , ,h , — n m , ’ t - , t I m, ’ L u l l I I I , ’ w i ’ i m l d  I ’ , ’
‘ 1  u ’ t , l  . It, ,,‘ ‘,, ‘w , ‘t lb ,  Wu, ’ ’ l I c - m I I S h I  - u ’ I l , u inn l’ ,ui l n u , ’  . l u I I ~ l il  m u ’,,’; i l l ’;, ’, ’ I i, ’lI N ,b u ’,’i I i ’ ,’! 11111,1 llln ’,mlI — I ’ i  ‘I iI, ’

1, - s ,  t , - 1-u ,u, ’ , , u  , i t  w , ’ , i l i I  i l  ., ‘ ‘;, ‘ , ‘, u , u,’ , ,  u, 1, ’’ . i i  ,i~ ’I , ’  I , ’ , ‘ b i , ’u ’tu, I II , ’ I h , , ’ ’,  u, I ‘i ’,. ’ t , . ;  I I I s I  l u ,  l i t  , ‘l , . iu  u ’ I~ ’’ . I t , nnn n t Im, ’
, ,‘ , - . ii, , ,, ’ , b  s’ , ’ l , ’, ’ I l s  , I , ’ , I  I i I ’ i l I  I , ’I~ ’i , l b , ,  1 1 , 1 , ,  n , , ’ I b h , u ’ , , l i  I t  I s ’ i I I b 5 ’  i s  s’, ’ n u , ’  1 , 1  l , ’ , , ’ u , I  b t i ’IiI ( h u b  , l , ’ , u l , ’,b lIp I I I

‘I ’ I , ’ I 4 , w Il u ’ I , ’ I b , .  ~‘t j — I ’ 1, - nu ,  5’, i ’ . I b,,’ ,— m u It , ’ r ‘‘It t - n  1 1111’S n i l  I c - _ i l ’ ,  L I I  u, I ’  uh ~ ’I l ’ ’l ,uI ,‘ i ’t ,, a , m , u , ’ 1 I ( ‘ ~•‘‘ ‘ I i , , ,~
i ts’ , ’, t ,‘,,I ’I, ’ - b i n  ‘ I  ,i. , , i t  ‘c-I t I , i ’m ‘lI t 1 u,’ Ii’s’ , u , h i ’ I ,l I — i t , : ,  I - , l , u i ’’ ’’: . 11, — t n ’ I I,, ’ i n u l , ’ I dl ., I l I t  I ’,an , s ’s-’, , c- lI ’  ‘1 ~‘,l . 1

I t ’ , l , ,~ , b , b ’7 1’
m 

h -u, ’ ‘ . 1 1  t ’ I s , I ’ , ’ . i , W m ’ t u ’ , t I ’ I ’ , i l n ’II t lu ,  l ’s’ • ‘ l i i ’ I i , ~ bi I , ’ ,‘x, ’ l l m - u h u ’ l t I I , m t , , t i t u , ’  rm , ’t, l I l i t ’.Itl , ‘l I I  ‘ ‘ .1’ ’ ‘;~~‘ l’o - I n ,
t o  1. -u,’ , ’,  t I l l ‘ ‘X ~ ’’l , ,t n u ’ , I l . i l  t~,’ - ‘I’hm ,’t, . 1 , u ’ , ’I 1 1 1 1 , 1  I ’  I - b u t ,  I, t Im . ’ I - n ’ ’ , ’  u t  l v  t u , , ’ ’ ; I  i , m t  , , , n , , i l  u ’ S t ’ l . u l u . m I  m , i nm i s  I n n
I n m’. ‘ ‘I .11  I t , , , , , ,  ‘ ‘ i l l  Ill ’ . I t I - - I low s’ , ’i t c - I l  u, . 1 ,  “ I t  , L ’ l l b  n , , n m , l  I I,I, ’II I, t i u l,t , , i , , d s ’ , ’, I uu t M, ’ih , I 1 , 1  ,‘l I ‘i l  ‘. 1

