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6. Abstract 

shock waves and  turbulent  boundary  layers  representative  of  those  occurring on the  cowl  surfaces  of 
axially  symmetric  inlets  with  supersonic  internal  compression.  The  analytical  method  considers  the 
effects of boundary-layer  removal  from  the  region  of  shock  wave-boundary  layer  interaction. 
Provision was made in the  experimental  apparatus for suction  through  normal  perforations  located  up- 
stream  of or within the  regions  of  interaction. 

In the  development  of  the  anrlytical model, a  control  volume was defined  about  the  region  of 
interaction,  the  velocity  profiles  upstream  and  downstream  of  the  interaction  region  were  assumed  to 
be  power laws, and  the  integral  continuity  and  momentum  equations were written for the  control  volume 
For a  given  suction  configuration,  specification  of  a  suction  flow  rate  permitted  solution for the 
boundary-layer  thickness  and  power-law  velocity-profile  parameter  downstream of  the  interaction 
region.  Analytical  results  are  presented  in  the  form  of  boundary-layer  thickness  ratios  across the 
interaction  region and power-law  parameters  downstream  of  the  interaction  region. 

Experimental  data  were  obtained for adiabatic wall conditions  at  free-stream Mach umbers  of  2.82 
and 3.78, at a  Reynolds  number  based on the upetream boundary-layer  thickness  of 6x10 . Flowfield 
and  boundary-layer  properties  obtained  upstream of, within, and  downstream  of  the  interaction  regions 
are  presented  for  a  number  of  shock-wave  strengths  and  suction flow rates. The effects  of Mach 
number,  shock-wave strength, and  suction  flow  rate on the  occurrence  of  shock-induced  boundary-layer 
separation were also  investigated.  The  results  and  trends  predicted by the  analytical  solutions are 
compared  to  the  experimental  data for solid-  and  perforated-wall  cases. The limits  of  application 
of  the flow models for internal  flowfield  analysis  are  delineated. 

An analytical  and  experimental  investigation  has  been  conducted  to  study  interactions  of  conical 
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INFLUENCE OF SUCTION OK 
SHOCK WAVE-TURBULENT BOUNDARY LAYER INTERACTIONS 
FOR TWO-DIMENSIONAL AND AXIALLY SYMMETRIC FLOWS* 

By William R. Seebaugh  and  Morris E. Chi lds  
Department  of  Mechanical  Engineering 

Un ive r s i ty   o f  Washington 

SUMMARY 

An a n a l y t i c a l  and  experimental   invest igat ion  has   been  conducted  to   s tudy 
in t e rac t ions   o f   con ica l   shock  waves and tu rbu len t   boundary   l aye r s   r ep resen ta -  
t i ve   o f   t hose   occu r r ing  on t h e  cowl s u r f a c e s   o f   a x i a l l y  symmetric i n l e t s   w i t h  
supersonic   internal   compressi .on.  The a n a l y t i c a l  method c o n s i d e r s   t h e   e f f e c t s  
of  boundary-layer  removal  from  the  region  of  shock  wave-boundary  layer  inter- 
ac t ion .   Provis ion  was made in   t he   expe r imen ta l   appa ra tus   fo r   suc t ion   t h rough  
normal   per fora t ions   loca ted   ups t ream  of   o r   wi th in   the   reg ions   o f   in te rac t ion .  

I n  t h e  development  of  the  analytical   model,  a c o n t r o l  volume was def ined  
about t h e  r eg ion   o f   i n t e rac t ion ,   t he   ve loc i ty   p ro f i l e s   ups t r eam and  downstream 
of   the  interact ion  region  were assumed t o   b e  power l a w s ,  a n d   t h e   i n t e g r a l  con- 
t i n u i t y  and momentum equat ions  were w r i t t e n   f o r   t h e   c o n t r o l  volume.  For a 
g i v e n   s u c t i o n   c o n f i g u r a t i o n ,   s p e c i f i c a t i o n   o f  a suc t ion   f l ow  r a t e   pe rmi t t ed  
so lu t ion   fo r   t he   boundary - l aye r   t h i ckness  and  power-law v e l o c i t y - p r o f i l e  paran- 
e ter  downstream of t h e   i n t e r a c t i o n   r e g i o n .   A n a l y t i c a l   r e s u l t s   a r e   p r e s e n t e d  
i n   t h e  form o f   boundary - l aye r   t h i ckness   r a t io s   ac ross   t he   i n t e rac t ion   r eg ion  
and power-law parameters   downstream  of   the  interact ion  region  for  a range  of 
upstream Mach numbers ,   upstream  prof i le   parameters ,   suct ion  f low rates,  and 
inc ident   shock   s t rengths .  

Experimental   data were o b t a i n e d   f o r   a d i a b a t i c  w a l l  cond i t ions  a t  f r e e -  
stream Mach numbers  of  2.82  and  3.78, a t  a Reynolds number based  on  the up- 
stream boundary-layer   thickness   of  6 x l o 4 .  Flowf i e l d  and  boundary-layer p r o p  
er t ies  obtained  upstream  of ,   wi thin,   and downstream o f   t he   i n t e rac t ion   r eg ions  
are p resen ted   fo r  a number of shock-wave s t rengths   and   suc t ion   f low rates. T h e  
e f f e c t s   o f  Mach number,  shock-wave s t rength ,   and   suc t ion   f low rate  on  the 
occurrence  of  shock-induced  boundary-layer  separation were a l s o   i n v e s t i g a t e d .  

The r e s u l t s  and t r ends   p red ic t ed  by t h e   a n a l y t i c a l   s o l u t i o n s  are compared 
t o   t h e   e x p e r i m e n t a l   d a t a   f o r   s o l i d -  and perforated-wall   cases .  The limits of 
a p p l i c a t i o n   o f   t h e   f l o w   m o d e l s   f o r   i n t e r n a l   f l o w f i e l d   a n a l y s i s   a r e   d e l i n e a t e d .  



INTRODUCTION 

When a shock wave impinges  upon a t u r b u l e n t   b o u n d a r y   l a y e r ,   t h e   r e s u l t i n g  
shock wave-boundary l a y e r   i n t e r a c t i o n  may have a l a r g e   i n f l u e n c e   o n   t h e   f l o w  
in  the  neighborhood  and  downstream  of   the  interact ion  region.   Shock wave- 
boundary   l aye r   i n t e rac t ions  may cause   d i s tu rbances  of s u f f i c i e n t   m a g n i t u d e   t o  
adverse ly   a f fec t   the   per formance   of   aerodynamic   devices   such  as  a i r  i n l e t s   f o r  
s u p e r s o n i c   a i r c r a f t .   S u i t a b l e   m e t h o d s   o f   e s t i m a t i n g   f l o w   c h a r a c t e r i s t i c s   i n  
t he   p re sence   o f   such   d i s tu rbances   mus t   be   ava i l ab le   t o   eng inee r s   r e spons ib l e  
f o r   t h e   d e s i g n  of aerodynamic  configurations  on  which  shock wave-boundary 
l a y e r   i n t e r a c t i o n s   o c c u r .  

One objec t ive   o f   an   aerodynamic   ana lys i s   o f  a s u p e r s o n i c   i n l e t  is t h e  
p r e d i c t i o n   o f   t h e   v e l o c i t y   a n d   p r e s s u r e   d i s t r i b u t i o n s   o f   t h e  a i r  e n t e r i n g   t h e  
tu rbo je t   compresso r   o r  ramjet combustion  chamber.  These d i s t r i b u t i o n s  are 
s t rongly   a f fec ted   by   the   boundary- layer   deve lopment ,   which   in   tu rn  is i n f l u -  
enced  by  shock  wave-boundary l a y e r   i n t e r a c t i o n s   o c c u r r i n g   u p s t r e a m .  A ske tch  
of a mixed   compress ion   supe r son ic   i n l e t   des igned   fo r   ax i a l ly  symmetric f low is  
shown i n   f i g u r e  1. Shock waves impinge upon t h e  cowl  and  centerbody  surfaces 
a t  several l o c a t i o n s   w i t h i n   t h e   i n l e t .  Each shock  wave-boundary l a y e r   i n t e r -  
a c t i o n   r e s u l t s   i n   c h a n g e s   i n   t h e   t h i c k n e s s   o f   t h e   b o u n d a r y   l a y e r   a n d   i n   t h e  
shape of t h e   v e l o c i t y   p r o f i l e .  The boundary  layer  downstream  of  an  inter-  
a c t i o n   r e g i o n  may b e  more s u s c e p t i b l e   t o   s e p a r a t i o n  when s u b j e c t e d   t o   f u r t h e r  
adve r se   p re s su re   g rad ien t s ,   and  may th i cken   r ap id ly .  If t h e   s t r e n g t h   o f   a n  
inc ident   shock  is  s u f f i c i e n t l y   h i g h ,   t h e   b o u n d a r y   l a y e r  w i l l  s e p a r a t e  from t h e  
su r face   nea r   t he   shock  impingement p o i n t .   I f   n o t   c o n t r o l l e d ,   t h e s e   e f f e c t s  may 
r e s u l t   i n   l o w e r   t o t a l   p r e s s u r e   r e c o v e r y   a n d   i n c r e a s e d   f l o w   d i s t o r t i o n .  