I I I I  II,,’ II,,— ,’ m n u t , , ,  I - i ’  u ’~~I ,  .‘ , I l , I , ’ t , ’, h I I I  I I , . ’ ~‘b m I’~’l , n , , ’ l m b , l ’ t I l H  ‘ ‘ I n  , ‘ , ‘b 1 , 11’ ; ,t ’; ’ ;c - , ’ I . I I u ’,l w n I t ~ l l , ’ t l  p_ i l  m l  le l

~~~~ a -p ’ ’ I

I t  ,‘W~’s’,’ I . 1 Ii I ’ ; , t , ’ , .  t ‘ 5 c - S  - ., ‘,‘ II’ . n i t  ni _ n ~~m i ’u ’flIIsll I ‘~ , ‘,l  i l l  It I I , , ’ I ’ ’ ’ ’~ ’ I ‘ u I ’ . , ’,’ fl~~
’ I ’ l ’ b  l I t  I ,in I I 1 , 1 , 1 1  I , ’’; , I I

‘I l l  I I I  I ’ s - I  l~~’ , m u i , b - ’ , ’ ., ’ , l , ’ I l,,’ , ,‘,,I I1itlI  i ’b ,‘l Il , ‘, l,’ ’- I ib, ’l ml l, ’uu ’ ; III ‘ .~ ‘u ’l 1 , 1,. ; “‘I . i n u , h  b ,~ ,‘s’,’n I , ’,
1 , - u . I , ’, ’~u I , ’ I I u, , m , i , , t , ’ t  ‘ ‘I l l  1 , 1 I,c-I l , i I ’ . ’, ut  ‘ l u , ’  u i ~ t l , t n I  , , , , ‘. 1.1’ ’ .u ’ m , m l n l ’ . I  I ’ , ,u ~ ’l l , ’, i I  , ‘, ‘ u u h ’ i ’ i , u n  m l  is -T I’’ ,t,,ul , ’n

1, 1, 1 - , ,, u . (  I t  I , ’n ’ , I , I’l,~ - I,’- ‘ ‘c- ’ , .  ‘I h i l l ‘I S .11 ’ ’ IllIIfl, ’t ,‘ui’ u I I  , ‘, ,  I ’ , ’  in — s’, ’~~~’ i l  I I I h I  I ,‘ u , l . ’ , ’l I’ ’ - t  ~I I ~~’ I l m , —nn
s - i l l  I ’ l l  t I ‘‘ ‘‘I ll S ’ m l  - i l ’ I’ l ’ ’. l ’  1 , u u , . ,  I I u i , ’ . ,I I ’  u I

I ’ , ‘bt i III , ’ I’l l’ I ’ , b I ’ u ,  lS~:l ,t ’ ,;

l ’ l u , ’ l ’ tu ,I,u’ .s’,’, , ’ .1

I , i ’ ; t  I t ’ll ‘,‘~‘ai  i l u s l u l u ’’ . b  , ‘ , ‘ s , h ’ I y h ’t  i ’ I I ’ I I t I  I’’ ‘‘II u ’ ’ ’ . I l l  t u ’ ’ ., ‘ I s ’  i , , ,t  ut . ,  I u ’l , I I  I I ,,‘,m I I i , ’’ , I l l  Ib I , ’  . h u . i u u , , u ’
11 , -i .h~~L, ’,ni uu , m’ . i ’bu., I ’I I ‘ - ‘ ‘ , t i , , t  1,1 ,m , , , h  I I I  , ‘I , m ,  I t u , ’ I u u ’ I  t l,, ’ , u  1 1 1 1 1 , ’ ,‘ I n u u ’ ; I . i l ’ ,  l m l u , ’  , , I  ‘ . u u t ’ , ’ n ’ ., ‘ u .  ‘ ‘ I’ ’ ’’’

I , W, ’ l , , i s ’ i ’ m l ’ ; , ’ Im. i , l  .1 I I I  ‘‘I s’,, s ’ , ’ ‘b ‘ ‘ I I t  I ’ ’ I . ’ u I u ~, I , u  ‘ - I  ~~~ I I,, ’ ls, ’s’ i ‘ . ‘:, mt ’’ .~~ —I ‘ .h,, ’, uu ‘ Its ‘i

l s ’ n I u , ’ :
( I I  w l , . in  I I , ’ I I , , -  u,, , ’ I ,  i u , u  ‘ ., mu ’ . I - u , ’  w l m m i ’It I I , , ’  u - u , s ’ i t u ’n,m, ’n, t _ m I ,b ,’ :t u , , I ’ ., i ,  , o ’ , , I I,, ’ s’, ’t I i u ’ , I s’ 1 1, , ,  I l i t

‘I’S’ il l - b I l i t ’ ,~ I l , ’i” , I~~
’ ‘I’ ’ i t  , ‘, u t u ’ , I , i I i l  I’t . , , u u ’ . i ’ I I,, ’ I u . n  il ’ , h u t  l i ’’ . I , ’ ,h , ’S’n ’ l i ’I’

W I  I I, I I I  l b  ~,‘ ‘:lI , ’.~ n l . ~ ’,’~ ’ , ’ - . ’ , u l l i h
l u ,  I ?,. ’ - . m , i ’ . ,, l t t ’ l . i I  t i n n n t i I~~~ ’ ’ . I ’ , ’ 1, ’.; . u u I ’ , ’.h u l I I . t t I I  1 1 , 1 1  , s ’ ’ l u , ’

I t i  I ’ ’  I i , wb , , ’t , - .  lu , ll’ , I u , , ’, , i , , , t  ‘ - l i t  , , , , u ’ . b  .1.1 ” ,t ,’~~ ’ i I n i h  , m l  u t  I l i t  I b i s - I’, ’ I l m , , ’ u ,  ., 1,1 1, - h I  I m i u l  rn, - , ’I , . m l l l m m , n  tn ,,l,’,’il
i , ;  I h . , t  1 . 1 . 1 1 , ’ I n  . 1 1 1 . 1  I ‘t i  I I I  ,i t ’n ’n , n u n i ,  u ’ , , s ’I i , , , l m, ’,I I , th i n’u, ’ .~ I , ’.. ’ ’ u I,i ’w, ’,l I I , , t I  l’, ’l I, I l i ’,’’ ‘ I  l~ ’,tI t l I lI n l I I I n ’I , , ’, ’

.1, ’ - , ‘ ‘ ‘ i , ’ i c - , ’ t h u ,  ‘t’ ’S I5.t5’~ ’’ . 1 . 1 1  ‘l ,, I, I l u I tbil ‘ , ‘ t ’ - u , ’ u~ II,,’ ‘ i - I n  ‘h ~~~~~~~ , M, ’t , ’  1( 1 ,1 ,  l , ~ i s u,’ , ’ . u l ’ . I _ il , ’,
wn ’  , h i ~ u I  ‘u, ’ ,’ u i  K , s ’w  ,,~lt ’ ’I l l , ’ t  I I m, ’ u , i . b , u ,  I I i ’I t I ’ ’ ~‘ ‘ ‘ ‘ u ’’ I t  i i i  I I  I ,mu ’h ,, ’,I b ’- ’ u i u ,.I,, u u, b u s  , ‘ n  , m  t ’ ’ u t ~~’ I I n ’ t  ml I t ,’ I I l l . ’.b t  I

Si. ‘I 11 ,1 , 1  ‘ ‘ N, ’I I I I , I t l  - I Ii, ’ ( ‘ I ’ ’ ’ ’ u ’ u u . ’ ‘ I  . t  ‘ . , u, , t b 1 II ’ I’’ ‘n ,,h ’ ,’, . m , i , , ’ u , ~ ., o ‘b I u , ’~~s,’~~’a ’ t i l e . , , , ’ , h ’ . - , u , , , l . , t  s l iv ’ ’,
,,, ‘ t ubs , ’ I Ii, ’ I ‘ l b  I.,, b ,, ’ ,t b ’ u ’ , i u , . b , , n ’ , ’  b , t u , - ,’ i ’ ., ’ ‘ u ’ ; m i  I s ’ , ’ I ,~ I t  I l - - n  II, 1, -Il , ’’ ’ ,  ‘I I~, ’ h i , u t l , , ’,  — l  t n - t I l l’ u, .~ , , ‘i u’ . I I , ’

e i~~~’’i , ’tt  I b , ’  - n  - I ’ m  ‘I  I i , ’ II’ wI ll . b u  I I I , ’  I . I s ’ ’’ n  , t , , u , u 1 ’ ’ - m , l , l I s ’ l , t l u . m I  I s ’ , ‘I’ bt , ui ,u , ’ u i I  I l I ~’, m l  I u , , I , u ,  I I , ’u l
5, 1 ’ ’ t t . , . , ’, I  I , ’  l b  ,, ‘ ‘ . b u . ’ n l  ‘ ‘ ‘ ‘ I ’  , u . , t , ’.t  - l u , ’ . i t  I . m s ’ ~ t ’, ’I , m u , , l  I I , , ’ , ’ I - n , , ,  I ’ ’ 5111 , -I ,  _ i r n l ’ I l f t , ’ .I t In, ’ 1 , ’i i ~’’~ I , ’ l b , ’ I i I I , , , ’, , i

‘‘s ’, I - i  , , , , t  Iu’,l I . - I I l l , ’t t n i  t t l , I  I , m , u , , , , . t ,  s n  I ’ S  I ‘ ‘‘ ‘I ’ ’ ’ ’ I I  i , ’’ , ’ t , ’’ .. ’ I , ’ b i n ’  1 , 1 ’  ‘1 II,,’ b ’ .’,u ,u ,t ., , s l.is’ ,’n I’,, l
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‘ induct -ui T—S waves below, at the difference frequency . Spangier and w i i ~ 70 ha d sonic difficulties in
r e c o n ci l i n g  their  measured f r ees t r eam ex c i t a t i on  spectra wi th  the tr ends ,if  t h u  observed t r a n s i t ior ,  Re
and suspected n o n l i n ear i t ies  in some cases.  The r e l a t i v e ly  sinn ’~~le experiment of measuring  the spectral
a m p l i t u d e s  of T—S f l u c t ua t i o n s  in a boundary layer  as f u nct i o n  of m i ’ as u r , ’ , h  c o n t r oll e d  acoust ic  eXci t at ion’ l ’,1-iou. , tr a and l’ ~’r f o r m in g  var ~~cj us cr oss—corre la t ions  has not yet  l-ue , ’n r i g o r o u s l y  1,erf r ’rnnu. d (but  see Fr ey nuu ut t u
and M , , rk u ,sv in  and Par aluj ap e for  some results in free shear layers) Since f re” ;t reann,  t u rh m l e n c e  is much
h a r b o r  to control  and c h a r a c t e r i z e, the corresponding desirable two— senso r ex p u r i m e r t ’ i a re  much more

~h i f f i c u l t  and w i l l  be harder  to i n t e r p r e t .

6b EnS ,,nct’,l Sourmd E f f e c t s  at Sharp Corners

R e s i u , t k , , 3 
reviewed the s ta te  of the r e c e p t i v i t y  con,o’i’t ’; o n l y  la’: t  year, Ii ’o,nler ‘ S I r -t S e : .t a t jo n 109

should give us an even more up- to-date  view of the t h e o r e t i c a l  al~l-roaches and r e s u l t s .  blu r,- I would  l i ke ,
to ,m’,LI some ou r,’ i nit u it i v e  and ph y s i c a l  specu la t ions  Wh i c h  c. mns 1. r ’r i i . Ip s  I ’ r ’ u V l - I u , ’  g l imp ses ef i ssu, .s  beyond
the constraints of the strictly parallel flow tb m u ’ i, r ”,’ ,

An instructive model of inluotion of vorticity Waves ,,,, a 2D ‘,ta ’u :iati~,r, point by a I’f~~~
r ’  i r r o t a t i o n a l

sound wave (wi th  wave rm uuniber ~~ ~
‘
~~/A and c i r c u l a r  f r - ” I ’J , ’n i c -y  I WSS I _ u t  f i t  ‘, h by Sax -n, , ‘ in 1971. In

the h ’ rsx i m i t y  of the s t a g n a t i o n  poin t , x~ y=O , (with the f re e s t r e ,m nuu c oming  f r o m  t i ; s ’  ne .i , ,u . ,v t ’  y d i r e c t i o n )  -
the c - l a s s i c , m l  local s o l u t i o n s  of lb i emenz  ap p r o a rb ;  tb ; -  ex~ r ” ; . i - u - r ’- u = a x  u. I v~~- ’i ’,’ m t  I i , ’ edge of the
viscous l , ,v - ’r  ~ ~ ,r ” ’7 ,  - where  I~ ~~ the k i r i em a t I  r’ vI ‘-u~~c-s m t y  an :d u ’ ‘ t r a di  - ‘St —S ’ : , i  l i : u q

16~~n st an t
/ N , - 151 = lead ing  edge r ad i us~ . A :uvvq ’ t ‘t i c  th e or i e s  f ,-i l  us ( e . g, ,  Asuu i s’t and S t - ir s  ) tha t  wel l

behaved , : i.a~~~e a p p r o x i m a t i o n s  to sound wavu’ S  t r a v ” l l i n ’u  in, the  x d i r ” -  n o n ’, are loc4l ly  in comlir oss ib le ,
,m:u,I tb,s’ref- ,,rs ’ in the p r o x i m i t y  of the  or ig ir : , a f - c - c u ; q  I . m n e  wa’j ” , w i t h  A ~> I ’ can be rigorously
r e p x ’ e su ,n t ,,.’d by ~ = b e x p ( i ., t )  , B e r, . , ,u l lj  e i l u u t j o n  alit U~’ h a,’ the -~ Iqe if ths- l .i’.- i ’ r  then :r , t r o ib u o e s  t he
process non l i n c - ar :  ty and y ie lds  -abexp h i  ic t)  fo r  the  un s te a d y  Jorul s,,n ,nt  of 1 P/ - Th5- no-si ip boundary
con d it i o n , u 0 a t  y = 0 , l i nks  t h i s  g r a d i e n t  to the  s o u rc e  st t s . n g t h  of v e r t m c i t y  induced  a’, the wall,

= ~~~~~~~~~ = a b ex p ( i~j t ) .  The unst ’:m,i ” e q u a t i on  for  t i ;  v o r t i c if ’,’ 3 ( y ; 1 , b )  involves
non l i , , o ,ir products  of the known, t ’hiemenz so lu t ion  and i ts  ib , ’ rj v , it i ’s”, w i t h ;  tb - u s -  ,h e - i :r , ’d  r o u I ~~i n s u ’  f u nct i o n
and i ts  d e r i v a t i v e s .  W i t h  the s p e c i f i e d  bou: ;dary ci ,n : - , I m t i o n  on C ~~~~~~~~~~~ )

~~
. i t  ‘ ‘ a r .  be r e a d i l y  solved on a

computer fo r  any given fr e-~ ue, ;s-v m~ ’ .

The r e s u l t i n g  vo r tic i t y  wave is b i l  u : s - ’ , i r  i n  a and b , the m a g n i t u d e s  c~~ar , u  ‘ - ‘ r m z l n g  th e  ii rur t s , ’ :,’, of
toe- s t, m q r ,a t i o n  po in t  ( .-,_ U~~ / R LE

) and the local amp l it u te of t he i c - i b m  ‘ i n S - b  l i m e  w , m v- ’  . Tb,,’-’ l:,,.:al o’g li t s- ube,
i s  en hanced by t b ’  ,i c’c e ’l er a t i o n  of the uns tu ’~mdy velocit , y f i e l d  arouni  tb, , 1 .-ad : r : ’ r ’~~~ ’,, an u ’ t , h~~:. ‘ - ‘n- n t
wh i c h  v a r~ es wi th  inverse 1/2 powe r ~f 5,, for  t h i n  f l a t  pl,lt s.s , l - u s ’, ’r -  b m r , q  to ~~m x u n . a ~ 

‘ . Thus as long as
0 5

1 T~
’TR is suf f i c i e n t l y  smaT~ f , ,r  the s t a g n a t i o n  ru - s n ,  ~i , ;  aj ’b r - ’ x i n r , a t i s s n u  t u ’  r ema in ,  v a l i d , lead-

ing u~~ u-”; w i t h  sma~~~ r a d i i  would apçear to be p a r t i c u l - mr ly . s en s it iv e  ta  , u , ’ - , u u , t m , :  m d,, ‘ t i -u , : ,  ‘ , f ‘s’,,ir t ic l t’.’ .

6c I n  $earch of a Ra t ional  L i n e a r  Link to the T o l l m io u i - S ch l n c h t i n i 1  Ii , ,vc-~~

This  induced vo r t i cit y  f i e l d , however ,  is not the T o l l m i s ’r - S c h l i J t sn g  f i e l u b ,  - uS i , e  car .  . : I ’ c c u l at e
that, as tip,, boundary  l aye r  t u r n s  around the le a d in q  edge, tb , ’ convi cted r emna .ut s  of the above induced f i e l d
at  a g i - .- ’ .n; x , could serve as the ups t ream boundary  ‘ o n d ,t i o n s  f i r  the ‘ic-’,”. ;l r, ’ ,tn, sp a t i a l  development  of
T—S Wave’ ,’ , r i; l - r s r i cj p j e ,  one could hope to decompose the v a r i a t i o n s  normal to the s u r fa ce  at x in t e rms
of the sequence of eiq e n f un c t i o n s  of the Or r—So r n iu ue r f e l d  “ u lu a t i o n .  I l eu w e t ,’i r ,  a t  these p r e c r i t i c a2  Reynolds
n ’arubers es-er : the lowest mode,  the T ol lm ien - S c hl ich t ing  mode , decays w i t h  x so t h a t  on ly  “ i n f i n i t e s i m a l ”
flu ctuations would teach x corresponding to the g i v e n  f r u ’i 1uency u,,,~~. T h e r e a f t e r  they would a uni~. l i f y ,  But
t h e  ;.rosensce of the  1,rs ’cr i ~~f c ai  bo t t l eneck  makes it l i k e l y  t h a t  c - t b c - ’ r  d i s t u r b a tu , c e s  op e r a t i n g  th rough  more
efficient receptivity paths would have reached h i g h e r  a imil ’lj tudes  and become the p r imary  agen t s  l e a d i n g  to
instability and transition .

The S i t u a t i o n  ii, d i f fer e n t  at  t r a i l i n g  edges and at nozz le  lips or edges from which free shear
layers separate. Although we do not have the equivalent of a Hiemenz solution , the acoustic induc tion

h riucess of vorticity through the curvature-v’nh,inced acoustic particle velocity, u ,  operates as before ,

A-u~j ’sn , the b i f u r c a t i o n  po in t  or s e p a rl t l o r l  p o i n t  is lSh4e most  e a s i l y  i n f l u e n c e d  loca t ion  by the relatis- ,’lv

small Just like the attachment point of Saxena , the separation moves back and forth. The vorticity
‘.‘ ar :ations at a station x just downstream of the oscillating separation point can indeed serve as upstream
boundary conditions for tRe spatial instability witheu t any ~,,terva1s of decay. h owever, the mean vor—

ticity profiles change relatively rapidly in tb,ese impor t an t  i~~rly stages of free shear layers , and this
fact has to be taken into account , as pointed out by ~Iuchalke . lie does it by solving a series of eigen-
value problems, each for a parallel flow with the mean profile corresponding to the successive x positions

(Figs. 9 and 10 of Ref. 27) - The limited correspondence between theory based ens early chang ing profiles

an d e x p e r i m e n t s  of i’Iiksad 111 is also relevant. For more accurate results the non-parallel aspects would

p robably have to be considered.

To t h i n k  in terms of an ups t ream b o u n d a r y  cond i t i on  at x
0 

f o r  the s p a t i a l  i n s t a b i l i t y  ‘Ievelopmer.t
seems natural when one has a rapid x variation in qes,unuu-tr’,’, in boundary  l a y e r  p rop e r t i e s , or in  th e
strength of the disturbances (e.g., loss of ,,c,,su,utjc enhancement or sharp drop in vc-rticity qcnueration,

as above) . I t  also provides  a reasonable linear link with tho Tollmien-Schlichtinq I’ru’ceSs. The exparm-

sion of the vortici ty 30(y) in terms of th e 0rr-Sumnu~erfe1d e nfunctions would he a 1-ractically f orb idding

process. h owever , ten years  ago N a g e l ’ s e a r l y  computations of instability waves in the Nav me n ’-St,sk,’s

f ramework 110 showed that different “initial conditions ” evolved quite readily into the T-S i’,qu ’:u ’biatrul ’-u-

tions . So perhaps cuirrent, more efficient Navi c-r-Stokes programs could calibr :Itc- for us , if desirable, th~’

transfer factors (loss of am hlli tum ’Ie ) in the r , ik , ,over by t h e  T ol l n u, i en — Sc h l i ch t i n g  wavu’s.

m b  Experinnuu’u;fo on Receptivsly sat Free Shear 1.uye r u

The r i ’ced ing  p i c t ’m r ”  i - f  r e c e p t i v it y  of f r e e  s E ’ t ’ a r - u t i n q  shear  layer - ;  or j e t s  is f u l l y c o n s is t en t
w i t h  the v a ri s uu s  ava i l ab le  t i d b i t s  -f e x p e r i m e n t u l  i n u f o r m a t m o n . U s in q  a movable a s - c - u , u t i c  “1’uoiu ,I ‘sour5’,”,
P.’ ir a n jap e 2 3  d e m o n s t ra t e -b  ratbi’’r concl~~’.uvely that th~ region of s e n u - u i t l v l t y  is  , I” a r  the i l l -  ans i the
separa t ion  p o i n t .  By mc’ I . ;u r in g  .1 —~m rposely n t o nu o i  fo rm 1’” upi l ic field ins and nt’ ,, r I t ; ,  n ”z,:le W I ’  b ,‘m “I” rut

—-—‘—-
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u s m , ’ !, , i ’ b u  , ‘uu , ’ ’’ m u m  m l ’ ., ’:, ,‘ , ‘I I b m ,-  u , ’h m m l i i  i - u,’  .u nm ,u l u , ’ : m , m u t  I ll, ’ i h m f f ’ ,’ t, ’ u ui - u ’ ’ . i l i  ( I i , ’  n . ’ ..~ s ’ u s , ’ ’ -  I I I , ’ ’  1w ‘ ‘ ‘ ‘‘‘ I ’  .~~I m l  m u m o
., b u , ’ , i I  l . m u ,  ‘ - ‘ n ’ . wb mm,n m t I m , ’ ‘‘i S i ’ ;  , r , u , I,,,’ ~ - t  ‘ s  ,, i,’d .‘t ~ m l , ’,,, ,‘ t I m _ i t t I , , -  .imt’ l I I m l , ’ i t t  h u t  i l k  1 I I t , ’  u. , , s  ‘ u ’ , m~ b I ‘‘ I t
I m , ’ u u , u I u, . ~ t t , u t i m , ’ . m , ’, ’u i , , t m e  I ’ I ’ . ’  . ; , i t , ’ , b u m  n ml  I , , ’, t m ’  I I  ,; ‘ n t , u , h m , ’ u i l  nuu ’ ,mt  I I , , ’  ~ ‘ ,‘~~‘ 

,u t , i I m i ,  ‘, - , n l t  —— m .s’ . , I . - I b u , ’
l , ’, ’ .m I I mm , ’ to n I 5 t h  1 5’’ ’ s t , I m I  I i , .

‘ A , t u . mm a t  i, ’ s’ u ’ . , m . i l ,‘s’ m i h , ’n , , ’,’ ‘‘I I l u ,  I ’ m l  i ,‘ . m I  I , , , ,  ‘ ‘I ’ ,l, ’ , ’ u m . , t  m e  t u ’ . t m v m l  V o u t  u I ‘ - i a  nu s u ’ .~~u , , ’ i u , ‘ ‘ - u  I ,‘

~‘, m n  1, -u n--u - u - - n , ’  ,i, ’, ’, I ’:I  m e  I’,’,’,I b ’ .m , ’k l bI, I , , m m ~ Iu ,t i ’,’tm, ’ t ’ , ’mt, i’, ’ l , I , ’, s’, m . u t ’ t , mn , ,I 1,,s , , - s ’ ’n  k~ ’I  . I ‘ , TI,,’ t , ’ , , . h , ’ n  I s  0, 1, 1
I . ‘ l,s,mk sup I 1 I. ’ , ’ . 1 ’ , i lu, .,, ‘ i ’ .’’- ’ . m Lu I ,‘ I’ 1 .mt ,‘ .‘ . 1  5,’f _ I Oe I . - ,‘o miS ’ I t~ , i ’ hm mm t i u ’ I I’ , ‘ I’ I Ii, ’ Ij -. a I m .‘,m t m m u ,  , - I t bmu’

‘ n _ , . ,p, , I , ’ , l
, m n u  I l i i ’ 1w i , ’ , h u u ’  . m ,  l , u~’,’t -i ,‘f .1 21) ‘ . , m I ’ ’ ., ’ u u ,  c ~i ’t I , - ., ‘ -Ill I I ’ ’ ’ .5 I S  5’ . ,  ‘ , m , , , l  j u l  ‘ ; i ’ , m ,u ,h i ’ s’,’; m b - i ’ ’  I’t, - b u i , l ’s

1’ l u ’ I . ’ I ,  .11 115’ . ‘rb m, ’ ‘ m l ’ ., - i an m ,t i t  ‘. wn’ ,. k u, ’,r ui l 1 ’ n , ’.... i v,’ n , ’t  I , ’, ’ I I i ’ n u  1 n , u m f t  Ii ’ , ’  X I , ’ ,  I i ’, .‘t l I m i ’ u u , ’ , ’ ,’ l , I  , n , ’, u I , ’ ’ , 5 , 1  —

I i~~’ i t ’ ,’ .mt n h , ’ n m i l l l t  I I I ’ , wI ’i i , ’bl ,mm j ’ l  i n  u , ’’; . m , , ,  I u - i - I  I . .  Imp m I t , ’  t w i ’  S - n  I u ‘ ‘‘s ., . I t I ’ n ’i- I ’ .m ’ 1 . 1  ‘‘ . , b , ’~.’ u i - _ I  n ,‘,m m .  t I m , - t m ’
is nuu,m ‘‘5’ 1 ,I , ’u u , ‘ ‘ i ‘I 5’ ’ ‘I I I c 1 ty I . ‘t  , , , , u n  I . - u u  ‘1 I , , ’ , t hm .u , u  a I b u i ’ 1 m l ’  - ‘Fl~~’ ~-u I .;,‘ n l u l l ’ . ,mlu i ’ ,md ,m 1 , ‘u i u  I mi ’ t ’ m q t m l  ‘. b u ’ ’ , , n
l , i ~ ’ , ’n  1 1, 1 , 1 , 1  t i — t  1, 1, - b  , 1 , , m , i , ’ X I ’ . : , .  ~~~ l u l l  I I I  , ‘, ‘ u , ’ - , ’u , . , u , ,  — ‘ u u , m I I m  i t . l . m i l u , ’ n u . m n n n m s — t I u , ’ ’  n~~’i  , , m n u , I  t b u , ’  Is’ , - .‘ n I ’ b m . u , I , ’,l

i-ui -, I m . ’~’’ . 1, - b  1, -s ,u t I h ~i’ m t ’  .u h , ’~~et’ t ’ t ’ i’~’ ,m ’ I , m t  i i ’ ,  l ’ I ’ ’ n ’ ‘I’ . ‘rI m , ’ w,’.uk t n ’ ,mn ~m , m i t I , ’ ,I I ” ’ t  I m , ’ , m ,m I ’  t I m , ’ i u u l . . u ’ -i i . - , ’
, n ’ . u , , ’ n  ,m n  , ‘,; , m w, ’ .mk u ’t s i ’, I i ’S , mI  ( be’ l i - f t  1 m~ ‘h I bu, ’ u , , ’ , ,’ I ,  , I”,’n ‘n ’ ’. ’’b urui ’,~ ’. u u t  ,‘ , I’,’h i i i ’ I  s I l l  I I I  m l  ‘ ‘ - i i i t  m m
. m u i ,  ‘I b uen ,‘.‘Is 

~‘~~ ‘ ‘~ ‘ - ‘ . I s e  b ‘ i l l  ‘ ‘ ‘ I n m  ‘, I u , ’ n I - u i , ’, ‘ n ’ .,. u - u , 5 Inn -n’ , ’ 5 , -n  I I , I I v m , ‘~~~ t . ’ , , , ‘t  it ,‘b ,utud m In I-I I f i,’,h m i l l  ,‘ , u  i i . ’ I b,,’n t m  u
, _ n  s- , .t  I i .  ‘ — ‘ ‘ . , I 1 I, ’ .;,’ .‘, ‘uu , I i ’ u I l ; s ’  , u m , , . :  I . , ,  , i bu , ’,u, i ,  s l u m  I n ’ t I l t ’ I ,~‘, ‘ ‘ ., ‘ I ‘1 s’, ,  I ox p _ m i  n -u , ‘ nu ,, ’ , ’ , , t  ,‘ , m e,, m i - I  m ,  m l  u i
n i , t n l s yn nunmu ’t t i ,  n i l l, ,,, , b . m n i . ’ , ’ , u u m d  u ’n ,I :g’ I I I  .m , ; u  m i l l , - 1 - u  -n s’ , - ,  I u ’s u . , u ’  I ,  t I m . ;  t , ~~I l  I m , ’ l , b ’  - , ‘.— I n , ’ ’ .I ’ ’ ’ 1, 1 1, - .mu - n i ’,m, ’ , ’,i ’ - I
, lO l u , ’ t . u n  lOl l  ‘n ‘,, — , i , u . b s I m m -lu , 111 h u n , , , , ‘ ,u ,~ ‘ ‘ i ’ m , : , ’ s - n h  l i l l y  l i , , , , ,  n , ’ ’ , m l  I I , , -  l i t ’ , ‘ ‘ -u ,,, ’ ,, I w t , n , ’b ,  m n . ’ i , I , ’ , u t  i t ’ m . u I ’ l , ’
in t h I , ’ s i ,  iou , , ;  V i ,p,i . t  I l . S m I  u i - t i , . ’ bl, ’ ’ . u , m ’ : , ’ ‘‘I I I,, ’ h ru ,’nuit t II ~‘I I lu , ‘ I’’’ I. , ’’:, I lu, I , , ,  u I’ , - ,i - n , ‘, ‘ u ’ ’ . ’ , u ’’ , h : .mu , ’ , ’
,m , , ,h i ’ub l n ’d l s ’  I , , u I i ’ ..~ , , ‘. . . , ‘ ,t ,,nt, ’ I mn :i ’ .mr I ’u ’ h , . u s’ i , ’t ’ , I - i l l t tu , ’ , ’’ . ’ ., ’ u u t  j,u l ‘bu t,’ .’ i - u ’ ’ : , , I I l , , -  s’ , u ,  I u - i n s ’  u u u , h i i , ’t m , ’nu  “ I u u , ’ t m l i i
1’ .’ I I,, ’ ’ ; , Ii ,,, ’ ,

.t S h u t  W , u l l

I I  m ’ ;  u m , ; , ’t ’t m I  u ,  . ‘.‘ n ’ .,, b,’r Wb u ,tt , l m I I , ’,,’,s. ’u ’’. m u , tIm, ’ ,i I.” ’.’,’ L ’, ’ b u . , s ’ , , ’ u  w , r , m l , h  l i i , ’ t ’ 1 . m ~ ’ ’  b i b  i t  t b u , , .bu , ’, m t
l . , s ’ ’ ’, s’, ’ n u ’ , mt  I .ui ’lu .’,l i , ., - - u _ - I  m , h  u’,’ , i I l ,  ,m,,d ~,‘l i t  .m , t , I m I  1, — n I _ i l I t,’ l b  ,, ‘ ‘:~~‘u ’ , ’ , b ‘I t ’ n ~~’ b ’ . m . u . m t  l o l l  . 1  il l’,’ I - ‘ - , , l I  i l l h

, uu u u t ’ I  u t’ m , ’ ,I s - n  I l i l l y  m , i m l r t  mclii w~ u mIiI u ’ihim .u l t b , , u h  - I  I lu , ’ n i - n  ‘ - I  t b u , ’  ., ‘ u u u u uh  I - I l l  ‘ i  b - u ’ ’ ,‘i~u1iI 1, 1- 1’ ,’,, m l ,  m i l l ’ . ’
.;, ‘u , u , ’ 1S ’ I I I l i h . t n ’ y l .l u , ’ u ’ t  ‘‘t . m ’ .u i )’ , ’ n ’ .. ‘ 1 5 1 , .’ s, ,I l ‘I I - I ’ t ’itm ‘, . i x , ’ s , , ,  - - i ’x , m m l ’ l m ’ i n n .;, ’ , I I , ’nu i-b ’ s, - mi, ’ I h u h  t h u m ’

u — - I  u p  , ‘, ‘ u u , b m  I m s ’ nm , l ~ ( I,, ’ s’. u l  I s_u .: III i ’ ,h,’nnmltu,inlI I I I I  t ’tmnsi ’ n u l I ‘ ‘I  m ,,ihu ,’I I , ’,, -I ’ u , , ’,, u,’ u, ’, I  u , ’ , I t , ’  I ’t ,’ I l , , ’ , , u , ’ - I
I’j su ’ 1. - ,’ ,  n u, .11 tb , ‘‘~b’,’’ ,‘I th ,, b ’ ,’u mi u,b .l, ’ l.my ’ ’n . ‘l’ .’ q , -n, ’n ml, ’ I ~‘I mt Is ’Il,m i s n  I ‘ m l  u, ~~, 1r ,’ , ’ , ; , -t ~~~~~~~ .‘n .t , ’ t  I t  i’m

1 !  n . ’ n . u n  I , u uu , i t ‘..‘ m,,,b 1,_ t v,’.; m u, Is , ’ ,h,s,,’uu .; , - ni’ ., . , - b u t  I , ’n , ’u,I i _ i l  l u u t i - t ’ v , ’ tu l  I I ’ , ,  i — I s’u .;.‘ii..I b \’ i~~; lli’,’,i, ’,I” ”,it ,m
- -, ‘l  m , I  I ’i ’u i I l d_mt’ t , ’ . 111 I I,, ’ I I , ’’ ’ i,, I X l l I u ~ l i s t - n  l u - i  , h , , ’~~ ,, ’, - , t  ,‘, - b s ’ s - u - t n u~ ’ i t t , ’  u l l l u m t  u u u t , ’  I b m , ’ l , m t , ’ u ’ t ’ . ‘ b i l l  It, ’

I I  - ‘I” ’ b .~~
,I tb , n ’ ~~~~~~~~ u i  ,, ‘u i  I ‘ , ‘ u u i l  .1’ . I II, ’ ‘1 m i l l , .  ‘s’ , ’ r s  t 1,~,

L - m 1 1 m m , ;  1 r , m  I u ’’ 1:’-,o’ ,m I ,;,‘ ‘u i ’s ’ t lo l l  ( ‘1 • 1

1, -n ’ ,, ‘, I m , ’ u , m u , ’ , ’ 11,1, 1 - .. ‘s , , , . b s- ms’ , - , wu I t II ,,,- . m numlll, ’i’ v, ’n ’ I Is’ m I s ’ i ll .u Ii ’nuq ,m t l i t  s- u II , t o t ’ I ‘‘.~~s I , ’, : .  5’
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F i g ,  11 bm u.mw M a ck ’ s d e c m s m o n  I , ’  use the sin,qle imprinting luosit ion , x
0 ‘~ x 

~~~~~ 
and to it I . : n , ’ ,  n , m n , I  any

‘ posts’ri tic~m 1 cwnnulat m utl , compares with Kendall’s exIme rimeIlts,

1”; ~~~~~~~~~~~~~~ F x}m er lm s ’nmt s  on Aeou st i i Rt ’eejut ivi t y?

kml t s m n  I l i l I g  to our discussion of di ss’ru ’te nonranud om ,u co ,mst ic  d i s t u rb ’ ,m n , , ’,”c at sIsa l 1 Mach n umb,’t s wu ’
h,uv , ’ t , ’w, ’, re ason ms to adopt a s ing le  takeover po in t  x0 ~ x cr (

~
,, )  . N evm,’r the1,~ss , th e  t ’ r i ’cvdnn ,q  d m  ,, o’ ,m, ;,; i on

of supersonic- experience suggests a con,ceptual framework for the lon~g overdue ~ubsu’,nmic mli ’ r i u . - u s s u p m s ’ expe’ri-
menuts on, , me,’ ustiu,, ru ’s’s’I-tivjty . At low speeds we have better accessibility, and quan ltmt at is’ i’ ,,-rr ,’I ,mt i ,m ns
between two smr t ht  i - u ’  sensors i , u ’I ,t , ’ red aroun d Xcr shm ’ im id  1,0111 tsi c l a r i f y  t b u e  I ’ i s ’t u re  , Furtbt erunor , ’ , .m

-u sj u a m i l— t w o — d i m e t u s m s ul:a l  es ’nutrol led  movable s u ’ u n ” , ’  (P a r a n m j ape 23 ) s hou ld  .m ’ l , u i n  m i n i m i ze  r , ’v, ’ rI ,i ’t , , l ions and
make the acoust ic  e n I v I  rs ,n’ m,. ,ut much easier to work w i t h  than at .;u~-u ’n c; ‘ I l l , ’ ii ~‘01’ ds, Subsonic f a c i l i t ie s  di’
possi’ml ,l unwalut e , i  r-’smdent ,ici’ust ic disturbances in the form of fan: noise and various standing anm sl duct
waves, but on,, ’ shou ld be able to avoid t h e i r  i n t e r f e r o n : , .’,’ i f  ,s l i’ kI,ows abot,tt them. In this con ,n , , ’c ti , s nu
an i n t r ig u i n g  clue to acous t i c  r u ’eI’I’t i v i t y , wh.ch  ca l l s  fo r  (‘xp l an .ut  l i ~ I l , was f u r n i s h e d  by S~ angler  an,d
W e l l s 70 . They lowe evidence tha t  t h e i r  l a m i n a r  boun :dart, - l ayer  on the i n s i d e  of ,u c i r c u l a r  duct  was f , u r
less re cs’(’t iv ir  to st ,mnmi imnq waves thlani to trave linu g waves of the ,s ,m m, ’ f r equency . However , a ccor i l it i g  Is ’
Gui ,b , - l in , e  N, - , 4 ,‘t 1!STSG, s e c tio n  1 u .  t hi s ’ e f f e c t  l’i ’rhaps ought  t i  be f i r s t  ru-e l , , ’ ,  toil ex p er im ~’n t a l  l y .

61m Low-,5u’~’,-d Re cep tivi ty to  Turbulence

For sounld waves m l  low 1ui ’i ~shs the unisteady p t” . ; ’ . u m r i ’ g r a d i e n t s  n ,ortmna l to  the w a l l  ,mre n e gl i g i b l e  .mt iui
the r e .spslnus e f u n c t ion s  .m r i ’ r e l a t i v e l y  s i m p l e .  In  t r y i n u s t  to si, ’sc r m l - u ’ the response to v o r ti s’al p a t t e r n s
sno t t u rbu lence , we hail b e t t e r  at  low b - u -n  p ressure  v a m ’ ia t i o n s  in y — — i  .e . ,  imse the N a v ( , ’r S toke s  equat I l i l l s ,
l i n e a r i zed. This  lead,; to the Ro q l e r — R e s h o t k o 1 13 n e u t r a l , f o r  s’,’..b solut ion~s of ,, n:o, ,b,op ’mq, ’,neous Orr—
Sommerfeld equ .ut ion , a coun t e r p a r t  of M a c k ’ s supersonic  neutral s o l u t i o n s  d i r s ’u i su , ’ui in u’-, ’,. t m o n  6f. At
pn u ’ ,-u, ’u ~ t tb l , ’re is no ev :,t , ’,,,.’ ,’ t h a t  t Ic - ’.;, ’ f ; ’rceil i i i s t u rh .mnces , s a t i s fu , ’  ,ng  ,t 1 iu : , ’.,ri zed ,c1i~, , t  io n , could
cause transit ion by themselves. (11’ t b u u ’ c o n t r a r y , t b, , ,mv,~ i l~ l’ls’ eviden :cs’ sugges ts  tb:at  an m n s t a b i 1 i t t , ’  pr~i-
cess must ,.‘s in ,t  r mb u t e  to tbue growth of tbls’ fluctuations I , ’  some 10 — 18% of  ln ~ b e f smre  t h e  I u r t - u , i , ’, u, ’i’ cat ,
sust.mini itself in t hi ’ f o r m  . -t  .m t U r l - s m l , ’r i l  sI’a t , or a puff , or a s lug  (sec tion  Sd - It fo l  l, ’s’s t h a t  h u t ’
i s s um  of s e c t i o n s  6c ,mn,, l  I-u ’ f . i , ,~~ us onice ,u g a i n l : how can at  l, ’,,,; t l’ , m r t  of the enm er gu, ’  of the  b’,’n’ ,’,’,b
f l uc tua t ions  of Rog ler  ,tt ,,i R c , ,h , s ’t k , ’ hi ’ t r an s f , ’ rr u ’d  to the f r i ’, T o l lm i , ’u :— S c -b : l  i ; ’b , t i n i q  ,‘ i - u i , ’i, m,s,iu ’ss . r c - I b , u ’ t ’-
w i s e  couple w i t h  the T— S I ’ r - u l s s ’uos .’ S mn iu , la t ’  que s t  l , ’I Is  .11 15 , ’ with, 1051-cc t 1,’ c’r i m i n ,a l e  ‘ 5 wi - n t ,