Cer ta in   aspec ts   o f   shock   wave- turbulen t   boundary   l ayer   in te rac t ions   have  
been   s tud ied   r a the r   ex t ens ive ly   fo r   two-d imens iona l   f l ow  wi th   so l id  walls. 
Exper imenta l   inves t iga t ions ,   such  as tha t   conducted  by Bogdonoff  and h i s  co- 
workers a t  P r ince ton   Un ive r s i ty   ( r e f .   1 )   have   de f ined   t he   bas i c   cha rac t e r i s -  
t i cs  of   the   p roblem,   inc luding   the   e f fec ts   o f   the   s t rength   o f   the   inc ident  
shock  wave,   for  a Mach number  of 3.0. The p res su re  rise r e q u i r e d   f o r   i n c i p i -  
en t   s epa ra t ion   o f  a turbulent   boundary  layer  was i n v e s t i g a t e d  by Kuehn ( r e f .  2 )  
f o r  Mach numbers  between 2.6 and 3 .9  over  a range  of  Reynolds  numbers. The 
e f f e c t s   o f  shock-wave  impingement  on t h e   p r o p e r t i e s   o f   t h e  downstream  boundary 
l a y e r  a t  Mach numbers  between  2.0  and 4 . 2  were i n v e s t i g a t e d  by  Pinckney ( r e f .  
3). I n t e g r a l   a n a l y t i c a l   s o l u t i o n s   f o r   t h e  downstream  boundary-layer  proper- 
t ies  were proposed  by  Reshotko  and  Tucker  (ref. 4 ) .  Benson  and  Maslowe ( r e f .  
5 ) ,  and  Kutschenreuter e t  a l .   ( r e f .  6 ) .  
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In   p rev ious   ana ly t i ca l   i nves t iga t ions   o f   boundary - l aye r   deve lopmen t   i n  
a x i a l l y  symmetric h y p e r s o n i c   i n l e t s   ( r e f .  5 ,  for   example) ,  i t  has  been assumed 
t h a t   t h e   r a t i o  of boundary- layer   th ickness   to   duc t   rad ius  is small and two- 
dimensional   f low  procedures   have  been  used  for  a l l  shock  wave-boundary l a y e r  
i n t e r a c t i o n   c a l c u l a t i o n s .   R e s u l t s   o f   h y p e r s o n i c   i n l e t  model tests a t  f r e e -  
stream Mach numbers  above  about 5 ( r e f .  7 ) ,  however,  have shown that   boundary 
l a y e r s   i n   t h e   t h r o a t   r e g i o n s   o f   i n l e t s   w i t h   s u p e r s o n i c   i n t e r n a l   c o m p r e s s i o n  
can  extend  completely  across   the  duct .   Relat ively  thick  boundary  layers   can 
a l s o   b e   e x p e c t e d   i n  small i n l e t  test models when the  f reestream  Reynolds  num- 
b e r s  are much l o w e r   t h a n   t h o s e   f o r   t h e   f u l l - s c a l e   f l i g h t   c o n d i t i o n s ,  compound- 
i n g   t h e   d i f f i c u l t y   o f   e x t r a p o l a t i o n   o f   t e s t - m o d e l   d a t a .  Shock  wave-boundary 
l a y e r   i n t e r a c t i o n s   i n  ax ia l ly  symmetric duct   f lows  with  boundary-layer   thick-  
nes ses  on the   o rde r   o f  5 t o  30 percent   of   the   duct   radius   have  not   been con- 
s i d e r e d   i n   d e t a i l   i n   p r e v i o u s   i n v e s t i g a t i o n s .  

Boundary-layer   control   has   been  found  to   be a v e r y   e f f e c t i v e  means of 
o b t a i n i n g   h i g h e r   t o t a l  p r e s s u r e  r ecove ry   and   l ower   f l ow  d i s to r t ion   fo r  supe r -  
s o n i c   i n l e t   a p p l i c a t i o n s .  Removal of a por t ion   o f   the   boundary   l ayer   th rough 
porous walls*, pe r fo ra t ions*  and s l o t s ,   o r   s c o o p s   i n c r e a s e s   t h e   p r e s s u r e  rise 
tha t   the   boundary   l ayer   can   wi ths tand   wi thout   separa t ing ,   reduces   the   th ick-  
nes s   o f   t he   l aye r ,   and   changes   t he   shape   o f   t he   ve loc i ty   p ro f i l e .  

The in f luence   o f   suc t ion  on  shock  wave-boundary layer  i n t e r a c t i o n s  was 
inves t iga ted   exper imenta l ly  by S t r i k e  and  Rippey ( r e f .  8), Kutschenreu te r   e t  
a l .   ( r e f .  91, and  Wainwright  (ref.  10)  using  two-dimensional test models  with 
va r ious   pe r fo ra t ed -p la t e   suc t ion   su r f aces .  The r e s u l t s  of t hese   s tud ie s   i n -  
d i ca t ed   t ha t   s epa ra t ion   cou ld  be  eliminated by removing a s u f f i c i e n t   p o r t i o n  
of   the  boundary-layer   f low;  however ,   for   references 8 and 9 t he   pe r fo ra t ed  
p l a t e s   t h a t   w e r e   u s e d   i n  the s t u d i e s   e x t e n d e d   f a r  ups t ream o f   t h e   i n t e r a c t i o n  
region.  The e f f e c t s  of t h e   l o c a t i o n   o f   t h e   s u c t i o n   s u r f a c e   r e l a t i v e   t o   t h e  
chock-impingement po in t  were cons ide red   i n  the s tudy   r epor t ed   i n   r e f e rence  10,  
but q u a n t i t a t i v e  results were not   g iven .   Nei ther   ana ly t ica l   methods   nor   de-  
t a i l e d   d a t a   f o r   s u c t i o n   c o n c e n t r a t e d   w i t h i n   t h e   i n t e r a c t i o n   r e g i o n  were a v a i l -  
a b l e  when the   p re sen t   s tudy  w a s  i n i t i a t e d .  

The ob jec t ives   o f   t he   p re sen t   i nves t iga t ion   were :  

(1) TO develop a method  of es t imat ing  the  changes  in   turbulent   boundary-Jayer  
c h a r a c t e r i s t i c s   t h a t   o c c u r  when e i the r  a two-dimensional  (oblique)  shock 
wave o r   a n   a x i a l l y  symmetric (conical)   shock wave impinges upon t h e  
boundary  layer.  The  method  must c o n s i d e r   t h e   e f f e c t s   o f   s u c t i o n   i n   t h e  
r eg ion   o f   i n t e rac t ion .  

* 
I n   t h i s   r e p o r t ,   " p o r o u s  wall" r e f e r s   t o  a wa l l  made of a porous   mater ia l ,  
wi th   very  small holes .  The term "per fora ted  wall," as opposed  to  porous 
w a l l ,  r e f e r s   t o  a su r face   w i th  a d i s t r ibu t ion   o f   ho le s   w i th   d i ame te r s  
equal  to a s u b s t a n t i a l   f r a c t i o n   o f   t h e   l o c a l   b o u n d a r y - l a y e r   t h i c k n e s s .  
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To o b t a i n   e x p e r i m e n t a l   d a t a   d e s c r i b i n g   t h e   c h a r a c t e r i s t i c s   o f   s h o c k  wave- 
boundary - l aye r   i n t e rac t ions  i n  cases of ax ia l  symmetry with  and  without 
s u c t i o n   i n   t h e   r e g i o n  of i n t e r a c t i o n .  

To determine i f  t h e   a d d i t i o n a l   a d v e r s e   p r e s s u r e   g r a d i e n t s   p r e s e n t   i n   a x i -  
a l l y  symmetric f l o w s   a f f e c t   t h e   p r e s s u r e   r a t i o  a t  which  boundary-layer 
s e p a r a t i o n  i s  i n i t i a l l y   o b s e r v e d .  

To i n c r e a s e   t h e  level of   unders tanding   of   the   in f luence   o f   boundary- layer  
suct ion  on  shock-induced  separat ion.  

SYMBOLS 

f low-nozz le   d i scharge   coef f ic ien t  
f low-nozzle  upstream  diameter 
he igh t  
p r e s s u r e   i n t e g r a l  
momentum f lux   a s soc ia t ed   w i th   suc t ion   f l ow 

l eng th   o f   i nce rac t ion   r eg ion  

suct ion  (bleed)   mass-f low rate  

boundary-layer  mass-flow rate  

Mach number 

power-law pa rame te r   fo r  minimum l e a s t - s q u a r e   e r r o r   o n   l o g a r i t h m i c   p l o t  
o f   v e l o c i t y   r a t i o   v e r s u s   h e i g h t  
power-law parameter  for  which  the  mass-flow rate  in   the   boundary  layer is 
equal to  the  measured  mass-flow rate 

s t a t i c  p res su re  
duc t   r ad ius  

Reynolds number 

temperature  
a x i a l   v e l o c i t y  component 

axial  coord ina te  
radial   coordinate ,   measured  f rom wall 

f low-def lec t ion   angle   across   inc ident   shock  wave (two-dimensional  value 
for con ica l  shock waves) 

f low-nozz le   d iameter   ra t io  

boundary-layer  thickness 

boundary-layer  displacement  thickness 

r a t i o   o f   s p e c i f i c   h e a t s  
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Subsc r ip t s  

1 upstream limit o f   i n t e r a c t i o n   r e g i o n  

2 between  inc ident   and   re f lec ted   shock  waves 

3 downstream limit o f   i n t e rac t ion   r eg ion  

e boundary  layer  edge 

o wind tunne l   r e f e rence   cond i t ion  

t t o t a l   c o n d i t i o n s  

Q) f rees t ream 

ANALY SI S 

Analy t ica l   Objec t ives  

The o b j e c t i v e   o f   t h e   a n a l y t i c a l   i n v e s t i g a t i o n  i s  t h  e developme n t  of a 
method  of c a l c u l a t i n g   t h e   c h a n g e s   i n   t u r b u l e n t   b o u n d a r y - l a y e r   c h a r a c t e r i s t i c s  
t h a t   o c c u r  when e i t h e r  a two-dimensional  (oblique)  shock wave o r   a n   a x i a l l y  
symmetric (conical)   shock wave impinges upon the  boundary layer.  The method 
c o n s i d e r s   t h e   e f f e c t s   o f  mass b leed  from the   r eg ion   o f   i n t e rac t ion .  The  de- 
tai ls  o f   t h e   f l o w   f i e l d s  shown i n   t h e   s c h l i e r e n   p h o t o g r a p h s   o f   r e f e r e n c e s  l 
and 3 ( f i g .  1) are used as  a bas is   for   the   formula t ion   of   the   two-dimens iona l  
f low  models .   For   unseparated  interact ions,   the   f low  external   to   the  boundary 
l a y e r  is turned  toward  the wall  by the   inc ident   shock  wave. The ex terna l   f low 
is  turned   back   approximate ly   para l le l   to   the  wall  by the   r e f l ec t ed   shock  wave, 
r e s u l t i n g   i n  a dec rease   i n   t he   boundary - l aye r   t h i ckness   ac ross   t he   i n t e rac t ion  
region.  The Mach numbers, s t a t i c   p r e s s u r e s ,  and f low  d i rec t ions   o f   the   ex te r -  
na l   f low  in   the   reg ion   be tween  the   inc ident  and re f lec ted   shock  waves  and 
downstream  of t h e   i n t e r a c t i o n   r e g i o n  are  approximately  equal   to   the  values  ob- 
t a i n e d  from the   ob l ique  shock-wave r e l a t i o n s .  The a x i a l l y  symmetric flow 
models   account   for   the   curva ture  of the   inv isc id   f low  s t reaml ines   be tween  the  
incident   and  ref lected  shock  waves.  