Some fo ur t es -nu years tine ’ Kl , ’l’ , m u i , , f f ~~~
4 was doing l nt e r n ’ s ti n g  twO—sefl sm i n u ’x p e r i m e n n t s  w h i c h  ran , out - u t

sus ta ined  f u n d i ng  anid remain sadly incomple te  ansi smtlh’ l th j j s b I ,’d, s5 nu , ’ c-I h i s  f i n d in q s  s’,mI:. ’u ’r I,s l iu c t u a t  i,mns
upstream of the c r I t i c a l  p o i n t  is sen sm; i ’,i by a f i x e d  b :, ’t w i r , ’, The signal i n di , ’ , m t , ’d a m ax im u m  u ’ ‘tt~ (a t
,ilm s’ut u, “~~ 0 .5 )  , .ms much ,us ten t imi ’s the f r , - u ’,, t ream vs limo at the edge of thic boundary l a yer  I lI t ’ docu-
ment ed tha t  t h ese luc tua t  I 0 t 5 5  wet,’ h’r imari ly due t o  r ,mn dom—ttts dulated l o w — f  ri ’.lu, ’u u c y  th i s’ki -n : l c -~ ~ nd

b , m n n , i n q  sat the boundary layer, s ’o t : s m i i n ’rat  ion s of quasi  —st e ad y s’h an l qems in  t b m i c ’kni ,’s~ o f a B ias i i , . -
so Il f i rmo ib  I~ - him that thu , wi ri’ would indeed Sen,,;,’ large u ’ v,m l ut’s it  m i d — t h u  c - k I l t ’.’ ’ , ,  Hi ’ ~m l so . t m  ,;s ’c-s’,’r i ’d
I b u . , l  tin ,’ r ,m ndm am un ,du lat  ions of the  I- - l mu l d . l ry — l a y e r  ,‘ di 1, ’ I n ,cr i ’,ir -o’d w i t h  d i s t al :, .’,’ f ro m  the ls’adm tug u ’. i’n” -f

h i s  p 1~m t e  and b :,u d some ~aussial, It oh’,’ rt m m ’s,

These a rt’ , of course , r e , i l— l  i fe n ’ , ’,;~ ’, s n u s , ’ m - u  t o  f ree  . ul r , ’.mm 1 i , ;t u rba t ,cu ’s ,  As large ,m s t b l , ’ flI ,iqfl i t h ill” c-I
the  f l u c t u a t i o n s  appears , they ire  u n l i k e l y  to f, ’,’;i i n t o  an u in ,c - t , , l - i  l i t y  lur e ’s’,’ 55 , except p erbl ,m h -s  as t tkmd u—
l ,m t o r s .  A te n lie r , .’,’,:t s’b i . m n u q , ’ i n  1S’ corresponds to a .IOX change m u  m ’ f f u ’,.’t (Vt’  (u s, I f  such s’h . ir , ,n i ’ , .  in U ,5

- u i m , I  a c t ua l l y  occur boc , , l  1y. they would cause a grs’,mt de .ml  ,‘f t u l : i nl q  ,mn d du ’ tu n in q  of t hus ’ T—S ~ tos ’i’Ssu ’i-u , I l l
par t  m . : u l a r  the y could accoun t for the  wave—packet appearance 57 

‘
‘
~~ of T—S w aves whenever thi’s,’ ,u ru ’ 1, - I

a rtificially s t imula ted .  T—S wave s teIu,i to  form wa ve t ’ ,,s ’kets of 4 — 0 wavtn ,s , which  s’,m n ’r esbr onii 0- 1’,m t , b , , ”,
I 4~5 — 90 boundary layi ’r t h i ckne sses. The s’,ilI~~(’ of su ch l o w— f r e qu en c y ,  I ar’s” —ar,’a I’ru ’.mt htit nq of t h e

ho,mndary 1.my i ’r r emains  u n c l e a r ,  and i t  should 1’,’ i ns t r u c t i ve to f m n d  how t h i s  ph enomu ’~~s’n would  s-art, ’ w i t h
p u r p o s e f u l  changes in f rees t ream turbulence,  Sus ’b u a s t u d y  s’ommld q l s”  US .5 c l ime  as I , ’ the  ,‘o n i d i t i , ’n , ’ ,
w t , i s ’h ,‘,- t l t  rol tIp, ’ conversion: of the forced oscillations t o  T— S wav , ’s

6i Ca,, W, Have Resonance mt low SjmOed5~

F lnl , i l ly ,  let  us c, u h i . m l d e r  quest ion (21 of sect ion i’, ’ , “Whal i f  a d d m  t i ,~i , , uI  Iv thus ’ sl’,’, ’,t of p n  s u t , I i t . I I  lo t S

I any r ‘‘suit i ng vor t mc i n  u, s c-b ’ I’ :i~ l5i wi ’s, 1.1 equal I b:,m t s-f t I , ’ fool of I lu ,  s, ,,mts,i pu 1 s~’ “ Thi i s  may we 11 l-~’
hu. uh’I m en nii ‘sl’~’ r.m ,I I - .i I ly in some sot’s’ r son l m c  t unnu ’  is • hu t  1,~’ t u ’ we 1,11011 1.1 ,‘ x tend t ui ’ ques h i  , ‘ uu l’ s’ f, - r’,’,’d
r ’ ’ - I ’ ’uises to I n , ’, ’ sI ,‘ ,‘,um t U r h U l , ’I,ci’ w h i ch  t r a v u ’ls ,‘ s ., ’u :t n , i l  it,’ m t  lb ~ , T n t u i  ( i s ’ ,’ ht,’  s’mn e f e e l s  t tu ~~t t he  p l l l ’ : —
mm Im im , ’.  c - t h is’ I I  ,it ion,, .iu , ’ to m l sm,st ch in p roh mag,m t 1, 511 1 , e s ’t Ion t ,l ’ 1 wiru Id 1st’ n ’ m ’l’i ,mu ’,’ii I v  a .i i ri-ct it,’ s’umu t at  n so
“I f,’,’t - t h e  ,ut t .ui ’ker k~’et- ln q  in ‘:tel’ wi l l : the  u , ’ u , ’l im , so, t o ’qm ~’ u k  , SetS, ’ ,‘ al l  t I m is i ’,’u ,, l it ion t’ ,’, i e ’ I n , m I l  I - tm:,l
, i , mr s  woui , i  he a .-up i ’. ’ m . m l casn ’ i ll r u ’ ’ ; , ’n , inu ’,’ b,’s’.i uu , , ’ p .,sl x , u , ,  ‘ t , ’ . i t ms m m , ;  w e ek l y  b imt  I u u , ’t ’ , ’. l .u i tiq lt,’ U I i i l t , u l ’l , ’

I f  sue-h .i c - n u b ,  t m on  . ‘, r , m l d  S r I  , ; ,  m t would not l- ’ ’~~’ssy t, ’ ,m n , m I u , ’ :~’ . ‘‘Ii, ’ ,‘at l  ob t a i n  u i u m d , m n , c - u ’ f rom t he
t~ mI’ l ’r s  of Phi  l i i i - ,  I l  - and St ewar t  ,un , d M,’mn t , ’,, 1 ~~ ‘ , r n ~ thi , ’  q,’n, ’r . it  non  of w,mv,’’-u by ( ,mrb ’lIl, ’I,t w i i , d s . W bi, ’n , t I l e
w i n . i  is  h i g h  enough t h m ’r ,  . m r - ’ two skew was’s’ d i r e s t ions in wh i  ‘b, t he  ,‘omus ’ , ’, ’b is’,’ sI’t ’n ’ii ‘f I llrim :tI ,-I :s—e j : I . u t
n , , l  c- lu , ’,; the s1-en ’d of qr ,uv l tu , ’ way,’,, w i t h  su r f a ,’ ,’ t , ’n l ’ ; i o n  . ,‘p, ’s ’, ’ r d i u , , n  I , ’ : t e w . I l  I ,mn id M .ms ,t  - ru  , “‘I’ll, ’ l m’SOn ,mtul
mt’, h .mnm im m m . m . ,  ,i,’s, ’rnb ’ed by Phi lin t’ s is us,m,u I ly m ’ r n ’dI  t i i i  Si  t l i  su l ~ ’ç ’ i u , ’  I ’ l l 1 , ’ 1 1,,’ W.S I O ’n ‘ i l I t  1 , 1 ,  ,‘ l I t I u n i t  i i i
sin. i t urtmancc -, which ‘. mn : 1’,’ enh,i I u. ’ ’  - I -u siL,si ’llu , ’n m t Iy  by ,‘ I h n ( non I m  I I , ’ ,i n- I  m’ ‘.‘b :,mn i , ;m ’: , SI ,‘W.i rI .,,,,t ‘t i l l  I smt ~ 5 I il:li ’
tb ,,m t P h il lips ’ ideas gb l , - , h ld  I’, ’ 1’ht ,i ,,~,1 m m  l n ’ rm .u  ‘ -I ’ .n n u ’ u m h - y e l , m ,’, 1 m m ’ ,, ml h I  I bu .i tm ph u . , - ~~’ sd ,’, ’ l b  m , ’,- u , Tim,’
1u , m i f l t  here , however, Is t h , u t  th i ’ ‘t o ’t q y  t , ,tc-sf ,’t mu ’ I s b - il m,mx tm i z u -’,i , ~~~ ‘ S t  IS’ I t t , ’  W,Vi ’,’’ - ‘ t  t ’ ’ .1’. - ’s I I ,u

‘sI  mi le s m  tu,m,mt ion; th, ml n ~‘ .I Iu,’ b~’ ’ ms ’y nu , , 1  bu , ’m,m t 1 ’l; soc-I l i l l  I,,’ , s ’m e y  I n  .~ n wi ’ .~ k lt,’ , t n s t , u l ’h , ’ su,’ ’;t  , ‘tt , I , ’n ’ s!,, c-h
w, ,t , f l u I  h ,iv , ’ the  rs’ 1 , 1  iv i ’ lt, ’ ’ . u u r r t ’l ,’ I r .mn sf ,’r fIt ’s , I m o n  u ’I t h u  l I l t ’ ”  l~, I  ‘ ‘ I , ’ t b ~,’ .‘l,’,’li .m ’-ul I ’  ,i-; b’i’,’I ‘ -

tack It ’d

Si tu such “ r s’solmanm t ” c ,-s u .Ii t i , m n m s  t .m k , ’ p l.ic -n ’ i l l  . . :mb , , , , ,u I ,  lm , ’t mnu , l , i t ’v l a y ~’n ‘; -
. Thin ’ I ’ t i ~I ’ ., n .u I  , .  ‘, s ’u t ’ , ’i ’il ’. , - l

mm l i i f t i ’d T—S wavi’s rise tI’ s’, ’ 4~I~ oh I t ~ on l y  1. -n , m .bs ’ , ’n ’ sm’ h ’n ’ ’.s .,ir i l t , i h i t ’I  t ,. S I  t l ,  I u u I  l , , ’ l, ’ ,b l u  ‘ I  I l u ’s .in I
b u m i m t u , ’ r  V .  E’ru’ ,- smtream I uirbu lenm’e I’’ , ‘I’ ,m q a t n ’’l w i l b  hl ~ i n tin,’ i ‘a n , ,  I t  w , m u i . I  ‘s~- ,’m , I bt , ’m’ n ’ 1. - n - ’, I s i t  ‘,, ‘nm ’
I urt ’,ule nct” W 0 I , i i l  have to 1’, ’ t I i ’l n ’’’u t t ’ i l ,  ‘~low~uI ,I, ’w,, wu t h l n l  11mm ’ b ’ , ’ , i , u , t , , ,  V l,us’ ,-~ • ,m,c-l u t  t I l  h is’s’ ,‘t,. ’,mql m n ’I l, ’l  ‘ I V

‘a— . ,- — . ,
, ,  

__,._ _ ,“—_-.———. ‘ ———— ——— ,_—- — —  a_ .___,,
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l i t  I u ’  S , Ii i  .,, ‘s’, i u ,,, T— S way,.,; , ,  ‘,, t l m m s  t l nu , , ’  we do i,ot h ave ,.os;s,-~ s,  i ,u l o rn t , at iot ,  t.o l u l l ,  wh , ‘t i ; , ’  r thi,:
ma impsu ss~~~he s m  un i  m k e l y .  \,,
s - t  Pr’’, h u  , ion, azm,l Ic-’c-o1’t i . ’m t y  /S insc - u I cc - s - j ’i i vi ty is .a r e l at  iv s ’ l y  1 r ’S’ s ’ s u l ; s ’ li I I ,  and i t  bias been, tackled mos t ly  a n a l y t i c a l l y ,  t In e
I i~~’ -, ’ ,” h u g  u ;, ,’ ’, jules u ,m ~’ , ’ b rough t out su,nme of the  u , d , ’ i  ly inig  i-hu ~~s ica1 c un , si d e rat  iOl ;, 55 1 :ee l le ’n i i . In
st ’s,’ t ions n I — i -n. - I may h ave overempb, a u  izod thus ’  t s s l , ’  of the h o — s I  m l’ hs.’u i ; sh . mry  c -on , dit  io n .  I’s .ir mal  ~,, ‘r n c - t h u . , —

l o l u s  of t h e  I s o n , L L I m e a t  convective terms ja m the uussinn ’I, t uu, equat ions  w i l l  y s ‘id “genera tion, term s ” cI  vo r —
t i c i t y  i n ;  .ii;,h a l o n g  a i ;y  shear l~m y e r — - s ’ .g , , ‘ .Y ~~~~ !/ ~~~, , w I s , ’ , - v is an m y t ,ormal l ’u ’ rt u r ba ti o n  ve loc i ty , w h , , ’ t  i ; , ’ n
i r i” t ,m t issni ol i ,, v o r t m c - a l , anud - - ‘-‘, ‘

~ , the  local t ime—mean ;  sb ,,,’a r,  However , ‘u no: std i n ,  s ec tions  6d and I s ’ ,
t he  vo r t  IC ity  r i ’ ,pss u  s.s ’ i n, f r e e—shea r  l , ivet ’ ’ , is dc-mi s , . m t s ’ s b  by t h u ~’ s u e d s t’ g a t  or u s - a r  t i c - ’  n , u e dn u s epar a t i on  i~~u i n t
, s : , - b  t he  it a nsi y i nt egra t ed  e ff e c t s  of thu .’ at u ovu .  , hi s ,t r ib u t , ’ - I soun’c-s.s a n s ’  l u s t  i i .  evidence .  Fur t lmermors ’ , the
I’ ’’’!  l u l l :  100 :;j .u ’, ’sb of tb , e  f o r c i n g  l ’s ’n ’ t ur b a t i -u ,i n i v doe’s u ; s i t  match th a t  - - b  t i s u .  I t s , ,  l u — S  s ol u t i ons  Slid tb ,
t r . m n u s f u ’r i s  aga in  to tbu e for cs ’sb solut ions c- i t hu s  nm onh om ogem -s ’suu. :  0—S ,‘qu .,t m c l i ’ : , So the  formal  i d e n - u t ,  1 ica
t i u sis c- I’ t lus’se d i s t r i b u t e d  source  t e rms  u s - l i e -’ l i t t l e  su b, l i e ’ ’  mimi c d i f fi cu l t ie s  i i u  f i n d in g  th, ’  l i n k  to f r e e
‘1—S waves discussed i n ;  (-ru’ suu’ shiny s;s ’ut  ions, T isu ’  icture is rati,u,’s’ c - s ’ i , b’ u, :esl , One t h i n g  ‘seem.; c lear , however ,
w, ’ fl, ’ s’sb c lever at,d e ar e tu l  ex~,’s’ r l Iit s’Ii t ’s and su s ta ,n -u ,’u b f ; i , ; s i in u g  to sic - c - I r e their success,

T h e’ sh , ’,mrth of exp , ’n innn ’ntal  in ; l s ,st ’nni, m l iOn cc-his -n n ; m n i s ~ tb ie  t , c , q  t i v i t ’,’ to fr u . ’ , ’— u ; t r s a x n u  t u r b u l eu -u s,.e Snhs ’m’,es i t
p oss ible  for c-ssmpsiter progl .mm ’ , w h i c h  do s t  l u , , ’ c - r l ’ u,sn .m t , ’ any ‘1 —5 mes’ l s a n ; l u : m  to r , ’h , r odu c e  t h e  knownu  d at . i  even
wh seu s t u r b u l s ’ : u ,’ , ’ 15 k~ u c-i i r ;  to 1, ’m ’~ I t h u , , T—S w a v e s .  TI,” power of cu m ’rs’ s, t  comput ~.r I r oslr ~unls to ca r ry  c-ut  sophis—

, ‘ . m t , ’sI f~~~i u c - t  io n a l  in u t er p o l a t i on  b,.’twe, ’n, I im , t , - - h  n ,imznm b cr 01 data poin,ts (whet h er the  j - ro qram s take i,,to
,m,’c-u.u sut t h u s  su i t  1} 1,. r , ’ l u ’ v , m n u t  mi ’ c h an i s ms  or n o t )  may a u - s i - a c - u ’  t h u ,  u se r s  to o v e rt r us t  the i n f o r m a t i o n  even
‘~ l;”n s ’xt r apo la tu .o , ;  beyond the ss r i g i ra a l  u I . i t a  l , .m ss,’ is in ,volved . An m n , u : r s ’a.,:ing problem f or the user is that
lie’ is less and less capab 1~ ’ of s’i ’r i f y i n , g  t i l e  proqiam s as t h ey ‘Jet il ,s’r easin ig ly  complicated . The s car c i t y
of r e l i a b l e  and det ai l ed  exper int iensta l  iu ;t o rm at i o n  makes the  task of d i s c r ii s i n at i nsg  between v a r i o u s  1-re-
d j C t i Ve  c o mp u ter  t” s ±u iiq ue s  e v e n -u  more d i f f i c u l t .