The fol lowing  requirements  were cons idered   in   the   formula t ion  of the  anal-  
y s i s   o f   t he   i n t e rac t ion   o f  a shock wave and a tu rbu len t   boundary   l aye r   fo r  
unseparated  f low: 

(1) correc t   representa t ion   of   the   geometry  of t h e   i n t e r a c t i o n   r e g i o n ,   i n c l u d -  
ing   t he   boundary - l aye r   t h i ckness   r a t io ,  shock-wave angles ,   and  the  dis-  
tance  between  the  incident   and  ref lected  shock  waves a t  the   edge   of   the  
boundary  layer ,  

(2) accura t e   p red ic t ion   o f   t he   change   i n  a boundary- layer   ve loc i ty-prof i le  
parameter  which is based on mass-flow  equivalence, 

(3)  minimum dependence on e m p i r i c a l   c o r r e l a t i o n s ,  
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(4) c o r r e c t   p r e d i c t i o n  of e f f e c t s  of modera te   devia t ions  from a d i a b a t i c  
wall condi t ions ,   and  

(5) s u i t a b i l i t y  for combina t ion   wi th   cur ren t ly   ava i lab le   boundary- layer  
and  inviscid  f low  methods.  

It  was a r e a s o n a b l e   e x p e c t a t i o n   t h a t  a l l  of the   above  requirements   could 
b e   s a t i s f i e d  for unsepa ra t ed   i n t e rac t ions  by p o s t u l a t i n g  an i n t e g r a l   c o n t r o l -  
volume  model for which t h e   d e t a i l s   w i t h i n   t h e   i n t e r a c t i o n   r e g i o n  were neglec t -  
ed   and   ce r t a in   l og ica l   app rox ima t ions   t o   t he  real  flow were made. Two b a s i c  
conf igu ra t ions  are considered:  

(1) two-dimensional  flow  over a f l a t   p l a t e   w i t h  a p lane   inc ident   shock  
wave,  and 

( 2 )  ax ia l ly   symmetr ic   f low  in  a s t r a i g h t   c i r c u l a r   d u c t   w i t h  a con ica l   i nc i -  
dent  shock wave. 

Three  boundary-layer   suct ion  models   were  developed,   in   addi t ion  to   the 
s o l i d  wal l  case, for   each   bas ic   f low  conf igura t ion :  

(1) porous-wall   suction,  for  which no x-momentum is as soc ia t ed   w i th   t he  
bleed  f low, 

( 2 )  p e r f o r a t e d - w a l l   o r   s l o t   s u c t i o n ,   i n   w h i c h   t h e  x-momentum assoc ia t ed   w i th  
the   suc t ion   f l ow is cons ide red   i n   t he   ana lys i s ,   and  

( 3 )  scoop  suct ion,   involving  the  removal  of a po r t ion   o f   t he   boundary   l aye r  
by means  of a scoop whose l i p  e x t e n d s   i n t o   t h e   f l o w   r e l a t i v e   t o   t h e  s u r -  
face  upstream  of  the  scoop  entrance.  

Flow models  and  the  corresponding  analyses are developed   in   the   fo l lowing  
sect ions  for   each  of   the  f low  and  suct ion  configurat ions  introduced  above.  
Numer ica l   resu l t s  are p r e s e n t e d   f o r   i n i t i a l  Mach numbers  of 2 ,  3 ,  and 4 over  a 
range  of   suct ion  f low rates and incident  shock  strengths.   Comparisons  of  the 
a n a l y t i c a l   r e s u l t s  and  experimental   data   obtained  concurrent ly   and from o t h e r  
sou rces  are p r e s e n t e d   i n  a l a t e r  s e c t i o n .  

Flow  Models 

Two-dimensional  flow.--With cons ide ra t ion   g iven   t o   t he   p rev ious   desc r ip -  
t i on   o f   t he   f l ow  th rough   t he   r eg ion   o f   i n t e re s t  and the  methods  of   analysis  
proposed i n   r e f e r e n c e s  4 ,  5 ,  6 and 11, the   fo l lowing   assumpt ions   a re  made i n  
the  formulation  of  the  two-dimensional flow models i l l u s t r a t e d   i n   f i g u r e  2 :  

(1)  The boundary-layer   thickness   and  veloci ty-prof i le   shape,   inviscid  f low 
condi t ions,   and shock-wave coord ina tes  ups t ream o f   t h e   i n t e r a c t i o n   r e g i o n  
are known. 
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The boundary - l aye r   ve loc i ty   p ro f i l e s  a t  s t a t i o n s  1 and 3 can be  approx- 
imated by power laws of t h e  form 

The entrainment of mass from t h e  external flow i n t o  the  boundary  layer  
t h rough   t he   r eg ion   o f   i n t e rac t ion  is n e g l i g i b l e .  

Mass t r a n s f e r   a c r o s s   t h e  wall be tween   s t a t ions  1 and 3 can be  taken 
in to   accoun t  by a s i n g l e  term i n  t h e   i n t e g r a l   c o n t i n u i t y   e q u a t i o n .  

F r i c t i o n a l   f o r c e s  are n e g l i g i b l e   t h r o u g h   t h e   r e g i o n   o f   i n t e r a c t i o n .  

The momentum t r a n s f e r   a s s o c i a t e d   w i t h   t h e  mass t r a n s f e r   a c r o s s  t h e  wall 
can  be  accounted  for by a s i n g l e  term i n  t h e   i n t e g r a l  momentum 
equat ion.  

The   f l ow  p rope r t i e s   and   s t r eaml ine   d i r ec t ions   a t   t he   edge  of t h e  bound- 
a r y  l a y e r  are known from t h e   o b l i q u e   s h o c k   r e l a t i o n s .  

The s t a t i c   p r e s s u r e  rise begins  downstream  of  the  point  where  the 
inc ident   shock  enters  t h e  boundary  layer   and  the  ref lected  shock 
emerges  downstream  of t n e  r eg ion   o f   t he  s t a t i c  p res su re  rise. 

The f l o w   j u s t  downstream  of  the  reflected  shock wave i s  p a r a l l e l  t o  
t h e  w a l l .  

(10) The to t a l   t empera tu re   va r i a t ion   t h rough   t he   boundary   l aye r  is  given 
by t h e  Crocco r e l a t i o n .  

A x i a l l y  symmetric flow.--The f low  models   considered  for   the  axial ly  
symmetric  shock  wave-boundary  layer  interaction are i l l u s t r a t e d   i n   f i g u r e  3 .  
A shock wave, such as tha t   gene ra t ed  by a cone a t  zero   angle  of a t t a c k ,  
r e f l e c t s  from the   tu rbulen t   boundary   l ayer   tha t  i s  developing  on  the  inner  
su r face   o f  a duct .  An i n v i s c i d   a n a l y s i s   ( r e f .  1 2 )  p r o v i d e s   t h e   t h e o r e t i c a l  
point  of  shock  impingement on the  wall of   the   duc t  and t h e  ideal s t a t i c -  
p r e s s u r e  d i s t r i b u t i o n   a t  t h e  wall ( f i g .  3 ) .  A continuous  compression 
occur s  downstream  of   the  ref lected  shock  in   axial ly   symmetr ic   f low,  whereas 
t h e   p r e s s u r e   i n   t h i s   r e g i o n   r e m a i n s   c o n s t a n t  for the   corresponding two- 
dimensional  case.  The s t rength   o f   the   re f lec ted   shock   increases  w i t h  d i s -  
t ance   f rom  the   po in t   o f   r e f l ec t ion .  The  pressure d i s t r i b u t i o n s   i l l u s t r a t e d  
i n   f i g u r e  3 a r e   f o r  a conical   shock  in   uniform flow; however, t h e  resu l t s  
of i n v i s c i d   c a l c u l a t i o n s   f o r   i n l e t s   w i t h   s u p e r s o n i c   i n t e r n a l   c o m p r e s s i o n  
(ref. 1 2 )  show s i m i l a r   c h a r a c t e r i s t i c s   f o r  shock-wave r e f l e c t i o n s   o c c u r r i n g  
i n  non-uniform  flow f i e l d s .  The f low  ex terna l   to   the   boundary  layer  i s  
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assumed to   be   de te rmined   f rom  inv isc id   f low  theory .   S ince   the  s t a t i c  pres-  
s u r e   i n   t h e   r e g i o n   b e t w e e n   t h e   i n c i d e n t   a n d   r e f l e c t e d   s h o c k  waves is  n o t  
cons t an t   fo r   con ica l   f l ow and o t h e r  ax ia l ly  symmetr ic   f lows,   the  external 
flow streamlines are curved.  With t h i s   m o d i f i c a t i o n ,   t h e   a s s u m p t i o n s   s t a t e d  
for   the  two-dimensional   f low model a l s o   a p p l y   t o   t h e   a x i a l l y  symmetric case. 

Boundary layer s u c t i o n  models.--The in t e rac t ion   r eg ion   f l ow  mode l s  
for   zero   boundary- layer   suc t ion  are shown i n   f i g u r e s  2a and   3a ,   respec t ive ly ,  
for   two-dimensional   and  axial ly   symmetr ic   f low.  By al lowing mass t o   b e  
removed  from t h e   i n t e r a c t i o n   r e g i o n ,   t h e  same geomet r i ca l   r ep resen ta t ion  
can   be   appl ied   to   the   porous-wal l   and   per fora ted-wal l   o r   s lo t   suc t ion   models .  
For  porous-wall   suction, no x-momentum is assoc ia ted   wi th   the   suc t ion   f low.  
In   t he   pe r fo ra t ed -wa l l   o r   s lo t   suc t ion   mode l ,  i t  is assumed t h a t  t h e  x- 
momentum f lux   ac ross   t he   con t ro l   su r f ace   t h rough   t he   pe r fo ra t ions   o r  t h e  
s l o t  is e q u a l   t o   t h e  x-momentum assoc ia ted   wi th   the   f low i n  a st reamtube 
c r o s s i n g   s t a t i o n  1 o f   t h e   c o n t r o l  volume. A t  s t a t t o n  1, t h i s   s t r e a m t u b e ,  
wi th  mass f l u x  equal t o   t h e   s u c t i o n   f l o w   r a t e ,  i s  bounded by t h e  wall and 
the   appropr ia te   s t reaml ine   in   the   ups t ream  boundary   l ayer .  

The scoop  suction  model  involves  the  removal  of a p o r t i o n  of t h e  bound- 
a r y  layer  by means of a scoop, as shown i n   f i g u r e s  2b and 3b. I t  is  
assumed in   t he   s coop  model t h a t  t h e  upstream x-momenturn of t he   po r t ion   o f  
the  boundary l aye r  captured by the  scoop i s  removed  from t h e   i n t e r a c t i o n  
reg ion .  The downstream  boundary-layer  height i s  measured from t h e  l i p  o f  
t h e  scoop,  and  the  remainder  of  the wall forming  the  scoop is assumed t o  
b e   s t r a i g h t .  