6k ~~~~~‘-u.-t of .s’-Stneam Turbulence  at Low Speeds

A s ti l l  v a l i d  eva lua t i on  of the s ta tus  of the low-speed exper imenta l knowledge  of t r a n s i t i o n  bu. ’hav-
,or w i t h  f r , ’ ,’- ’st r ea m  tu rbu lence  .ii,,b pressure gradients was presented in 1972 by Hal l  anud  Gibbin :gs~~~

8 . This’
autb,ors ~~~~ evaluated

1 ~ r i t i c a1 ly  the then  exis t ing  pnedic t~~~~ method of van, Dr ies t  an:d B~~umer~~~
L’rabtree , Granvi lle , Smith and Gamaberoni ~2, van Ingen , J a f f e , Okamura and Smit I ,~’~ , and MicI ,e l l2 S .
W i t h  the  feel for the experim ental  evidence (par t ly  their  own) and the var ious  pred ic t ive  features ,they
summar i zed  t h e  key da ta and proposed a s e m i - e m p i r i c a l  bes t -be t  c h a r t  of t h e i r  own~ see t h e i r  F i g,  7. To
be ab le  to use the c-h a r t s  w i s e l y  an:d appreciate possthle p i t f a l l s, the reader  is advised to fo l low the
preparato ry discussion w i t h  care ,  For balatuced perspect ive,  a s tudy  of Mack ’ s tbuoug bstful 1977 approach
(Section 1’.’ of Ref. 112) based on T—S computa t ions  is reconwns ’nded.

- ‘ 61 The Issue of “S u f f i c i e n t  Evidence ”

- . The f l a v o r  of Hal l  and Gibb ing ’s ev a l u a t i o n  perha 1us had b - u - s t  be yaq”d by som e direct sluotations1
“U n f o r t u n a t e l y ,  t r ans i t ion  experiments  an d i f f i c u l t  to ,;et UI ’ , p r i n c ipa l ly  because tranusition is sensitive
to changes in a la rge  n umber of va r iab les  besides the d o m i n a t i n g  f ac to r s  of pressure  q r a d i e n t  and stream
t u r b u l e n c e. These exper imen ta l  d i f f i c u l t i e s  r e s u l t  in an undes i rab ly  large deqnee of sca t ter in t h e  r e s u l t s.
even when collected on a s ing l e  appara tus . This makes  p red ic t ion  an u n c e r t a i n  ma t t e r  c-hider accurate ly
s p e c i f i e d  f low condi t ions, and the use of results from one sys t em for  predict ioni  on another reduces accu-
rac y even f u r t h e r , ” When on e follows t luei r  c a r e fu l  weig h ing of par t i a l ly  contradictory evidence in a two-
parameter  p red ic t ion  space and t h i n k s  of the  add i t iona l  parameters  of Mach number , wall  tempera ture  and
roughness , sweepback , and aeroacoustic f r ee - s t r eam d i s turbanmces , one begins to apprecia te  what , for  in-
stance , the t ransonic  designers are  up a g a i n s t  in knowing and improving the  properties of their  boundary
laye r s ,  And perhaps the reasons for many of the statements in Chapter 3 and the meaning of Table I
become c l e a r e r ,  Judgments of s u f f i c i e n t  evidence for  a g iven design dec is ion  or for  the validity of a
theory  w i l l  r emain  very t e n t a t i v e  fo r  decades , j u d g i n g  by the  slow rate of our enla rgement  of the
des i rab le  data base. And here aga in  USTS G Gu ide l i ne  Ho, 4 for  double checks needs to be recalled— —see
sect ion lc.

1st Another His tor ica l  Lesson

Perhaps an ins t ruc t ive old example is in order , in volving two h is tor ical  f igu res  whom the w r i t e r
deeply admired both as Scientists and men. In 1948 , H

1 
, riryden , t r y i n g  fo r  perspective on the  broad

1938 rejection or the T—S mechanism as relevant , wrote  “ , “ Tranis i t ion  occurred in t e r m i t t e n t ly and
suddenly , w i t h  no development  of a mp l i f i e d  d i s t i , r bs ,u u , c -  u ’ .u . , ,  Not on ly  did the  ex iu e r i me n : t al  grout’  o b t a i n  t h i s
u,e,t, t ly e  r e s u l t ,  t h e i r  exp e r i md u ;t s  c o n f i r m e d  a t )ueory  developed by 5. 1. Taylor 1

~~
7 , wh ich attributed

t r , m , u ’ :  I t ion  to the presence of f r e e — s t r e a m  tu rbu lence  , , , l ’ o r o r d i u : a r y  w i n d  t u n n e l s  the  :1 ream t u r b u l u ’ :u c - s ’
usually lies in the r a u s i b u .  1 . 2  to 1 h - u ’ r c - o n s t . In these Sinus1 tunnels the turbuls ’ :mce is the corut ro l l inig
f ad s’,  and the mechanism is t h a t  of t he  Taylor  t l , i -s~ry . ” Turbulence indeed is a s t rong d e t m ,’ rminan:t  in
such I low’s , bu t  n b , ’ .  mech an,ism would have been i d e n t i f i e d  as T-S coululed h,md a d e u h i m i m t e  s pec t r a l  a n a l y z e r s
b s , ’ u ’tI , m V , I  m l ab le .  

‘
~ - h a l l  and u j b b in u g s ’ cb lar t s ’ 18 for the i l l f  luence of turbulence are in, fact T—S conudi LiaIsed ,

with dis tin m’ t ly , b m  f t  ‘,. r u ,’nt behavior  in f a v o r ab l e  anti adverse 15i’ i’s, ss , ru ’ q r a dj s ’ i s t’s , For the latts ’t ’ t l u , ’y
suqijl” s : t  t h u  t he  e c r i t e r i o n  I s - i  t r a n s i t i o n  for  s m a l l  t u r b u l e n c e  is ov er ci ’ns s : , ’n ’va tj s ’ ,’ , a Li u ’nui which tbuey

. m ’ ~’ i ’ , ’r . s i s t  m u g  I s  r e l a t i v e l y  h u i g l i  f r e e — s t r e a m  tu rb u l e n c e .

In n ru-I n e s ’ , p u ;  ‘t t imere was not s uf f i u ’  , , ‘ u , t  , ‘v id ,p , , s~~ to cs-u s -lode t h a t  ‘Taylor ’ s t .de imry anud m e ch a n , i s m  were
co nf i rm ed , only that t h i u ’ y  wu-r ,’ not i n con s i s t s ’ u u t  w i t h  t h u s ’  tl,e,, very  l i m i  Lu- sb d a t a  base. Tl:e mc u ’hau : i sm  lu ’~~l ’ i —
l .u I ‘‘ -I .i local ,;, ‘1 ..irat ,on, dim e b u s  , , i u  instantan,eous }-reu ; . so, ’ 15 , 150 associa tu ’sb w I  thi  t u r b u l e n c e .  A l t h o u q b n  no
on,’ b ,,ms ,h , , C i , , n , ’, s t  - - b  soc-in n u s t , n u i t , I u - u , ’s ’s, . ; .u~’p ar at i on , i t  ( S i  i l i t r im J u i l t q  tb , ab ,  s, ’v, ’r, , l of the c-econd~ ,~ y i , , a t a h ’ ,  i i —

scs i  i - l u ’ .,’rved l ’ u - t before  t u r b u l e n c e  ouuse t  ( R e f s  , 211 , I i  — I’l l seem to he , m s , S O C  I . m l  c’s1 h, ith  (flu ’ h , ,ms,l SIim?( ’Ii ’
I i , ’ , t(  l y  ‘ 1  m ’ 4 1 ’m.inl t  r”~ ions u , , ’ ,, r t h i s ’ wall bc-i It u~u in the notil ine,sr reg imes i- I  the T—S waves .-t of tIm” O~%rt 1,-I
u m p w e ’ i l i u i - n ,  i’l u s . m l l y  we should  note  t h a t  a m o d i f i e d  r a t i o nu a i e  l ead ing  to a T a y l o r — l i k e  l’ . I n . l m ’ t u ’ n  w i’ - u - sm - sb

— ,  
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h , s I S 5  m l  l , 1 t , ’ u : t  ‘ , u u , ’,’ , ’’ , , . by ~~~~~~~~~~~~~~~ in  , m s : . m l s ’ .s m s u , l  t I , m ’  s’c ,’ u u n , - u  s , su l ’ n , ew I , m l , ’ , i L i o m ,  , , I t s ’n r n . ’ i a m m n , a x  I -
,, I S  i c - l i  ( , ‘ l , ’ I s : b ’ , ’ n , I  ‘ ‘ h i  ‘ ‘ ‘ V  , ‘ t ’ ’  i ll  l ’ b ~~. )

7 ‘I’IIl~ 
‘ is- ’

~ 
, ‘ . I l ~S s - S  I

‘ , m  ~~ ~~~~~~~ , , ~‘i2Lm~’~~ ’~ .,~
I .  , : 1~~ ~ j~,hi uu ’n s u si uu i  I c - ’ u m~) b u u  i i ’ . ; .  ‘; I

l b s ,  i - u , . , ’ - - I  ‘7 t~~~5’;  I , ” ; ’  , m u ,  s’l.i t ’ i ’ y i t i g  i i , , -  II i~ ’c- h , a l u m - ,I ns ’ . ‘5 w b , i ; ’bu n , - u , ’ u i u : u u ’ s s : .  1 I , i i s s s I u ’ ’ . t r a n s i t i , , , i  gr e w
b i n  ‘ ‘ ‘I,’,’ , s i u  ‘ ‘ 1  , h u ~ ’ ‘ n , s h u ,  ‘ t , v , ’ i.’ i f t , ~’.: , M i s - u I  i l  ~~~~~~ ,i l u u ’ n ’ t , ’ - . u , l l ’ :  a ‘ u n , ’ . m I ’ l ’ , ’ . , u ; a l ~ ‘ it , ’, I an id  sumn,ar ize,I  buy

i_ , u u , i  ~ ,,l usI von , DOs ’l I I lO f f  . u s , , b  I s , , ,  , l s - w  I ,,, t h u ,  l , m , ’ h , u s s , m s , s ’  - ‘ - u  l i , ’ u ’ t i , ’ i , , W b , i s ’hi r , ’m am n ,s ;  h i s  lus: i t it u t  i i , ’( u n  I a n  u ’
1 , - n , m u  ,‘.‘ , - u i , ’ i , , ~~u ’ t . ’ ’ , l ’ ,b i u ,  I h u ,  ‘ : u , l ’  ‘‘ u ’i  . -rh - nu , ,- - - . u  S i - I l u l i  I , ’ , I u , l  n - ’ ‘ , ‘ i ’  . i  ~ , m ’ : m s ’ s u , t n ’ , h ’ , , I  l u ’ I ,  t ,  5)U r s , n u ’ h , ’ n ’ ’- : t a n m d —
m n u - l  i s  I 

~~~ 
0! Y i , ’ h ’ , , s , - - I  I m u s h ‘l ’ I ’ b ’ . t n ’ u s n n ’1’’ , whu s s  improved u u n m  , mn  1 n e t  s u s i e  n , , . : ” ‘ ( ‘ i s ’ b u o t — w i r e  b ’ i nm d i n u - j s .  of ‘ranu

, u n u , I  , , ,,~~, ,

l u 
, I I w, is :  ‘ .‘ ‘h,’ 5 ,  sm u s , ’ h s m , v , m , ’, u I  1’,’ t b ~aL  ‘ h , , ’ ’ l u s h .i 5, — I  h I S  i , ’~ 5’ ’ , u s u u i . m l  t’ u , l ,  b i l l i e -u u ’ l ’ ’ m u ’ s , i  s u f  hs ~ - i - , h s t  k

u . n ,  ,i s I  ‘ I t i !  i y  s , , , , : u , u L , h , ’ I I , , I I ’ I . I I , ’ h - , - s u i i , b , m n ’ ~’ I , , , ’ , - t  s’, , I i S t  1 5  i S -  ,i u ‘ ‘ - ‘ w . ’ t b . , l  u-u o - u b m f m , ’ r  m u  t h u s ’  .,— , ‘ n .  ‘ s : u ’ u b F’ i —j . 1,
m ’ l O I S ’ .m I , ’ u u I  u ,  a -~ I i ‘ ‘ u ’ - ’ I s i s - t I - i  b - n e s ,,’ h — h ’ , ,s J I u - ’ u s ~s s I i n  I , - ,  , ‘This’ u ’ ’ ’ i s u I t . u ’’ ,s ‘ , I u ’ s ” ’ , : s s 1 u 1 , ’ 5 i , ’~~,I l , ’  u i n u ’ : l ’ . m i y d m s t u r —
I . , u . ,  . ‘ i - I : .  I s :  ‘ I I , ’:; c- u ’ - ’  n t ’ ’  I I ’ ’  s t , , 5 , ’ , I b  l ” ,; u I t i ’ ’ S , h , ’ s  , , i I - ’ m i  t , ’, I , ’ , n ,  i h ’ , i t l , , 5  , h  m c d l ;  S t  I I c - i l  l’ -~~’~’ hi
d,’,’;imn.’n , t n . ’sl by I l - u . S I , m n u , i  ‘l i b e l  r(snm in ( S i r  I ’ i ’ ~ s: . 11 ansI i I c - v u ’  n :, . n 5 -  ‘ suf im nu j I ho’- ,’ u u , - l , b . ;  mmun ’mb u.— r s ,
l’b i i s ;  us ’s , ‘ u s n  i i ’ ,’ ,m n ’ s l - l u l u ’ ’’ . more ‘‘I 1 , _ I  uv u ’l\ ’ a n — m b , ’, h . , u u , , I  of , h , ’ u : - u n I - , , s  u ’ ’.: ,ml , ’ ,’.mi b’ ,’ I ns’; , ’-: j l l  I ’  - .

F , — , , 11 - - I  ‘b ,u l ’s, ’,’ , s u ’ l  . m u . ,h 1 - I ’ - - .’ ,-b ’ ’ I- ’, ‘‘ l s , -l ,’’ — I u s-i: ’’ - ‘I . , ‘ b , b : t u , ’ s u , m I d , ’ : l s , t I , .m,  is ’ ,’’ , I r on n n t he  i n ’ ’, - s I n - a m .
I I t  1,.,.; I ’ , ’ , ’ns v u ’i ’ i l  n - b  m l  I T T  t b s , m n  — in s - u ‘ - ‘ n , l , m u :. ’, ’ wi th: - ’ . ’: ui -u s  1 , I i ; , -  I s- - u I  ‘ c - ’ l ’ , u n ’ . l t i s s u u  regions near  I b ; u ’

m.,ks’ tb - u ,’ mu ,uiuf i ,’ib l . m y , ’ l  u ’ s c - c - i :  u s ’ , , ’ I ’ ’ ’ ’ ’ 3 I n v ’  I , u  , m ’ , - s ,- . h m , ’ d i , ; n s u n  h - m u s s ’ ,’ ’ ’ , m : u , h  i - u , , ” would su rt l i su - a l so
I , ’ ! n - ,’ ,” s t  r u - m m  t u i , - h ’ s u I , ’ s u , c - ’ , I

7h c - I  s I n _ u t  u , l ,  b ’ s - u . s  5 , 1 5 , 1  b - b , ,‘: uanm ism — —

lb S h ’ , m s u , ’l I ,u n u , I  ‘l’ , , l - . I  , , - n s s  5 ’s , ’ .,’ u S ,  u b  ( lIe ‘ : ( ‘ e . ’ I  r d sj, ’vs ’ l o i C u n .’n i t  sI t  th l e  , I I . : l  il l  h u , ,iss ’s’ s  ssvu ’r tb ue  1(1k — 4 s u k
long , l, ’, ’ ,u l l y  ‘ c - I - i l  . m t , - ,b r ’ ’’s m s - n i  , m n , u b  l ’ , ’v i - s u , b , t , ’ l b  u ’ s - n ; - : , ’: s-i ( ; , t ’b ’ u , l u ’u i i ’ , ’ h,’h,,’r,’vs’r i i  ocs’urred , F u l ly  s’sx t u s i ~t , m h i n

s s . u t  pat’ al  is’ 1~~ t 1, - s - e n  m l ’  i l i t y  t . s , ’ c -  n y s i ’ , I s -  h - u ’ i : .ui ’ , ’ u u n  I I , -  l u - n  u s ,  l’a~u i d l y  cb~at ~q ing  t I c -f i l e s  :5, -ar  t h e
n - - u , - l h n s o . u ’ ; , K—T m a ’ s - - r I  , , - I c ’s ’s  , ‘ s ns ( ’ , u I  ‘ b  amp! I I  m c , u t  1551,  n . m , .; l s i u ’ . m s u u n  , ‘~h over tb , e  n c - - a r  s epara ted  reg ion  f s - r  I
I r ’ l u ’ s : u ’i e . . wi t h u -- I i n s s . m l , - ’ . h - s - - u - - b u , tu thus ’ (hr isut ionuless) c i s , m n I ’ . s b ’ I’ n c - ’ l s : , ’ h i  ( MACA T . M .  No.  1 1 - 1 3 , 1 9 5 2 ) . Thus ’

s- I ’ :  so s’ u ~~c - h u “ h u n , - t  i b s , l s s ’.u u i , I b ; l  i , l V u ’ 1 , -n ;  h ’ x j ’ u ’ c -  L u ’sh ”  tb , ,u L K — T  c- , ,s ,l  i s s u ,  t i , ,  r u ’ ,m s ’o’r i u c - l  to make
w I n s ;  r ‘ ‘‘ - I ’ ’ - I tsl t b , ,  v a t  i , h u t ’ ,’ ‘i ’ l ’~ , ‘t ’ : , ’ b ,  ‘ 5 c - , t l c - u l i m t i o n u s .  H .  O b re ms k i  1 ,1. ,‘s s f l : I ’ i , l , ’ib  I - n h I - u’r I l u - u

- ‘.‘ , ‘ m i  s I  t I s , ’ K T  ss u , ’ . i  - i t  u ’S n - - i  i l ’ ’ . w i l l :  t b , , ’  , u t u l  of LI,,’ K.’ijs l . l h u ’ — I, ,atudabll  M I T  ~sroqn’,mm ,u, s,b I s - s , s s , b  d , i ’ I u ’n —

u - u i  I ’’ , i -l u I ’ , , , - :,l, ’r ‘ - I . 0 ,.  :‘- u , u ’ h ,  , - ,~ i n - n u s .  us ’  w,my i n i l ’ lsi u ’iss ’ - ’s ;  I i s , ’  i u s s l s , ’ r t _ i s u t  cons’ l us i o n l  thi a t  1,1,,’ I l u , ’ i l i m f l u s ’ s u c - i :
1.: sI l l i l m t y  ‘, - s : I r o l I , - , h ,

-
~ 

- K — ’ 1 ’  I s , n  n u- - I  . I e m , s u u  . 1  n u n  ‘ - h I - u n  ,,s l i - l i t  us ’  th is ’  unu si ,‘,mi bv  5 i i s t s , r I - , u i  su es r , ’m ,,  m u u , ’ , b  be low m b - s -si t 1~ of the
I n c - ,  ‘ 5  1 - ‘ m m  ;(“s’m ’sI , tb :e m u ’ c - b s , , i u , ’ . sss w i , ; i Iss I u ’, ’,i t h a t  i - I  Tol imien—S dhIl , c - h , I  i l l - b . They devised ,m clever experi—

1 , nsu, ”’.t uI non,d , m u ’ s - s i - u i , ,  1 sel l’— , ‘s - s , ’;i.; t ei sc -y  cbles’k , wI, i s hi a I .u,’ brousjblt out  thue dominance  of k .’~~* (6* = di s pl a s’e—
m , ’ s u t  I b s i , ’k n , , ’. c - u )  u s - a l - m n  , musu , ’ l  - n 5 , 1 , - c - I  u n i t f , m r t b u s ’r  a s, ’ r m , ”s of experimental conid i t i on us  u s  y i e l d  t b ~s’ same
k ~~~, I s , ”,’ a l . u , s ’-, b s s s w, ’,h t h a t  t h u , ’ shape I , m c - t s’i H ( t h e s i n g l e f as’ t u r  msm ms t i n d i c a t  ive s- f  thIs ’ degree of i n s t a —
h i  l i l y )  is I b i s - n i  a vs- i  - l w  lu t ist  i s u u s  s l  i,Jk/9 , tlue viscous l- ,ur .un uu ’l , ’ u ’ . This ,mi s ,l tb -us ’ t,mi ’t that am t u l i f m c -~s—
I i ’ s ,  r , u l  ,‘.: ,u f  , u i ’ 1 ‘c - u  m u - u ; . , l I- rof  i ts ’s  (w h ich d o m i n a t e  t h e  s- f l u - c t )  ire ,i i n,o w e a k l y  sb u ’I - i ’ n u i h u ’i s l  on Re~~n su l i b . ;  nc-rn —
L-,’r I rs-V Is Is- t h e  ru - ,:ssslss; heh i n:ii tlue substantial success of cor re l, ,  ( 1 , - i s . ’, Iu ,ms,’si on k ,‘ ., ‘,‘ Tan,i ~, The

~
utu,p l i t  ne -mt  is -si rates of i n f l e c t e d  111,1  .‘ u ’lu ,mr ate ut 1-ri- f I lesu ;lu’cru ’a.;,’ substantially wl h b s r u ’ s u h ’ e c - t  to those of

.11  1 , m, ’ h s , ’sh pr i,f I I i ’s as MacIl t:umluer ( u s c  n - c - u s - u  ( l’ S 15 ,m nu , b  F i g .  - of Morkovin ) . Th i n; fact and thus’ lssw’ — ’spees b
- ‘v I ib u .’iuc , ’ c - b  El ebaniof I’ ansi ‘lids; tn’ om are th lus  c o n sI s t  cu l t  with this ’ knuownu loss of ,-I f,-c t u v s n ,ess of two—
ii imu’n:,s menial tr ii’Isers at ‘ :U I’,’r s ; s s n u  i s ’ .u I ’ u ’u ’i b. ; , a bonus of unmd ers tan :d in :q  t b u r o u g b u  me dt uan :i sms -u .

7c Some tm~-l n c - m t i s s l u s s

I ms-ti .; ,ouu ,m 1 1 ‘r s ’ l  s ,h ’ , ’ n’ , u i , , ’ , ’’ . , ( - I  m u ,  r s ’i I 5 uu ’ acciden st a  1~~~ , tb ,u s  b u , u v u ’ to  be e x t r e m e l y  sma l l  not t , s have
I s , b I u ‘ u s , ’ , ’ on t r a n s i t  u s - u ’ , Eve ’,: wh e nu  a l l  t h u s ’  f r e q u e n u c  Ic’s, w h i c b :  hoed a m p l i f i e d  l o c a l l y  in Ib i s ’  s ;u ’h’ , u r . u t s ’ sl

‘ ‘~11, ic- : , - 1 , - m v  m u I b u t ’ re,il I .m , - h, u ’,h t~oun, da ry  1,1 ,- u ’,’ , b b s , ’  I -r ot u L ~eran :s’es th i cken  the  boundary layer  tb ~rough i t .;
m c ,  , ‘ ssu , - , . b . , I mome lu tu mm loss ( i t ;  , h r . m i n l  , I h s , u s u  m a k i n g  i t  more  u n u s ; t , u h s l s ’. This’ Reyniolds  number based on the

Ins, ‘is - u . n  s um t h u ick n e s s  ~~~, Re~ , obv io us l y  n ., m t , c - ru ’c - s ,’, h .  B’,’ thus ’ n a tin r e  of the s’s 1u c -t  iou e , both the  steady stud
u s - I ’ ’  u I ’ .’ mod i n  m - ‘ ,, n ions, s’ausu’ i’howns t roam u - I  l , ’c- t ‘s to reckon ,  w i t  hI , evu ’,u  if ,u uu , ’ d i n ;  r cu~,urd ss the change  of

t ’ ’ ’ , ’ I ’ l  l v i i ’ ,’ n 5 u ’ ,u r I b ; , ’ I u ’ u - b h u s  u ’ s , , : , Tb,, ’ ,‘suns’ei I s,f a su i n , q l s ’  c r it  I s ’.i l  Re~’niolds n,unn’mb er , Re k = u
__

k , ~ )wh s ’r e  14 k
ms I h i , ’ V , ’ Su , ’ I n  \ , I  ( I s , ’  utus i I ‘ : 1  s i n  1 , - h  l ayer  . m I  Is, , s u b u l  k , t b , , ’re b e inu l )  1:0 v e l o c i t y  ov , ’r s ;hso sn l s i u u  presence of
th u , I ’ ’ u m ; I h u u  ,,. ,, .I~ ’ ) h’ u ’I , ’w w b , i ( ’I l  Ib se n ,’ i s  no ,‘l ’ f , ’ct oni t r a n u s i t i o n :  and above w h i c h  t r a n s i t i o n u  jumps  t o  f lu e  n:s’ar
wake s - h ’ t he  e i emc’nut , is i i , , ’, n,~ - m t  I l ’ !~ ’ Wi t h ~ I hu’ u-v  i , I u ’ n u s ’,’ c - i m i l c - e i ’ i u  ins t  the  domini an :t  mechan i sm . N ev s ’r t l , e  less
l - n ’, m i ,’ t i ca l c r 1  I - I ’ l l , . . s m , ’b s as I b u t t  f sm r  . , s , I I  , m h ’ 1 ~~’ ,+‘I ’ l I u s S I ”  t o l e r a b l e  t ’oughniess ” may Im r o f i  t I’n ’ ,’m thi s’ sl’s,’i-ui ,‘ i’I ’ a
mc,d i f  m i’uh limit (09 Re~ ; s :, ’,’ , ( h u b - I  s i n s ;  ,m t i d Ila 11

7d W a l l  Wavm,s,-s , su ,i nsl h r  ,‘e s-u t n ’ s’aiuu l ln s t  s’ad (n i e su s

Oti s’ , ‘ , mu s s .p u’c si i , m I  , ‘ I l uc - t  w, -ml  1 w a V i n u u ’sss - another  mod :1: er in t h u s ’ sense of F ,q. 1 , s b u s - h i  Sb work similar lu ’ :
u ’ s , i l b, t h e  I i 5 I , ’ ’ I t ’ ,u t ,’sI s b  l’,’,’I ‘; of , ‘ h s , m n u u t u ’n u i n  tb le  .urn p l if n c - i l  Iisll properties and in s thus ’ thickness s-f I

h,i mutus l a ry t c-er . The m x I  if i - u I i i  l u ;  ~ II t h uess’  I - r o j  ‘,‘ r I 1 , ‘s-u nsm ’ I- , lion: I i  lear and nonsoperp (ms~ah i s ’, ,i s f o r  I hi,’
K — T  I n  s u f  I I , - ,: , h-u t  this ’ mm~-or t ,mn ,t me-chati jsm is likely Is ’ hs,~ t h a t  of i i  near  I nst imhi  1 i ty  , ,m t  l e a s t  ‘iim tm I i  ta—
I I v ’ I y  - f o r  ,i wide’  r , u u i - b , ’ ,u I I - u n - c - c - nil-I  ,‘I ’ .’ , A d s ’ f i n m i  l u  i i  l l m m i n a t m n l q  s ’xpe r im c ’nut- , su ch .ss; t h a t  u I  K l eh a n u o f f

‘ I l - h - - I  i s - rn , whi i s - h i  would I I ’ : , - c l a r i f y  I h i , -  r ange of val Id I I  v of t he  hiyp oth ms ’s  5’ is s m -n t o  I-” ~-s ’rferms’d

Tim,.’ I r i , ’ 1 5 5 , 1  ‘f c-m~ ’ i i f  m i m I  l i e s ’ :  ,il,u,:,I I’,ut blni c- I T—S w ,u ’,’,’ - ,m, ’ k , ’I ’ ;  j Im tb l m ’ c_ iso i - h  h a r m o n i c  o,,s’ i l  1,0 m i - u , .

‘ ‘1 u I -  1, ’  ,, I - , u u u l  .1111 u , f  I bi n. ’ I , , ‘, ‘ ‘, ; I  , ‘ u s  ‘ . 1’ ’’ ’” I ,‘o t ,f irmed  ,i c - l f l u l h u t  ‘‘ h , - , ’, , l  v a l i d i t y ” ,sb  b b s , ’  T— S m e c h m a t u i s m
,u l, iI  I m s  - ‘ I  u ,s , ,’,b ssh ,me s u r p r  in ,  l u l l - ,‘the’rw i si’ h m n : , - x h ’ l c -  I ic -i, ! p i ’ ,unu s ;u .que’nlu ’ s’s; f o r  111,5 1 e,m ,h’,’ 1 I,’ws; ; s ’.,’, ts’u’Inrke , ‘t a!
s u l s , ’ Ca tm ’;5’ i ’ s u  ( u n ,  , , I s c -  t h a t  whosi I I s , ’ l i m e s,, ’ ,u 1, ’ ; sif c b i , m l u , I i ’n ; in :  t he ’  free stream ,ire l u n i n u g  s ’u u o im q hi  w i t l l  t ’~ ’5 ,

1’’’ ’ ‘ t I - u -  tb ,,’ t ims’ ’-u s’,ul u’s, of T—S w,mv,’; , t hus ’ m s’,-m n u  f l o w  c - b u l l  ‘ I ’ ’’’ niu ’u ’uh uu ,m t I,,’ ps’I’losbi,’ t o  h - i - ,s b least goal (tim—
I m v ’ l y  s u , s , I e - r ’ , t , u l l d , m i u l , ’  in  t erm s  s-f I I , , -  ‘ m l  1 , - l u  s- i l , ’’ ;, ’ I I h u , ’ ub i n  I,&memhirke , ‘ I  i l  , I n  p u l l  i c ul ar , s- lu , ’

I I V I  ty I -  low I n  ,‘,‘‘‘,tream I s , ,  h ’ s u  1 , ’ , i ’ ’ I l l -Ic - i ’d  w i n d  I s i u s u s , ’ I . ’  (where t i m r b l t l s ’nu s’e I t I  I l , , ’  I , ‘ . ;b sO’s’l l h ’ s i
bu ,u - , i in tl.’ ,‘ us , ’ n ’ ’ s 1, - h I  ( I i  s :p u ’ i ‘ I t  ml I ’ , ’ i ; I u - u u n; ,‘i’Iflnlu,’,lmsUr,’it ,‘ I,, t hus ’ Imout,dimr’,’ I , I v , ’t scales) mum ’,’ l’s’ ,‘,‘i u, iml I , ’I s l ’ ,h

I ’ ’,’ I n n  ‘ - u s ,  I n low—fres~imency I - un - n  i’ - s . , ’ .d i’ ,h e , ’ u ’  l,’r ,uI S’,,’ u u l  this ’ bsmttndary layer , with s’smnmsequm s’nit i n n  e ’n u , l ,m n

- ‘— - -—- -~~~~~~~~~ -~~~~~~~‘-‘ .-~~~-‘- -~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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i l l

t su u i d a r y - l a y s u r th ickening and appcarar,ct ’  of T-S o s ci l l a t i o n s  in form oh wave packets  . A wave 1i ,u u k s ’t  of
7 to ‘1 T—S waves corresponds approximately to a length of Si, to 7.’ hounmdary Ic-yen i’s. P. Klebanoff SlId
A~ F av i s ’ have observed such, ir regular  low-frequency t h i c k e n m n u , g  of bounudary lays ’n ‘u .  (Thue se can g i v e  a
f a l s e l y  high S i ’ J r u a l  on a hot wire which is held fixed relative to thu s’ s h i f t i n g  n e a r -B l a siu s  velocity
p r o f i l e s .  This ; s u c c u r u s  u ’ven m where  the boundary l ayer  is s t a b l e - - i . e . ,  upstream of t h u s ’  genes i s  of tbne T-S
wave’ lu a c ke t s , )

7e Isolated_Three-Dimensionial Rou~~unuc-ss

tIm connection with his l’36l analysis of extensive 3D slat., Tauu i 1”~ descr ibed the  “qu ick  movement ” of
t r a n s i t i o n  toward the  roughnmess  e lement  as the free stream speed iuus’reased in a narrow range . He added
that this, “seems be-u d i ’ : ti n g u i s h  the e f f e c t  c-f three dimetlsional roughness from that of two—dimensional
roughness ” . The reasons Is-I this difference have now l

f~~~
nu fairly wej~~5

u~~~~rstood as a
1~~~

sult o~
quen mt hot-wmre arid visualizationl efforts of Tan,i Ct al , Mochizuki , G.M . Hail Norman, , imnd
sf u ’x t u ’ u s ’ ,ive  unupubl ish ied  exp l o r a t i o n s  at  l I T .

The key is tb ,s ’ n a t u r e  of t h e  m o d i f i e r  a t  the  Reynolds  n umbers of i n , t e r e s t n  due to f l u e  s ide f low
thin mean, ss ’t ’Sr at i su lu  l e n u g t h  is s-u h ,o r t , 3k to 8k , depending p r i m a r i l y  on this ’ h e i g h t  to w i d t h  r a t i o  f u u r  the
s q u a t  t -r i ~ tuber ances ususs h , This modified vorticity nevertheless represents a powerful amplifier , a fact
which was not given its 1’r ~s~’s’r w e i g h t u n t i l  f u l l y  revealed by smoke visualization. The frequenlcies wllich
i n , ’  a m p l i f i e d  b,ere are t h u s  s i m i l a r  to the hi ghs frequencies amplified very nuear the obstacle in the K—T
2D s ’x p er i m e s i t ; .  The K — T  h i g h  f i s ’s lu ~ ’m c i e S  were  damped f a r t h e r  downstream , e spec ia l ly  in the r e a t t a c-h u e d
l aye r s  and d id  not c-i’u , s tr i b u t e  to thin.’ movemen it  of transition except when transition occurred near thle
e l e m e n t ,

The ‘:ec -sstssh crucial dm .;tln ,quishinq feature of the 3D separated tblin shear layer is its narrowness.
s l t -u c e  the  I - u i I s u s t i c -  in i s ta l s i l i t y  of t h i s  su lea r  layer  connusences i t  leads r a p i d ly  to nonl in :ear  ro l led  up v or t e x
~~~~~~~~~ w b , i c h  .mrs’ l i t  t , ’ih u j ’  toward tb :e s’slgs’ of tbu , ’  boundary l ayer  as they march  downst ream . ~~~~~ f l u c t uat i o ns
levels ,u f  4 to 5% of freestream U were measured in many configurations at LIT w i t h o u t  caus ing  the  qu i s ’k
movemen t of tn - m i s c - i t  ion toward thI s ’  lurotuberan u ce described by Tat:i ! In a sense ti,e reattached boundary l a y e r
was not receptive to thlese extran:eous vortical entities even though they gave rise to much more j n t u ’n ; . u , ’
I’ l :, c t u a t ion s  than i  ( h i , ’ critical 0.0 11,1 f luctua t i c- I l ’s  of i(lebanoff and Tidstrom .