The e x p e r i m e n t a l   d a t a   p r e s e n t e d   i n   t h i s   r e p o r t   i n d i c a t e   t h e   p r e s e n c e   o f  
two ref lected  shock  waves  separated by a region  of   f low  expansion  for   sev-  
e r a l  o f   t he   s t ronge r   i n t e rac t ions .  The assumpt ions   l i s ted   above ,   par t icu-  
l a r ly   t hose   conce rn ing  mass en t ra inment   and   the   geometry   o f   the   in te rac t ion  
r eg ion ,  become less d e s c r i p t i v e  of the   exper imenta l   da ta  as t h e  shock-wave 
s t r e n g t h   i n c r e a s e s  bevond t h a t   a s s o c i a t e d  w i t h  the   occur rence   o f   the   addi -  
t i o n a l  waves. The va l id i ty   o f   t he   f l ow  mode l s   fo r  a l l  s i t u a t i o n s  w i l l  he 
d i scussed   a f t e r   compar ing   t he   p red ic t ed   r e su l t s   and  t h e  da t a .  

Methods of So lu t ion  

I n   t h i s   s e c t i o n ,  a method is fo rmula t ed   fo r   de r iv inR   the  boundary- 
layer  thickness   and  veloci ty-prof i le   parameter   downstream of the   reg ions  of  
in te rac t ion   of   ob l ique   and   conica l   shock  waves wi th  a turbulent  boundary 
layer  for   each  of   the  suct ion  f low  models   descr ibed  above.  The gene ra l  
method of a n a l y s i s   i n v o l v e s   a n   i t e r a t i v e   s o l u t i o n   o f  t h e  i n t e g r a l   c o n t i n u i t y  
and momentum e q u a t i o n s   f o r   t h e   c o n t r o l  volume. T h e  necessary  mass and 
momentum i n t e g r a l s  are eva lua ted  by  a numer ica l   in tegra t ion   procedure .  
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Detai led  developments  of t h e   e q u a t i o n s  and so lu t ion   p rocedures  are g iven  
i n  Appendices A and B. The s o l u t i o n s  were obtained  on an IBM 7094 d i g i t a l  

Two-dimensional  flow.-For t h e   c o n t r o l  volume shown i n  f i g u r e  2 ,  t h e  
I con t inu i ty   equa t ion  may b e   w r i t t e n   i n   t h e  form 

where 6 includes  any mass t r a n s f e r   b e t w e e n   s t a t i o n s  1 and 3, and is consid- 
e red   pos i t i ve   ou tward .  The corresponding momentum equat ion  i s  B 

where I r e p r e s e n t s   t h e  x-momentum assoc ia t ed   w i th   t he  mass t r a n s f e r  6 and 

is assumed pos i t ive   ou tward .   In t roduct ion   of   the   idea l   gas   equa t ion   of  
s t a t e  a n d   t h e   d e f i n i t i o n s  of 6*, 9, M, e tc . ,  results i n  t h e  following  forms 
o f   t h e   c o n t i n u i t y  and momentum equat ions:  

B, B' 

and 

'-' M 2  (1 - T ) ~  6* 1 + -  
61 

6 3  

1 2 e  3 
" - m 

m 
B J1 + M 2  (1  - T ) ~  6* 

(1") P M  
BL el el 

. 
The term IB / p  6 is  eva lua ted  i n  Appendix A f o r   t h e   v a r i o u s  mass t r a n s f e r  

conf igura t ions .   This  term is zero  for   zero  suct ion  f low  and  for   the  porous-  
wall  s u c t i o n  model: 

X 
1 1  



and 

43 
(A) 
P16 1 

= o  
Porous-wall 

The x-momentum term fo r   pe r fo ra t ed -wa l l  or s l o t   s u c t i o n  i s  given by 

ir3 
(-+ = YM; 
P16  1 Perforated-wall  

o r   s l o t  

where yu/61 r e p r e s e n t s   t h e   f l o w  area ( f o r   u n i t   w i d t h   n o r m a l   t o   t h e  x-y p l ane )  

of t he   suc t ion   f l ow a t  the  upstream  condi t ions  and is given by t h e   s o l u t i o n  of  

T h e  c o n t r o l  volume for   the  two-dimensional   scoop  suct ion  model  i s  given i n  
f i g u r e  2b .  The governing  equations a r e  de r ived  i n  Appendix A.  The c o n t i n u i t y  
equa t ion  is i d e n t i c a l  ( 4 )  and the  momentum equa t ion  i s  shown to   be  

T h e  x-momentum term f o r  scoop suc t ion   has   the   form 

I B  
(7) = yI.12 
p 1  1 scoop 

X 
e 

10 



I J .  

U m BL 
U A  

The cont inui ty   and  momentum equat ions  were solved by a successive  approxima- 
t i on   p rocedure   a f t e r   equa t ing   t he   r i gh t -hand   s ides   o f  ( 4 )  and (5) f o r  a l l  
cases except   scoop  suct ion,   and ( 4 )  and (10) fo r   s coop   suc t ion .   Equa t ions  
(A 3)  and (A 4 ) ,  Appendix A ,  are in t eg ra t ed   numer i ca l ly   t o  relate 6* and 0 t o  
t h e  power-law parameter   for   each   approximat ion ,   e f fec t ive ly   y ie ld ing  two 
e q u a t i o n s   i n   t h e  unknowns 6 and N3. 

Axially symmetric flow.--The in t eg ra l   Con t inu i ty   and  momentum equat ions  
f o r   a x i a l l y  symmetric flow are s imi l a r   t o   t hose   g iven   above   fo r   t he  two-dimen- 
s i o n a l  case. All i n t e g r a l s  are taken  over   the  annular   region  f rom r = R - 6 
t o  r = R ( f i g .  3 ) .  The cross-sec t iona l   geometry   o f   the   in te rac t ion   reg ion  i s  
similar to  that   for  the  two-dimensional  f low  model,   except  that  t h e  boundary 
s t r eaml ine  of Region 2 i s  gene ra l ly   cu rved .   Ana lyses   fo r   t he   t h ree  mass 
t r a n s f e r   c o n f i g u r a t i o n s   a r e  now developed   for   ax ia l ly   symmetr ic   f low.  

" 

The c o n t i n u i t y   e q u a t i o n   f o r   t h e   c o n t r o l  volume  of f i g u r e  3 has   t he  form 

R R JR-61 JR-61 
2 n ~ u r d r  = 2npurdr + GB 

R 

= jR-6 
2npu2 r d r  - 27rpu2 r d r  + IB (14) 

3 X 

where is analogous t o  t h e  similar term for two-dimensional f l o w ,  and 

where p is  the   var iab le   p ressure   a long   the   boundary   s t reaml ine .  
BX 

e2 
As shown i n  Appendix B, equa t ions  (13)  and (14) are r e w r i t t e n   i n  terms 

of t h e   i n t e g r a t i o n   v a r i a b l e  y ( f i g .  3 ) .  T h i s   t r a n s f o r m a t i o n   f a c i l i t a t e s   t h e  
numer i ca l   i n t eg ra t ions   r equ i r ed   t o   ob ta in   t he  mass and momentum i n t e g r a l s  from 
t h e  power-law v e l o c i t y - p r o f i l e   d a t a .  After s u b s t i t u t i n g   t h e   i d e a l   g a s   e q u a -  
t i o n   o f  s t a t e  and   the   var ious  Mach number func t ions ,   the   govern ing   equat ions  
become (Appendix B) 
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and 

IB 
- yf.12 f = 0 X 

e 1 0  

where   t he   suc t ion  mass f low  and   t he   a s soc ia t ed  momentum term are r e f e r r e d ,  
r e s p e c t i v e l y ,   t o   t h e   d u c t  mass flow 

and  the  duct  momentum term 

fo = p u2 .R2 
el el 

For  the  two-dimensional f l o w  model ,   the   ex te rna l   p ressure   and  Mach- 
number are known from t h e   o b l i q u e  shock-wave equa t ions  and are independent 
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of t h e  downstream  boundary-layer  thickness.   The  analogous  si tuation would 
n o t   g e n e r a l l y   o c c u r   f o r   a x i a l l y  symmetric flow, however, a flow model w i t h  a 
cons tan t   p ressure   boundary   in   Region  2 ( f ig .  3) is considered  because it is  
u s e f u l  i n  checking   the   methods   tha t  are t h e n   a p p l i e d  t o  t h e  more gene ra l  
cases. The p r e s s u r e   i n t e g r a l   i n   e q u a t i o n  (16) is given by 

For a s t r a igh t   boundary   s t r eaml ine   w i th   cons t an t   p re s su re   p2 ,  (19) becomes 

P res su re  I 

as g i v e n   i n  Appendix B .  

When t h e   e x t e r n a l   f l o w   s t r e a m l i n e s   i n   t h e   r e g i o n   b e t w e e n   t h e   i n c i d e n t  and 
re f l ec t ed   shock  are cu rved ,   t he   p rope r t i e s  downstream o f   t he   r e f l ec t ed   shock  
are i n i t i a l l y  unknown. The in t eg ra l   equa t ions   fo r   t he   boundary  layer must  then 
be   so lved   s imul t aneous ly   w i th   r e l a t ions   fo r   t he  s t a t i c  p res su re ,  Mach number, 
and   f low  angle   a long   the   ex te rna l   f low  s t reaml ine  a t  the  edge  of   the  boundary 
l a y e r .  The e x t e r n a l   f l o w   p r o p e r t i e s  downstream  of t h e   r e f l e c t e d   s h o c k  are 
ob ta ined   u s ing   t he   ob l ique  shock-wave equat ions ,   assuming  tha t   the   inv isc id  
flow  immediately  downstream  of  the  reflected  shock is p a r a l l e l   t o   t h e  wal l .  

The n e c e s s a r y   i n f o r m a t i o n   f o r   t h e   e x t e r n a l   s t r e a m l i n e  may be  determined 
by m e t h o d - o f - c h a r a c t e r i s t i c s   c a l c u l a t i o n s   f o r   f l o w s   s u c h  as encountered   in  
s u p e r s o n i c   i n l e t s   ( r e f .  1 2 ) .  Fo r   t he  results tha t   fo l low,   t he   f l ow model 
i l l u s t r a t e d   i n   f i g u r e  3 was employed  and the   i nv i sc id   f l ow  s t r eaml ine   da t a  
were ca lcu la ted   us ing   conica l   f low  theory .  

S ince   t he   suc t ion   f l ow ra te  is s p e c i f i e d  as a f r ac t ion   o f   t he   ups t r eam 
boundary-layer mass flow, a conversion is n e c e s s a r y   t o   g i v e   t h e  mass flow 
r a t i o   i n   e q u a t i o n  (15). A s  shown i n  Appendix B,  

The term i /i is e v a l u a t e d   i n  Appendix B f o r   t h e   t h r e e  mass t r ans fe r   mode l s .  

This  term is zero when kB equals   zero   and   a l so   for   the   porous-wal l   suc t ion  

model : 

Bx O 
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J. 
o Zero Suction 

and 
i B  (e) = 0 
o Porous-wall 

The x-momentum term f o r   p e r f o r a t e d - w a l l   o r   s l o t   s u c t i o n  is given  by 

- 2  I J. o Per fora ted-wal l  l o  
o r   s l o t  

P U2 

P uz 
el el 

The c o n t r o l  volume  used f o r   a x i a l l y  symmetric SCOOP s u c t i o n  is i l l u s t r a t e d   i n  
f i g u r e  3b. As shown, the   duc t   r ad ius  downstream of t h e   i n t e r a c t i o n   r e g i o n  is 
reduced by an  amount equa l   t o   t he   s coop   he igh t .   Accoun t ing   fo r   t h i s   change   i n  
duc t   r ad ius ,   t he   con t inu i ty   equa t ion  may b e   s t a t e d   i n   t h e  form 

m 

R” m (1 -$) d (c) - 7 3  0 
B 

0 

where  the  suction  mass-flow term is given by equat ion  (21). The corresponding 
momentum equat ion  is then 
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I" 

iB 
- yM: e = 0 

1 0  

The x-momentum term f o r   a x i a l l y  symmetric scoop  suc t ion   has   the  form 

m 
(1 - i) d (z) = - 

&O 

B 

The fo l lowing   so lu t ion   procedure  is employed f o r   t h e   i n t e r a c t i o n  of a 
conica l   shock  wave and a turbulent   boundary  layer :  

(1) The Mach number,  flow  angle,  and s t a t i c  p r e s s u r e  are c a l c u l a t e d  as func- 
t i o n s  of d i s t ance   a long   t he   ex te rna l   f l ow  s t r eaml ine .  

(2)  Using ob l ique  shock-wave theory ,   the  Mach number and s t a t i c  p res su re  
downstream  of  the  reflected  shock are c a l c u l a t e d  as func t ions  of dis- 
t ance   a long   t he   ex te rna l   f l ow  s t r eaml ine .  
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(3) A first  a p p r o x i m a t i o n   t o   t h e   s o l u t i o n  is obta ined   by   so lv ing   the   come-  
sponding  two-dimensional  problem. 

(4 .) The a x i a l l y  symmetric con t inu i ty   and  momentum equa t ions  are solved by a 
success ive   approximat ion   procedure ,   account ing   for   changes   In  external- 
f low streamline p r o p e r t i e s  i n  each   ca l cu la t ion .  

Numerical Resu l t s  

I n   t h i s   s e c t i o n ,  parametric results ob ta ined   w i th   t he   so lu t ion   me thods  
d e s c r i b e d   i n   t h e   p r e v i o u s   s e c t i o n  are presented   for   two-dimens iona l   and   ax ia l -  
l y  symmetric shock  wave-boundary l a y e r   i n t e r a c t i o n s   w i t h o u t   s u c t i o n .  Addi- 
t i o n a l   r e s u l t s  are g i v e n   f o r   t h e   p o r o u s - w a l l   s u c t i o n ,   p e r f o r a t e d - w a l l   o r   s l o t  
suction,  and  scoop  suction  f low  models.  Mach numbers  from 2.0 t o  4.0 and 
i n c i d e n t  shock-wave f low-def lec t ion   angles  up t o  11 degrees  are considered.  
As i n  r e f e r e n c e  11, a t h e o r e t i c a l   a d i a b a t i c - w a l l   r e c o v e r y   f a c t o r   e q u a l   t o  
0.896 is used i n  a l l  c a l c u l a t i o n s .  

Two-dimensional   f low.--Predict ions  of   the   boundary-layer   thickness   ra t io  
6 / d  f o r   z e r o   s u c t i o n  and a porous-suction  f low rate of 0.05 times t h e  up- 

stream boundary-layer mass flow may be  compared i n   f i g u r e  4a. The  upstream 
power-law parameter N is 7.0, which is r e p r e s e n t a t i v e   o f   t y p i c a l   f l a t - p l a t e  

t u rbu len t   boundary - l aye r   ve loc i ty   p ro f i l e s   fo r   t he  Mach number range  of 2.0 
t o  4.0 The results f o r  6 / 6  with   zero   suc t ion   exhib i t   the   cor rec t   dependence  

on   i nc iden t   shock   s t r eng th   ( r e f .  ,111, t h a t  is, decreas ing   over  a range  of 
i n c i d e n t  shock-wave de f l ec t ion   ang le s ,   r each ing  a minimum, and  then  increasing 
fo r   h ighe r   s t r eng th   shocks .  The i n c i d e n t  shock-wave d e f l e c t i o n   a n g l e s   o f  
in terest  i n   s u p e r s o n i c   i n l e t  flows are general ly   lower  than  those  correspond-  
i n g   t o   t h e  minimum va lues  of d / a  because   o f   t he   necess i ty   fo r   h igh  pressure 

recove ry ,   t ha t  is, low  shock   s t r eng th ,   i n   t he   i nv i sc id   f l ow.  

3 1  

1 

3 1  

3 1  

The power-law exponents (N ) downstream o f   t h e   i n t e r a c t i o n   r e g i o n   f o r  

zero  and 5 percent   porous-suct ion  f low rates are g i v e n   i n   f i g u r e  4b f o r  N 
1 

equa l   t o  7.0. T h e s e   r e s u l t s   i n d i c a t e   t h a t   t h e   u s e   o f   s u c t i o n   i n c r e a s e s  N 
3 

a t  a g iven   shock   s t r eng th ,   and   t ha t   an   i nc rease   i n   shock   s t r eng th   causes  a 
r e d u c t i o n   i n  N f o r  a l l  cases. The dependence  of N on  the  upstream Plach 

number dec reases   w i th   i nc reas ing  M . 

3 

3 3 

el 

A bleed  f low rate of 5 p e r c e n t   o f   t h e   i n i t i a l  mass flow is considered 
r e p r e s e n t a t i v e   o f   t h e  maximum ra t e  t h a t  is cons i s t en t   w i th   t he   po rous -wa l l  
s u c t i o n  model.  Higher rates would r e q u i r e   l a r g e   b l e e d   h o l e s   o r   a n   e x t e n d e d  
porous   reg ion   ups t ream  of   the   in te rac t ion   reg ion .  With l a r g e   b l e e d   h o l e s ,   t h e  
per fora ted-wal l   suc t ion  model provides  a c l o s e r   a p p r o x i m a t i o n   t o   t h e   a c t u a l  



f low  conf igura t ion  since t h e  x-momentum a s s o c i a t e d   w i t h   s u c t i o n   t h r o u g h   l a r g e  
ho le s  is s i g n i f i c a n t .   F o r  a c o n f i g u r a t i o n   w i t h  an extended  porous  region up- 
stream o f   t h e   i n t e r a c t i o n   r e g i o n ,   m o d i f i c a t i o n s   t o   t h e   f l o w   m o d e l s   o f   t h e  
p r e s e n t   s t u d y   t o   a l l o w   f o r  mass en t r a inmen t   and   sk in - f r i c t ion   e f f ec t s  would 
be   necessary .  

The e f f e c t s   o f   p e r f o r a t e d - w a l l   o r   s l o t   s u c t i o n   o n  6.,/€i1 and Ng are 

shown i n   f i g u r e  5 f o r   t h e   u p s t r e a m   c o n d i t i o n s  Me = 3 and N1 = 7. By compar- 

i ng   pe r fo ra t ed -wa l l   suc t ion   r e su l t s  a t  several suc t ion   f l ow rates w i t h   t h e  
p r e d i c t i o n s  shown for   porous-wal l   suc t ion ,  it was de termined   tha t  a s u c t i o n  
rate of 20 percent   of   the   upstream  boundary  layer  w a s  r e q u i r e d   t o   o b t a i n  
comparable   boundary-layer   thickness   ra t ios .  A 20 percent   b leed  rate is be- 
l i e v e d   t o   b e  more r e p r e s e n t a t i v e   o f   r e q u i r e m e n t s   f o r   s u p e r s o n i c   i n l e t   f l o w s  
than  lower  f low rates, and t h e   r e s u l t s   p r e s e n t e d   h e r e  are based   on   t h i s  
bleed ra te .  

1 

The e f f ec t s   o f   s coop   suc t ion  are shown i n   f i g u r e  6 f o r  a s u c t i o n  rate 
equal t o  20 percent  of the  upstream mass flow. The bleed rate for   scoop  suc-  
t i o n  w a s  s e l e c t e d   t o   a l l o w  a d i rec t   compar ison   of   resu l t s   wi th   those   o f   the  
p e r f o r a t e d - w a l l   o r   s l o t   a n a l y s i s .  

The inf luence   o f   the   ups t ream power-law parameter  on  the r e su l t s  f o r  
two-dimensional  flow was examined f o r   t h e   r a n g e   o f  N from 5.0 t o  11.0 a t  

cons t an t   va lues  of Me = 3.0 and a1 = 6 degrees .  The e f f e c t   o f  N1 on   t he  

r e su l t i ng   boundary - l aye r   t h i ckness   r a t io   ( f i g .   7a )  is q u i t e  small f o r  a l l  
flow  models. The dependence  of  the  downstream power-law parameter  on N is  

l a rge ,   and   nea r ly   l i nea r   ( f i g .   7b ) .  