7f  The Mechanisms of Breakdown -- 3D

s5 ,sc-e th e u fluctuation exceeded an apparent threshold of 1 .041,1 to 51 ,05 1,1 because is1 increased U ,
increased k , or increased freestream disturbances (particularly acoustic ones), a slow growth s-I low

frequen cy fluc tuations inn the inner third of the boundary layer ensued . It would lead ol tihs1~u ls - iy to forma-
tion of intermi ttent turbulent spots at distances comparable to those in Tuni s data collection . Wh ere

did those low frequencies come from? Did they b~ ar any conceptua l relationishii- to this ’ three—dimensional
T-S wave packets described by Caster and s5ra,st~~ for their localized tb:rus,’-dimenmsional excita tions ,’

In l’)l-S this writer conjectured
7 

that because of their fo rmat ion  these r a t~~~r in i t ense  di  ‘su s i rbanc esu
bs, u,I mors. favorable phase r e l a t i onsh ips  than  Elder ’s spark—generated inutensities 1 ansi could t b s u - r e fore
, u - , ’tivate the j~.

’
~ v

’ vorticity production in the equation for the vortici ty ? (si s-cti,un 2s-) at lower u~~~s,
levels. Turbulent spots could then be generated directly without anly additional secondary linear ilista-
bility at urms levels below those of (0.18 ± 0.25)U cited by Elder. Norman ’s thesis 10 (see sectis -li (‘a)
suu~ges Is stru nigl y that the low frequencies menitioned above may well be T—S connected . Normuni used simiml-