1 

1 

1 

Ratios  of  displacement  and momentum t h i c k n e s s e s   a c r o s s   t h e   i n t e r a c t i o n  
r eg ion  are g i v e n   i n   f i g u r e  8 as a func t ion  of a for   the   ups t ream  condi t ions  

M = 3.0 and N1 = 7.0. The minimum va lues  of t h e   i n t e g r a l   t h i c k n e s s   r a t i o s  

occur  a t  i n c i d e n t  shock-wave f low-de f l ec t ion   ang le s   t ha t  are  lower  than  those 
f o r  t h e  minima of 6 / a  With no s u c t i o n ,   t h e   i n t e g r a l   t h i c k n e s s   r a t i o s  are 

a lways   g rea te r   than   the   cor responding   va lues   o f  6 / 6  

1 

el 

3 1' 

3 1' 

The e f f e c t s   o f   t h e   s u c t i o n  rate on 63/61 and N a r e  shown i n   f i g u r e  9 
3 

for   the   two-dimens iona l   conf igura t ions .  The r a t i o  d3/h1 decreases  much more 

rap id ly   and  N i n c r e a s e s  much more r a p i d l y   f o r   p o r o u s   s u c t i o n   t h a n   f o r   t h e  

o t h e r  cases. 
3 

Rat ios   o f   d i sp lacement   th ickness   for   the   th ree   suc t ion   models  are  given 
as a f u n c t i o n   o f   b l e e d - f l o w   f r a c t i o n   i n   f i g u r e  9 .  The t o t a l   e f f e c t i v e   d i s -  
p lacement   o f   the   ex te rna l   f low  downst ream  of   the   in te rac t ion   reg ion   for   scoop 
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s u c t i o n  is represented  by ( 6 5  + ys>/6f .  When the   s coop   he igh t  is inc luded ,  

the e f f e c t i v e   d i s p l a c e m e n t   o f   t h e  downstream  boundary l a y e r   f o r   s c o o p   s u c t i o n  
i s  c o n s i d e r a b l y   g r e a t e r   t h a n   t h a t   f o r   t h e   o t h e r   s u c t i o n   m o d e l s .  The e f f ec -  
t ive  displacement  increases wi th   i nc reas ing   b l eed  rate and  decreasing  upstream 
Mach number. F o r   s u p e r s o n i c   i n l e t   a p p l i c a t i o n s ,   t h e   a b r u p t   l o s s  i n  flow area 
fo r   t he   i nv i sc id   f l ow  and   t he   add i t iona l   d i s tu rbances   t ha t  may be   genera ted  a t  
t h e   l i p   o f   t h e   s c o o p   c o u l d   h a v e   a d v e r s e   e f f e c t s ,   p a r t i c u l a r l y  if the  scoop is  
used i n   t h e   t h r o a t   r e g i o n   o f   t h e   i n l e t .  

Axially  symmetric flow.--To f a c i l i t a t e   c o m p a r i s o n s   w i t h   p r e d i c t i o n s   f o r  
t he   co r re spond ing   two-d imens iona l   con f igu ra t ions ,   r e su l t s   fo r   ax i a l ly  s p e t -  
r i c   f l o w  are a l s o   p r e s e n t e d  as func t ions   o f   t he   i nc iden t  shock-wave flow- 
de f l ec t ion   ang le .  The inv i sc id   f l ow  s t r eaml ine  a t  the  edge  of   the  boundary 
layer was c a l c u l a t e d  from conical  f low  theory,   assuming  uniform  flow  upstream 
o f   t he   i nc iden t   shock  wave.  The correspondence  between  the shock-wave  flow- 
d e f l e c t i o n   a n g l e s  and  cone  half-angles is shown i n   f i g u r e   1 0   f o r   t h e  Mach 
numbers  of i n t e r e s t .  

The e f f ec t s   o f   t he   d i f f e rences   be tween   two-d imens iona l   and   ax ia l ly  sym- 
metr ic   f lows  are i l l u s t r a t e d   i n   f i g u r e  11 f o r   a n  ups t r eam Mach number of  3.0 
and  power-law parameter e q u a l  t o  7.0. The def lec t ion   angle   o f   3 .16   degrees  
cor responds   to   the   shock  from a 10-degree  cone a t  M = 3.0. The r e s u l t s  of 

t he   ana lys i s   a r e   g iven   fo r   (1 )   two-d imens iona l   f l ow,  ( 2 )  a x i a l l y  symmetric 
f low  with d l / R  = 0.1  and a constant   pressure  boundary a t  the   edge  of  t h e  con- 

t r o l  volume,  and  (3) ax ia l ly   symmetr ic   f low  wi th  6 1 / R  = 0.1  and a c o n i c a l  

streamline  boundary. The in f luence   o f   t he   changes   i n  mass f low  per   un i t  
r ad ius   w i th   d i s t ance  from t h e  wall i s  small, as shown by a comparison  of 
r e s u l t s   f o r  cases (1)  and ( 2 ) .  I n   c o n t r a s t   t o  t h i s  small e f f e c t ,   t h e   i n c r e a s e  
in   p3 /p1   caused  by the   compress ion   i n   t he   con ica l   f l ow and t h e   s t r o n g e r  re- 

f l e c t e d   s h o c k   ( c a s e   3 )   r e s u l t s   i n   c h a n g e s   o f   a b o u t   1 0   p e r c e n t   r e l a t i v e   t o  
two-dimens iona l   p red ic t ions   (case   1 ) .  The d i f f e r e n c e s   i n   i n t e r a c t i o n - r e g i o n  
l e n g t h s   f o r   t h e   t h r e e   m e t h o d s   a l s o  result In   changes   in   the   pos i t ion   o f  t h e  
re f lec ted   shock  wave. The ana lys i s   p red ic t s   an   ups t r eam  sh i f t   i n   shock   pos i -  
t i o n   r e l a t i v e   t o   t h a t   o b t a i n e d  from i n v i s c i d   t h e o r y   f o r  a l l  cases .  

el 

The inf luence  of   the  ra t io   of   upstream  boundary-layer   thickness   to   duct  
rad ius   wi th   zero   suc t ion  is  shown i n   f i g u r e  1 2  for   va lues   o f   ups t ream Mach 
number and power-law parameter equal t o  3 . 0  and 7.0, r e s p e c t i v e l y .  The com- 
b ined   e f f ec t s   o f  t h e  v a r y i n g   o v e r a l l   p r e s s u r e   r a t i o  p /p  and t h e  change i n  

flow area p e r  u n i t   r a d i u s  w i t h  d i s t a n c e  from the wall c a u s e   s i g n i f i c a n t  
changes  in  6 / 6  and N r e l a t ive   t o   t he   co r re spond ing   two-d imens iona l   f l ows .  

As 6 / R  is inc reased ,   t he  minimum value   o f  6 / 6  dec reases  and occur s  a t  SUC- 

cess ive ly   lower   shock   s t rengths .  The inf luence   o f   increas ing  6 / R  i s  s i m i l a r  

t o  t h a t  of   increasing  the  shock  s t rength  for   two-dimensional   f low,   and i s  

3 1  

3 1  3 

1 3 1  
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p r i m a r i l y   d u e   t o   t h e  increase i n  t h e  value of  p3/p1 r e s u l t i n g  from t h e  com- 

pres s ion   a long  the conical streamline at  the   edge  of the   boundary  layer   and 
t h e   s t r o n g e r   r e f l e c t e d   s h o c k  wave. 

Results fo r   t he   t h ree   t ypes   o f   boundary - l aye r   suc t ion  are preeented i n  
f i g u r e  13 f o r  61/R equa l  to  0.1.  The  dependence of cS3/d1 on shock   s t r eng th  

is similar for   the   two-dimens iona l   and   ax ia l ly  symmetric cases. As wi th  two- 
dimensional  flow, the i n t r o d u c t i o n  of suc t ion   causeaan  increase i n  N3 for a l l  
a x i a l l y  symmetric s u c t i o n   c o n f i g u r a t i o n s .  

EXPERIMENTAL INVESTIGATION 

Experimental   Object ives  

The expe r imen ta l   i nves t iga t ion   desc r ibed  i n  t h i s   r e p o r t  w a s  undertaken 
i n   o r d e r   t o   o b t a i n   b a s i c   d a t a  on t h e   i n t e r a c t i o n  of a conica l   shock  wave  and 
a turbulen t   boundary   l ayer .  The exper imenta l   conf igura t ion  was considered 
t o   b e   p a r t i c u l a r l y   s u i t a b l e   f o r   t h e   i n v e s t i g a t i o n  of  shock  wave-boundary 
l a y e r   i n t e r a c t i o n  phenomena because  the  three-dimensional   secondary  f lows 
a s s o c i a t e d   w i t h   t h e   c o r n e r s   a n d  sidewalls of two-dimensional  wind tunne l s  and 
test models were comple te ly   e l imina ted .  The primary  emphasis was placed  on 
the  determinat ion  of   dif ferences  between  the  present   axial ly   symmetr ic   f low 
and  the  corresponding  two-dimensional  f lows  studied by p r e v i o u s   i n v e s t i g a t o r s ,  
and   on   t he   e f f ec t s   o f   suc t ion   on   t he   i n t e rac t ion - reg ion   cha rac t e r i s t i c s   and  
the   occur rence   o f   f low  separa t ion .  

Experimental results were  obtained a t  nominal Mach n m b e r s  of  3  and 4 f o r  
a range of suc t ion   f l ow rates from ze ro   t o   13   pe rcen t  of t h e   i n i t i a l  boundary- 
l a y e r  mass flow. The cone   angle   o f   the  shock-wave gene ra to r  was v a r i e d   t o  
g i v e  a r ange   o f   shock   s t r eng ths   co r re spond ing   t o   de f l ec t ion   ang le s   t h rough   t he  
incident  shock  waves  from  approximately 3 to   10   deg rees .  

The shock  wave-boundary l a y e r   i n t e r a c t i o n s   g e n e r a t e d   w i t h i n   t h e   p r e s e n t  
appa ra tus  were similar t o   t h o s e   t h a t   o c c u r   i n   a x i a l l y   s y m m e t r i c   i n l e t s   w i t h  
supe r son ic   i n t e rna l   compress ion ,   bu t  were i d e a l i z e d   t o   t h e  extent of   near ly  
uniform  upstream flow, s t r a i g h t  wall contours ,   conical   incident   shock  waves,  
and a re la t ive ly   s imple   boundary- layer   suc t ion   conf igura t ion .  It is be l ieved  
t h a t  t h e  results o b t a i n e d   i n   t h i s   s t u d y   c o u l d  be l o g i c a l l y   e x t e n d e d   t o   t h e  
more g e n e r a l   i n t e r a c t i o n s  t h a t  o c c u r   i n   i n l e t s  and  other   f low  devices .  

Descr ipt ion  of   Experimental   Apparatus  

The experimental  a p p a r a t u s  w a s  a s teady  f low wind tunne l  that was de- 
s i g n e d   s p e c i f i c a l l y   f o r   t h e   s t u d y  of shock  wave-boundary l a y e r   i n t e r a c t i o n s  i n  
a x i a l l y  symmetric flow. The g e n e r a l   c o n f i g u r a t i o n   c o n s i s t e d   o f  a t r a n s p a r e n t  
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p las t i c   conve rg ing -d ive rg ing   nozz le   w i th  ex i t  diameter  of 2.030 in. ,  a 
c o n i c a l  metal centerbody,  and a constant d i a m e t e r   t r a n s p a r e n t   p l a s t i c  test 
section ( f i g .  14). The  contours of t h e   a x i a l l y  symmetric nozz le s  were de- 
s igned  by t h e  method of c h a r a c t e r i s t i c s .  Two nozzles with  nominal e x i t  Mach 
numbers o f  3 and 4 were cons t ruc t ed .  The s t a r t i n g   p r o p e r t i e s   f o r   t h e   c h a r a c -  
teristics c a l c u l a t i o n s  were ob ta ined  by spec i fy ing   pa rabo l i c  wall contours  
i n  the   th roa t   reg ion   and   assuming conical sou rce   f l ow  to  a Mach number of  
1.127 for t h e  Mach 3 nozz le   and   t o   1 .145   fo r   t he  Mach 4 design.  The charac- 
teristics ne ts  were c a r r i e d   o u t   t o  Mach numbers  of 2.94 and  3.95, r e spec t ive -  
l y ,   f o r   t h e  Mach 3 and 4 nozz les .  