taneous soc-rid excita tion at two d i s t in c t  f requencies  designed so that  the  d i f f e r e n c e  si gn ia l  
~~~~~ 

(w h ich
is invariably generated in the nonlinear instabili ty region of t i l e  los-~ml l y separated shear layer; s ;u ’s’ ,i lso
Miksad2 I ) would f a l l  in t I l l ’  excitable T—S r.inigc. Norman m Ic-c-rid that thu s- subsequent growths  of t l u s ’ Is- f 1
f l u c t u at i o n s  was also T—S like. The phenomenon existed is ; well wh en there was a s i n g l e  purs’ s’ x c - i I ’ m t i o r i
f r e q u e n c y  and a n e a r l y  random a c o u s t i c  f i e l d  caused by the bearings in c-ni alucienu t fan motor . Wh,et’ su ’u ’ tIl l ,;

pecu l i a r  secondary non l inea r  e x c i t a t i o n  can be and i’s gene ra l l y  r e sp ons i l - l e  for the q en m era t  ions i -n  Si” amplm-
tied low frequencies near the wall when only the natural frequency of the separated shear layer down-
stream of the protuberance and nonacoustic freestream torbulen :ce are presenlt, is a malts-i’ s - f  coni 1, ’c - I  se t s -  , m h
this stage. One sees no a p r i o r i  reasons why thus’ effect could not be raths’n gu’u s s ’ r. ii ,

7g Con t ras t  between .iD and 3D Mechan isnnn s

To recapitulate the contrast: when a 2D mod i fier amplifies this ’  “ r s- c- ,’ i vn.’,l” , j ic-  I u i l m ,mnices I ’u ’v -u - lliI  u 1 , 11’ .
t i c - i s , ’ ,  ,t iOli  in ; una vo i sb , .mb le  w i t h i n  a ssb l , s r t  , I i s t , m u : c - u ’  , For a hO modif 1,-i’ the c-mI-I ( ( ( , - ,l ,Ins ;tu i ’hs ,mnu s ’s’s-u
trimly nolil ills-ar levels of 0, s s 4 ~ 5 or hjsnb :e’r w i t h o u t  5sf loenic (n i l  t he  tn ’,iu: s ;  i t ie--lu loc-,mt is-ni I” ic - t 1 , ’ .u I ly , I ‘, ‘c , i s ,s ; , ’
(1) 1 s, vortex loop lift—up limits t I l e  t’ s’sn ion of i n u t u s ~~as- t i c - n ,  w i t b u  t he’ I i S l i h ’l S1’Ih 5 i t , i ’,’u ’ l iven’ s’f t Im, ’
rs’c-ttached twiundary I.iyer physically I s  s i l l s - i t  dl.uh. m luces , and (2) the sshert ss’l’arat,’,I r s ’m n i o n  ssu ’l s ’c -t  i v ,’!’,’
ampl  u I ies only a h ’ .muu ,h s - f  h i g h e r  fr s ’siue l sc  ,, ‘s; wh ich m m ’ s’ im n : I u a l c - I  u I - I s ’  I s ’  thus ’ rs’,m I I,i i’b uu ’d 1,m’,’ u ’l’ dim ’ s’s’t 1’,’ . Th is

r e v i o u m s - u l y  undocumc,:ted nonl  iniear  I ty shs’s ’s s  no t cause a ronuaway tow,.rd I, r , ii , ,s ( l i o n s  . m s u  i t :  t I l e  21’ c - ,m s,’,; s-f
K l e h m i m s i o f f  and T m , I n -; t rom . Hs,ws ’ver it b r i n u g s  ,iis, ’u , t  a probab ly  r , m t b u u ”r in n s ’ f  1 ic - l u -n t  t r a t u s l  er , - I  s’l ss’t’sIv to
lower frs ’qu .n ~c ups, , in I’ ,i r t i c ui ar  by “ i:on l in iear  d i f f t ’m ’ u’lic - iniq ” 2’5 tss’tween wbu ,i t ,-v , ’r f re i lu l ’is s ’ i l ’ s-u , m r , ’ ( ‘ I  s’m ’, ’ls t  i n
I he dm1-I if 1’S fuanid . In I I , , -  Norman ,‘x I - u ” r imenut  107 , s I  t w o  c le a n ,  slominan:t  f r ,- i u s’ns ’ m i ’s Ib i s ’ ‘I i  I f 5 ’ r u ’ s - c’ I n c  —

-Itmeni cy could I’’ c1 ’an’ly I , I , ’ f l t i f , e d  ,us g r o w i n g  sl,us’hs ’ hilt eX I’ uu iul ’tst i,illy i n  th i n .’ r s ’, u I  l . l , ’b i s ’,l n I O l u — 2 h i  I - s - u , u s s h , i I  V
lay er in a T—S 1 ike m , i I l I l s ’r . Tr ,n  lusS i t ion bs’hav i s- i  I ndsls ’,’,h f lu  rough t h i s ’  i Id i 1,-c I me- i ’Iu , i lu I Stl detm s’tmd s s ,‘nm, m it is’s-I’,’

- n s  the enha ncems’s ‘I of recel’ t I V i I i  i’s; by t I:~- rouqhn es  ms c-ni l by th is ’  l ’ , , i t  1,50 1 ,~ r mi x s - I  f r  e~p me,us ’ 1 u ’ ;  .m us ! .umi - 1 ,
t~ , ,I ’’ ’u t h u a t  are .,v,u ilal-l , ’ anal -- i’ s-s’ ,

For h i g h e r  Rey nolds nu un nn b, - r s u  , i u s i h  l , i r m l , ’r , l i s t u i t  I - ,,t is ’en s I I, , ’ I-r od ’ s’. ’ m a’,’ ,‘n m,i~ not h i - i s ’ s  t I l e  b I l l  , ‘t s’Iu s ’s’ —
, ‘xc- t t u il T—S -.m thi . I-or lows’ r Rey ru se h is s n :uln,l,n. ’r S - ‘I’ m I l l  n N s ’musi l,m , K,’m,i t ,siI m u d  I t i ssh i I I 1 

~1s’mm ’ n u  5 , 1 ,  i l  , ‘si - ‘u -n u,’ I l ls ’ i l u ’ I  I V
how in m l  ‘ e m ’u us -e of t I l e  Norm an  l’si t ,h t I le  d ir e - c t , T— S b ’ ,i t hi is ,~ s , I s . u , u ,  s i b  I’’,’ t h i s ’  ~ t ,‘, , I ~ I s - c - I s  ~-f Ibi s ’ 115 1 - ‘u , u b s —
I 5 m ’ S i S .  t ’vu ’I ,  f u r  ‘hsa wni s ;I ream , t h u  ice — u h i m , — n s i on ia l  il ’s’ ‘I th I s ’  ‘I ‘ ‘I ,m I , , ’ t  I l l ’ , ’  I t  1 1 195 5 ,i I ’ , ’ , s I  ‘ ‘ I I  - ‘ ‘ ‘ - 115 ’ b c ’ , , !  i;’ ,’,l
e f I ’ I n c t  ‘ in Ibm u’ ’ p,in lwise r,’,I i s s t r i  ‘ s u b  ion - ‘I I b : ’  thl , ’kIl,’’ss’ s ’  I I u ,  m ’ , s s : , ’u u t 1.1 1 !y I’ h , m , : l  S m ’ - h.su ’u n i d , u n  v I i y ~ - n’ . I n u  l ’ s , ’
exaIuq ’I u ’  ‘ . 1  s i b  i , ’,h i ll  , t , ’ l , u  i i  by T ,i lu i ‘1 c - I ,  I I : , ’ m l i s i u ) , m , ’ e , u u e n l t — I  sI c - Is~~,’;., 1i ’yfiol ,hs: lihumi’’ ’, l(,’~~’ v,mt’ m ’ - h I n ’ sml rn ‘71111
to  ‘ 120 in a - s i - i m i l u i s s ’  di : t , , u u c - e  ,,f ,tbout two l ’ - s , u u s , l , m i v —  I i ’s - -n’  tbi i c’ktm es~~cmi . l 5 s i u n l g  a 5’ 1 n c - t  m o  r i ImlS ’I l  fuo ’ ni

-~~~~~~ -— “- ‘ ~~~~~~~ - - . - . - - - -~~~~~ -~~~~~~~~~~ -~~~~~~~~~~~ - . - - -. 
_ _
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‘ , ‘ l , t  n - I  l s ’ st s’n ~, ’ m t s ’i , t hus ’’,’ ‘ ;b s , ’wn ,’,h t h : , u t  t h l i s  I I ,  - 5111, 1 , - u  1,55 .  m l  I t y  iS i m I i c - r t a n s t  l ’s  ‘, 1 ’ , u u s w i ’ , , ’  t I , u u s ’ , h , ’ n and
( - ‘ ‘ u l  , u .  , ‘ u m u , u s u l , u I  i - u ,  s’t s h t s t u r t u ,uu Iu, ’s’ l ’ I i ’ l I ’s ’ l l i  ~~ ‘ l , i , l , l  i I s ~ ’ ,il ‘ S I ,  i ’ l l ’ s- I I I s , ’ ‘ I — S  , l n , u w l I , .  i ’ ’ s ’ , ’. I s , l ’ I u I  1’,’ I s ’ , ’ ,u I

i _ n  , ‘,u kd5 ’wnu i u , t s ’ t u , ’  I t 1 , 5 - u i  5’ I s’,u s ’ b s , ’,h c c - !  i is ’r  ,ut  I b us ’ s’ , h I ’ ’  ‘1 ‘ - 1  , ‘ u I ’s w , u k , ’’ - , ‘ I  ‘‘s’ , u ,  V s - I  1 ‘-u m a l 1 ~ n - I  1 1 , 1  , u u s . , ’ ’ ,
u n , u u ~ i l l  i I i - - I  I t u  s’ u s s i ,  h i ’ ; I ’ c - n h ’ , s h  I t ’ s  ‘ ‘‘ I - . , ht t u m 5 ’k . ;  us ~h l u , - , u , , s , u t , ’ l ’ m l t  I n , ’;  i l l  ( , ‘ , u ’ h m u  i t ’ ”  I -  u ’ ’ ’ ’ ’ u s m ’ .,’ s u r m i l , u n  b o ’ a l
‘ ‘ I 155w - i - u ’ , i - n  I I i ’ i ’,I i m O t m s  ‘I m, ’, u , I  h ’us i l l , s l a t  ‘,‘ I - u ’ s  ‘ , ‘ t ’ . , u l u u  I I u ,  I I I I - I l  u ’  , ‘ , , I  I I ,  I 1 1 5 u l l  l s , ’I  Ill_ i  I I ~ u - o h - w I , .

I t i u  15, 5 “~ ‘s-l t h u ’ ,  t b u , u t  I s - n  t ime ’  ,‘lb t , ‘ u - b h su ; , ” .s ‘ ‘ - I K l , ’ l ’ , u u s , - I  I , u n u ,h ‘ l i - b - s  I I , n i 5 5  
I’ 

t~ s ,  Ix ,u t us lc - z  y l i’,’’ - n  ~ , u ’ - 1 w’’
,h i s n i , ’ s u . ;  ls -n ,,i I u p s t r s , u m rn  s -h  (I s m ’ s ’ lems ’n u t  ~ 1 1 1 1 1 1 1  thu s ’  ,m , ‘ s ’ i n  u ’ ’, ’ s ’t , un  ‘1 i l  m , ’ , u ’ s , ,  ‘ ‘ u s - - s b  - s c- lu ,  I ‘s’ s- I  s u u ; n l m n  I , ’,u I u l  . ; h - u u u —
w I se  s u m  t at  1 ‘u , ’ ; - ‘I t h i s ’  I I s m , ’ n , m , t t  (sill 5’ , ’ I s u , ’ m  t i’ 5 t m .  w, ’r , ’ ‘h ’ . ; , ’ t s - , ’ - h  , s u ’ , ’ n  I ‘ u ’  I - u n  — I , u s ’ I l  m l  m~ e l  t s’q l , ’ s s  -

Th iims i t  ,s~ ’~’s’~u t’ s tbu , i t even : ,- , m n , ’ I s , l l ’,’ m u s - ; I c - l  l~ -~b 21 ’ i’h - s ’ ’ i ’ u s  ss’ ( s m ; ’ I u  , n , ’ s u , ’ n , u l s ’  ~~~~~~~~ ( c ’ ’ ‘s-s ‘ l u l l ’ s ’  ,,, l~ ’, ’r
c’n s h u , m , s i - u ’ t h l t ’  ‘‘‘ ‘ , h i u u u ~’ u u ’ - m i ’ n u t h i t y  - n  um~- I  I I  I c ’ sh ,h i ’ . l s i u l - . u s u . ’ , ’’  , ‘1’hu~~s ‘ 5 ,  1, ’ , ’— ,  I m n , n , ’ : s ’ ; i , ’ u , , u l m t ’ s’ - u ’ u . u l n l  I u , u . - l  - i , ’ - - b r , , u s s - l t l i ’ I , .

‘hi  (‘, —l- b : I  n , ’ s , , m l I - , I I , ’ ,’ l s .  , , u ; , h 1 1 , 1 , 1 u , ’, , l  15, _ s i n

t r u  b u i s .  l” -’j us, ‘ 5,5 -  -s 5r u , ’s s h  ,- b b s , ’ n s - u m ’ u b u i  i , ’ ’ , , ’ I 1, - c l . ; , I’ , , , , I I c, w, nu, u , - u , l  s -  t hn , -m t I 1c  , u , h , h u  1 m , - u s , u l i n u t l s u , ’ s s  ., - - - ‘ - I
i - n , .’ ’ ’ - -un - n. ‘ - u n  , u , h i , ’ s s l s  . 5u l:i I I n , ’ , ’ t i ’s-am l s I t h ’ i l l ’ ’ , s ,  ‘ ‘ ‘ 0  I I  I r a n i s n t  u — — i s  ( m ist s-u , ’ m : - l ( , 5  , u , h , h  ‘ ,, - , u u . i h  m l , ’ I s . m _ l u ’ ’ l u u _ u l ~~’ I ’s ’
, s , s , b , ’ i - , I , u , ’ , b ,  I t  5 ,,‘,‘ ms; I ’ l , m s s s ’ i h s l s ’ n h u , u t ( I I , ’ u,, n c n  u ”u s ’~ s i ’ i c -  I I c - I ’, , ,  - I , , ‘‘ - ‘ ‘ s , l ’ ’ .l i n  I b m i s ;  , ‘! , , m } ’ I , ’ n  , ‘ , ‘l i , ’ , ’ t I , I I I ’ l  I bis’
n , ’cl ’ I ’ n i v m l ’ ,’ ,u ,us l  , u f l t ’ l l f l , ’, u t i i ’ l i  c ( s , m n , u c t , ’ r i ’ , u  i c - s n  I I , , - I s - - m I m w t I n  m s ’ n ’ . - ,uuus l l i t  i - n - - , ‘ . m i ,  ‘- , ‘t s ’ , ’ u s ’ a ‘ ‘ I t  u u , ’ s I ’ - - , m n ’ h

1’’’ ’ i _ I ns un  ‘ 1  , I , ’I uu , mh 1, ’ s’xp ’ ’r  lm, ’ t m h  s, , s I , l s ’hu ,;h,sssi(,h ,m ih ’ ,’ ,m l i s ’~ ’ t h I n . ;  s , u u , b , ’ n  ‘ 1  . , 5 i ’ l I , , , I  ‘ . ; i h ’ s I , m , s I  i_u !!’,’, h i m  I i , , ’  1 I g h u t  ‘‘I
I S s , - u I ’s I 111,111195 , u,s i ’ s~~i, h ,’ ,l s - I  (u - c l  m o s s  ci . h , u t , u  ,un ui l  ‘ ‘ - ‘ I l  s - I S  I s- u ’ s ;  w m  t h i s ’u m t  t , - ‘ i m t h I , ‘ n l i i - ’ s I n ’ s I n  u I  s s . m l  , c s s

I i , , ’ i’ls’ ’us snintl ’i s , t  a n , ’  m I l l  i k ’ ’ ly  I , ’  Is, ’ s - h  nnu tc-Iu , ,‘.,~~, S  m n m i l ~m n ’ l y  , - ,sns I ’ i i I ’t  -n u ’, h l ’ I I - u s  t l ’;’bs n I , - l u m ~ ’ ,. ‘ sun  l u l l  11151 I i ’
l s . , ’ l s s , h , ’ , . , s ’ u t s , , , - - u - l b - I -  w, ’ s i l , l u ,u s’ , ’ I , ’ bu s s u i t , ’ I 5 ; , m t i  , , “ ‘ - ui s s u ,’ l I l l u ’ - ’ t I ’ ’ l s  ‘I  “ , ‘. i u , I \ ’ m ( ~ u I ” d u n  u , n l ’ .u s , . ’ , ’ I u , h , ’s s—

- I ’ m ’ n ’

1, - i ’ : , ;  ( u i l i ~~ - .~ ’ ’ ,ut i s . , ’ ’ , s u l ’ l , - s - u ’ , u i l u l  ,‘ s u ( ’ ~’ ,’i b ’ u  tb:, ’ I s u u , ’ ’ - , h i u s , ,  s u -  1 , 5 , 1 1  u , ’,,, n l i s s , ’’ - - Is , ,uv I ‘ n ! s , m b  ‘ - I-c
‘ h a t  . m . ’ u u ’ n  n ,‘,‘ih w e l l  ,‘su, ’s ’ - i i ,  l’s’ t h i s ’ s ’ I l S I  Ic  c - n  I I  m , ’,i l I,, ’\’’ , s - , ’ ( - l - - s u s i u i h ’ c t  h (u ’~~, - I I  wh I c h  1 1 , 1 5 , - I t  i u 1 ,  Iiu , ’n.’ u 5 1, ’ I sc

u i  i~’ . m ’,,c , ‘I t h e  s’I,’i~ni’n: t , ‘-~~‘,‘ F l - n , 12 ‘I ‘r ,un, I ~~‘, I” - ’, I ‘ ‘s s ’ u l s  s;, ’” ,  - I  k s s , ’ws,  1- 1- 15 ,1  1, 0155 ’ ‘ . 115 1 5 5 , 5 , , ’ 51 - , ’c l
I t s , ’ u,i ~ n w  u s ’ s , ’ l’ ,- ’,u ,u s ’,, ’, h , ’’ , n i l - , ’, h s u n , ’  , , ‘ lu , c, ’ u u l , ’ rss~ s -us ( h u e  c- I s t l s ’,u l c - s - nudu l ,,~ s s .  At h : ’ , I , , es ; 1s , ’c ia l l ’, ’
e-5 I ’ I - .~ ’l ; 1 . ’ ’ I ’ s’ ’ ~h , I t , , ’ s h i l l  m , ’ s u l t  i ’ ’. I t ~ c- I . u , u u n s m n l s l  m m d  “‘ - ‘ ‘I ’  I ’ ’ s s s l - - u s . s , m I  i s- I l  , m I u ’ l ik s ’l’,’ 5’ k, ’~ ’~ . m s u ’ s ’ m , , h c l  I ’ S

‘ ‘ I ’ ’ ’ - ‘ tm l , u t  i” ’  m t .~b 5 ’u , m. ’ t ’s- ~ ‘h u _ m l l ’ s ’  ,-m~’, r u , ’ , !,

‘7 i ThI s’ I’~ ‘h I ‘ 15: -u , ’ I I n  I I I - u , I  , ‘i h h- ’ i , , I I t  5 , , ’ ’ , - ,

,‘ t u s ~ ‘‘ s I l l 1 i l ’siI~ ’u 1 n ‘ u i — u S  t i e - u s - u ’’ t , - n ,‘~~s ; ( u ’ 55, 1 u I ! ’ ,  I — ‘ , m ,‘ — l  lc,’I i~~’ i s  , ‘ l hI’ I ’~ 
s ’ i  sI n _ u  I s , ’ ’ -  , i,’ i t l u ss’m, ’

i ’ ,I  i , ’ ,m I  h i - - I n  I l - s i t  i c-S . , ‘I  5 , - f l u  ‘ - 1, . uu s 5  h I  ~‘l sm! ’~~n m u ; ’ , ’ ih s ’ I l , ’ l b  ‘s’ ~~~, Ill I bu , ’ x ,,‘ ‘ s u n  I m c , ’ , ‘sl u t , , ’  , s ’ss’, m r ’ c- bts’r ’s
1 , 1 1  s n . ’ , ’ 5 5 , 1 1  1 h i ~ ’ l , u t , , , ’ s; t s’l,’ms ’ t u u ’ - w , I l ‘i- ’,’,’I s s  t h u s ’ ‘ 5 5 , - , ’, ‘‘1 t I , u s u - u u i o r u  111 ,1 I ’ , m l i l ’ n n m  ‘u i , n l t l l . u n  I , - t hi.m I ,h , ’’ . —

I , h ’ , ’,h u , ’ n , ’ I t  s i :u ’n  l u  lU  1, - s i - I S  t i , ’ ’ ’ . , ‘!‘hu l s ;  s’,’ ,’lt:’ ’ I I _ u s I ’ u I h ’ I , ’ i l m  V l , ’i,’ i ’ I N’ ’ l i u s , m n n ’ ,’ 1 1 5 1 5 1 1 , ’ 5 t b ~~’ I s l , n h l  I n s ’—

~tU,
’t ’’

~
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TABLE I

QIJANT I TATIVE TRANSITION PREDICTION -- NATURE OF THE PROBLEM

A SENSITIVE MULTIPLE RUNAWAY PHENOMENA WITH COMPETING MO DES

B MU LTIPLY-VARIABLE INPUTS WHICH OF NECESSITY WILL REMAIN UNKNOWN ,
YET THEIR EFFECT , VASTLY AMPLIFIED , DR I VES THE SYSTE M FUNDING OFFIC ERS

C NON-UNDER ST(Xfl) RECEPTIVITIES

0 TOO MANY PARAMETERS WHICH INTE RACT IN MOSTLY UNKNOWN WAYS ,
INTE RACTING MOSTLY NONLINEARLY

RESEARCHERS
E MEAN VORT I CITY PROFILES , INADEQUATELY CALCULABLE , ESP ECIALLY , Analysts

I N PRACT I CAL 3D CASES , YET AMPLIFICATION -CONT RO LLING Experi menters

F UNKNOWN CRITERIA FOR TURB ULENCE ONSET AND SELF-REGENERATION

I I
IRESID~ 01’ UNCERTAINTY IN TRANSITION ] TESTERS

Background for  theoretical and exper- ‘ CORRE LATORS
itnental research , for computer pro-
diction , for testing, for design , PREDICTO RS

for research funding

W NECESSITY OF EXTRAPOLATION OF INFORMATION FROM LIMITED
EXPER IME NTS IN LIMITED GROUND FACILITI ES

K NUMBER OF SUFFICIENTLY CONTROLLED EXPERIMENTS FORMING TOO
SMALL A SET OF SAMP LES FOR ANY SCIENTIFIC PROBAB ILITY
STATEMENTS

DESIGNERS
Y NEED FOR THEORETICAL (LINEAR) AND CONCEPTUAL (INCLUDING

NONLINEAR EFFECTS ) F RAMEWORK ‘ID GUIDE JUDGMENTS OF
NON-STATISTICAL PROBABILITIES

Z DESIGN ASSESSMENTS OF RISKS OF SUCH PROBABI LITIES
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