The test s e c t i o n s   c o n s i s t e d   o f   t r a n s p a r e n t   p l a s t i c   t u b e s  of cons t an t  
inner diameter  (2.030 i n . ) ,  ax ia l   segments   o f   which   could   be   enc losed  by an 
in t e rchangeab le   ou te r   r i ng   ( f ig .  15). Af te r   comple t ing   the  tests w i t h   s o l i d  
tunnel  walls, c i r c u m f e r e n t i a l  rows  of 0.052- o r  0.064-in.  diameter  bleed 
ho le s  were d r i l l e d   i n t o   t h e  test s e c t i o n  as shown. A maximum p o r o s i t y   o f  42% 
over a l eng th   o f  0.275 in .  was obta ined  w i t h  228  0.064-in.  holes i n   f o u r  rows 
around  the   sec t ion .  The s l o t  a round   t he   ou t s ide  of t h e   s e c t i o n   p r o v i d e d   t h e  
volume r e q u i r e d   f o r   t h e   b l e e d  plenum  chamber.  The l i n e s   c o n n e c t i n g   t h e  test 
sec t ion   t o   t he   suc t ion   f l ow  me te r ing   and  pumping system were a t t a c h e d   t o   t h e  
b leed-col lec t ion   r ing   ( f ig .   16) .  

The centerbody  conf igura t ion   cons is ted   o f  a common rear s u p p o r t   s e c t i o n  
w i t h   i n t e r c h a n g e a b l e   c o n i c a l   t i p s  on the  upstream  end. The centerbody  served 
a s  t h e  shock-wave genera tor   and   a l so  as the   fo rward   po r t ion   o f   t he  wind- 
t u n n e l   d i f f u s e r .  A sharp   corner  was provided a t  t h e  end   of   each   cone   in   o rder  
t o   a l l o w  clear d e f i n i t i o n  of t he   r eg ions   o f   t he   f l ow  tha t  were in f luenced  by 
t h e   c h a n g e   i n  body s lope .  The a x i a l   p o s i t i o n  of t h e   t i p  of the  centerbody 
could  be  changed  to   a l low a c o n t i n u o u s   v a r i a t i o n   i n   t h e  shock-impingement 
loca t ion   on   t he  wall. The centerbody was he ld  a t  t h e  center o f   t h e  test sec- 
t i o n  by four  support   pins  located  downstream  of  the  cone  base.  A second set 
of   suppor ts  a t  t h e   a f t  e n d   o f   t h e   s u b s o n i c   d i f f u s e r  was u s e d   t o   a l i g n   t h e  
c e n t e r b o d y   a x i s   p a r a l l e l   t o   t h e   t u n n e l  axis. Th i s  was accomplished  by in jec t -  
i ng   co lo red   a l coho l   i n to  t h e  nozzle   through a s t a t i c  p r e s s u r e   o r i f i c e  and 
o b s e r v i n g   t h e   r i n g   o f   l i q u i d   t h a t  formed  on t h e  wall near   the  beginning of 
t he   p re s su re  rise caused by the   conica l   shock  wave. The downstream  centerbody 
suppor t s   were   ad jus t ed   un t i l   t he  p l a n e  o f   t h e   l i q u i d   r i n g  was normal t o   t h e  
tunne l   ax i s .  

The test a i r  was suppl ied  from an a i r  compressor   to  a d r y i n g ,   f i l t e r i n g ,  
and  heat ing  system  located  just   upstream  of   the  tunnel .  The d r i e r   c o n s i s t e d  
of a s teel  t a n k   t h a t  was f i l l e d   t o   t h e   d e s i r e d   l e v e l   w i t h  a s i l i c a   g e l   t y p e  
dess i can t .  The d ry ing   un i t   cou ld   ma in ta in   t he   ou t l e t  a i r  dew-point  below 
-75OF fo r   abou t   10   hour s  a t  t h e  maximum a i r  flow rate of  0.85  pounds a sec- 
ond.  The d e s s i c a n t  was p e r i o d i c a l l y   r e g e n e r a t e d  by pass ing  a i r  h e a t e d   t o  
350°F t h r o u g h   t h e   t a n k   w h i l e   h e a t i n g   t h e   e x t e r i o r   s u r f a c e  by  means of a series 
of   s team  co i l s .   I l eas icant  powder a n d   a n y   o t h e r   s o l i d   p a r t i c l e s  were removed 
by a f i l t e r   l o c a t e d   o n   t h e  downstream s i d e  o f   t h e   d r i e r .  The a i r  could  be 
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heated  f rom  the  supply  temperature  of 80 F t o  a maximum of 350°F by steam 
and electric hea te r s .  The r e s s u r e  was reduced   f rom  the   supply   l ine   p ressure  
of   approximately 100 l b f / i n '   t o   t h e   d e s i r e d   t u n n e l   t o t a l   p r e s s u r e  by  two 

r e g u l a t o r s  mounted i n  series i n   t h e   l i n e .  

0 

The  wind-tunnel  exhaust  l ine w a s  mounted on  one  port   of  a 150   cubic   foo t  
tank  that  w a s  evacuated by f o u r  steam ejectors ope ra t ing  a t  a p r e s s u r e   d i f f e r -  
ence  of 150 lb f / in2 .   Add i t iona l  vacuum c a p a c i t y  w a s  provided by t h r e e   p m p s  

wi th  a t o t a l  capac i ty   o f   approximate ly   10   f t3 / sec .  The exhaust  tank  pres- 
s u r e  was c o n t r o l l e d  by a d j u s t i n g  hand valves on   the  ejector a i r - i n l e t  mani- 
fo ld   and   t he  vacuum pump i n l e t   l i n e s .  

Instrumentat ion  and Data Reduction 

Tunnel   parameters . - -The  tunnel   total   pressure was measured by means of a 
s ta t ic  p r e s s u r e   o r i f i c e   l o c a t e d   i n   t h e  plenum  chamber wal l .  To ta l   p re s su res  
below 40 psig  (a tmospheric   reference)   were  read  on a mercury  manometer,  and 
h igher   va lues  were read  on a pressure  gage.  The maximum e r r o r   i n   t h e   t u n n e l  
t o t a l   p r e s s u r e  w a s  es t imated   to   be   about  0.7% of the   reading .  The tunnel  
plenum ( t o t a l )   t e m p e r a t u r e  w a s  measured  with  an  unshielded  iron-constantan 
thermocouple.  The  estimated maximum e r r o r   i n   t h e   t o t a l   t e m p e r a t u r e   m e a s u r e -  
ment was 1% of   t he   abso lu t e   t empera tu re .  

Sur face  s ta t ic  pressure.--Twenty-five  0.0135-in.   diameter  atatic- 
p re s su re   o r i f i ce s   w i th   spac ing   va ry ing  from 0.05 t o  0.20  in.  were i n s t a l l e d   i n  
a s i n g l e  row i n   e a c h  tes t  s e c t i o n ,   w i t h  a dense   d i s t r ibu t ion   nea r   t he   t heo -  
retical shock-impingement loca t ion .  Three a d d i t i o n a l   p a i r s   o f   o r i f i c e s  were 
l o c a t e d  a t  90 -degree   i n t e rva l s   a round   t he   c i r cunfe rence   t o   a id   i n  symmetry 
v e r i f i c a t i o n .  The o r i f i c e s  were connected to  an   abso lu t e   s t r a in -gage   p re s -  
s u r e   t r a n s d u c e r   w i t h  a range of 0-10 p s i a  by l e n g t h s   o f   s t a i n l e s s  steel and 
p l a s t i c   t u b i n g .  A t y p i c a l   i n s t a l l a t i o n  is i l l u s t r a t e d   i n   f i g u r e   1 7 a .  The 
ou tpu t   o f   t he   t r ansduce r  was read  on a p rec i s ion   nu l l   po ten t iome te r .  The 
same ins t rumenta t ion  w a s  used  for   measurement   of   the  s t a t i c  p res su res  a t  t h e  
i n l e t  and   th roa t   o f   the   suc t ion   f low  meter ing   nozz le .  The maximum e r r o r   f o r  
t h e  s t a t i c  p res su res ,   i nc lud ing   po ten t iome te r   e r ro r ,  was about 2% o f   t h e  
reading.  

Pitot   probe  surveys.--Pitot-pressure  measurements were obta ined   us ing  a 
long  curved  probe  with a f l a t t e n e d   t i p   ( f i g .   1 7 b )   c o n n e c t e d   t o  a d i f f e r e n -  
t i a l  s t ra in-gage   pressure   t ransducer   wi th  a range  of + 25 ps i   (a tmospher ic  
re ference) .  The t r ansduce r   ou tpu t  was read  on a potez t iometer .  The m a x i m u m  
e r r o r   a f t e r   c o n v e r s i o n   t o   a b s o l u t e   p r e s s u r e  was about 3% of   t he   abso lu t e  
reading. The probe-tip  opening was 0.003-in.  high  and  0.017-in.  wide,  and 
t h e   o v e r a l l   h e i g h t   o f   t h e  t i p  of   the  probe w a s  0.006 i n .   ( f i g .   1 7 b ) .   P i t o t  
p r e s s u r e   p r o f i l e s  were obta ined  a t  t h e   c e n t e r l i n e   p o s i t i o n s   o f   t h e   s u r f a c e  
s t a t i c - p r e s s u r e   o r i f i c e s .  The dis tance  between  surveys was e i t h e r   0 . 1   o r  0.2 
i n  . 2 1  



Mach numbers were c a l c u l a t e d   f r o m   t h e   r a t i o   o f   p i t o t   p r e s s u r e   t o   s u r f a c e  
s t a t i c  p r e s s u r e   f o r  a l l  points on t h e   p r o f i l e s .  The d i s t a n c e  from t h e  wall - to  
t h e   f r e e s t r e a m  was de f ined  as t h e   t r a n s v e r s e   c o o r d i n a t e  of t h e   p o i n t  a t  which 
t h e  Mach number was j u s t   e q u a l   t o   o r   g r e a t e r  than 0.999 times t h e   v a l u e  a t  
t h e   n e x t   p o i n t   o n   t h e   p r o f i l e .   I n  a similar manner, the  boundary-layer   thick-  
n e s s  6 f o r   e a c h   p r o f i l e , w a s  set e q u a l   t o   t h e   c o o r d i n a t e  a t  which  the Mach 
number was j u s t   e q u a l   t o   o r   g r e a t e r   t h a n  0.99 times the   f r ees t r eam Mach num- 
ber.  No i n t e r p o l a t i o n   b e t w e e n   p o i n t s   o n   t h e   p r o f i l e s  w a s  performed t o   d e t e r -  
mine   the   po in t  a t  e x a c t l y  0.99 MaD s ince   the   spac ing   be tween  da ta   po in ts  was 

S u f f i c i e n t l y  small (0.005 in . )   t o   gua ran tee   accep tab le   accu racy   w i th   t he  
method  used. A second  value  of Mach number fo r   po in t s   ou t s ide   o f   t he   boundary  
l a y e r  was c a l c u l a t e d  from t h e   r a t i o   o f   p i t o t   p r e s s u r e   t o   l o c a l   f r e e s t r e a m  
t o t a l   p r e s s u r e .  An estimate o f   t h e   l o c a l   f r e e s t r e a m   t o t a l   p r e s s u r e  downstream 
Of a n   i n t e r a c t i o n   r e g i o n  was obtained  f rom  the  product   of   the   tunnel   total  
p re s su re  and t h e   t h e o r e t i c a l   t o t a l  p r e s s u r e  r ecove ry   ac ross   t he   i nc iden t  and 
re f lec ted   shock   waves .  The two Mach number Curves were nea r ly   co inc iden t  
o u t s i d e   o f   t h e   b o u n d a r y   l a y e r   f o r   p r o f i l e s   n o t   w i t h i n   r e g i o n s  of shock wave- 
b o u n d a r y   l a y e r   i n t e r a c t i o n ,   i n d i c a t i n g   t h a t   t h e   v a r i a t i o n s   i n   s t a t i c   p r e s s u r e  
across   the   boundary   l ayer  were small f o r   t h o s e   p r o f i l e s .  

Boundary - l aye r   ve loc i ty   p ro f i l e s   and   i n t eg ra l   p rope r t i e s  were determined 
from t h e  Mach number d i s t r i b u t i o n s ,   a s s u m i n g   c o n s t a n t  s t a t i c  pressure  and 
to ta l   t empera ture   across   the   boundary   l ayer .  A b e s t - f i t  power-law parameter,  
NL, was obta ined  by c o m p u t i n g   t h e   s t r a i g h t   l i n e   o f  minimum l e a s t - s q u a r e   e r r o r  

On a l o g a r i t h m i c   p l o t   o f  U / U e  vs.   y/b.  A second  power-law  parameter, N ,  was 

determined  by  matching  the mass f low  of   the  power-law p r o f i l e   t o   t h e   m e a s u r e d  
va lue .  

Boundary-layer  suction flow.--The boundary-layer  suction  mass-flow rate 
was measured  using a long-rad ius   f low  nozz le   tha t  was cons t ruc ted   accord ing  
t o  ASME s t anda rds   ( r e f .   13 ) .  The nozz le  was c a l i b r a t e d  i n  p l a c e  by meter ing 
the   f l ow  wi th  a p rev ious ly   ca l ih ra t ed   squa re -edged   o r i f i ce .  The results 
ob ta ined   f rom  the   ca l ib ra t ion  are shown i n   f i g u r e  18. The t o t a l   t e m p e r a t u r e  
of t h e   s u c t i o n   f l o w  was measured  with  an  unshielded  iron-constantan thermo- 
couple.  The nozzle  used had a lower   r e so lu t ion  limit of 0.002 l b   / s e c ,   a n d  

an   es t imated  maximum e r r o r  of - + 5% of the  measured  f low rate.  
m 

Results  and  Discussion 

k summary of t h e  tes t  cond i t ions  and da ta   ob ta ined   dur ing   the  test pro- 
gram is  g i v e n   i n   T a b l e  I. Experimental results are p r e s e n t e d   i n   t h e  form of  
p i t o t   p r e s s u r e   s u r v e y s ,   s u r f a c e  s t a t i c  p r e s s u r e s ,   v e l o c i t y   p r o f i l e s ,   f l o w  
f i e l d   p a t t e r n s   d e t e r m i n e d  from t h e   a n a l y s i s  of t h e   p i t o t   p r e s s u r e   s u r v e y s   a n d  
su r face   s t a t i c -p res su re   p ro f i l e s ,   and   boundary - l aye r   t h i ckness  and i n t e g r a l  
p r o p e r t i e s .   P i t o t   p r e s s u r e   s u r v e y   s t a t i o n s  and s t a t i c   p r e s s u r e   o r i f i c e   l o c a -  
t i o n s  are i d e n t i f i e d  by t h e   d i s t a n c e   i n   i n c h e s  downstream  of a ze ro   r e fe rence  
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s t a t i o n  7.0 i nches   ups t r eam  o f   t he   en t r ance   t o   t he   subson ic   d i f fuse r .  The 
range   of   survey   loca t ions  was from  2.40 t o  4.21  inches. 

Sample p i t o t   p r e s s u r e   p r o f i l e s   t a k e n   i n   s h o c k  wave-boundary l a y e r   i n t e r -  
a c t i o n   r e g i o n s  are shown i n   f i g u r e   1 9 .  The f i r s t  set of p r o f i l e s   ( f i g .   1 9 a )  
g i v e s   t y p i c a l   r e s u l t s   f o r  an unsepa ra t ed   i n t e rac t ion .  The   ups t ream  prof i le  
(A) shows. the   edge  of t he   boundary   l aye r   ( a t  Me/" = 0.99) and t h e   i n c i d e n t  
shock wave, which  appears as a near -d iscont inui ty   about   0 .01   inch   th ick .  The 
shock wave is def ined  by a doub le   l i ne ,   w i th   t he   t r ansve r se   d i s t ance   be tween  
t h e   l i n e s   i n d i c a t i n g   t h e   w i d t h  of the   p ressure   change  as i t  appears   on   the  
p i t o t   p r e s s u r e   p r o f i l e s .  The p i t o t   p r e s s u r e   i n c r e a s e s   r a p i d l y  as the   p robe  
moves above   the   shock   in to  a region  of   lower  Mach number.  The o p p o s i t e   s i t u -  
a t i o n   o c c u r s   f o r   t h e   p r o f i l e s  downstream  of  the  point of emergence  of  the re- 
f l ec t ed   shock  wave f rom  the   boundary   l ayer .   For   p rof i le  B ,  t h e   p i t o t   p r e s s u r e  
dec reases  as the  probe moves above   t he   shock   i n to  a h ighe r  Mach number 
r eg ion ,   i nc reases   g radua l ly ,   and   t hen   dec reases   aga in   t h rough   t he   r eg ion  of 
i n c r e a s i n g  Mach number wi th in   t he   expans ion   o r ig ina t ing  a t  the  cone  base.  
The p i to t   p re s su re   app roaches   t he   cone   base   p re s su re  when the  probe is d i r e c t -  
l y  behind   the   cone .   Prof i le  C shows t h e   p a t t e r n   o b t a i n e d   a f t e r   t h e   c o n e - b a s e  
c r o s s e s   t h e   r e f l e c t e d   s h o c k .   P r o f i l e s  D and E ( f ig .   19b)  were t a k e n   i n   t h e  
region  immediately  downstream  of a separated i n t e r a c t i o n .  Moving i n   t h e  
d i r e c t i o n  o f   i n c r e a s i n g   y ,   p r o f i l e  D shows a compress ion   j u s t   ou t s ide   o f   t he  
boundary  layer.   This  compression i s  de f ined  by t h e   s h a r p   d e c r e a s e   i n   p i t o t  
p ressure ,   cor responding   to   an   increase  i n  Mach number i n   t h e   y - d i r e c t i o n .  The 
f a i r l y   r a p i d  rise i n   p i t o t   p r e s s u r e   i n d i c a t e s  a d e c r e a s e   i n  Mach number i n  
the   y -d i rec t ion ,   which   cor responds   to  a le f t - running   expans ion   or ig ina t ing  
nea r   t he   edge  of the  boundary  layer .  The n e x t   d e c r e a s e   i n   p i t o t   p r e s s u r e  
ind ica t e s   ano the r   shock  wave,  which is followed by the  cone  base  expansion and 
wake as i n   p r o f i l e  B. The f l o w   p a t t e r n   t h a t  is cons t ruc t ed  from p r o f i l e s  D 
and E shows two left-running  shocks  with  an  expansion  between them, i n d i c a t -  
ing   tha t   the   f low  separa ted   and   rea t tached   fur ther   downst ream.   Rapid   changes  
i n   t h e   f l o w   p a t t e r n   c a n   b e   d e f i n e d  by p r o f i l e s  similar t o   t h o s e  shown i n   f i g -  
ure   19   wi th  a spac ing   be tween  prof i les  of about  0.1  inch. 

Wind tunnel   ca l ibra t ion . - -Measurements   wi th   so l id   tunnel  walls were made 
a t  Mach numbers  of  2.82  and  3.78.  Several tests were conducted  without bound- 
a r y - l a y e r   t r i p s   a n d   r e s u l t s  were compared w i t h   p r o p e r t i e s   f o r   v a r i o u s   t r i p  
conf igu ra t ions .  The b e s t   t r i p   c o n f i g u r a t i o n s ,   t r i a n g u l a r   v o r t e x   g e n e r a t o r s  
of 0.008- to   0 .013-inch  thickness ,  were used f o r  a l l  f u r t h e r  tests ( f i g .   1 4 ) .  
The t u n n e l   t o t a l   p r e s s u r e s  were se l ec t ed   t o   g ive   approx ima te ly   equa l   va lues  
of R e  a t  ~ 3 . 3  in. ,   which was t h e   t h e o r e t i c a l  shock-impingement  point. The 
r e su l t i ng   un i t   Reyno lds  number w a s  5.6 x l o 6  ft-', and  the  Reynolds number 
based  on  the  boundary-layer  thickness  of  0.138  in.   (average  of several t e s t s )  

b e r s .  With a d u c t   r a d i u s   o f   1 . 0 1 5   i n . ,   t h e   a v e r a g e   r a t i o  6 /R w a s  0.136. 

6 

j u s t   ups t r eam  o f   t he   i n t e rac t ion   r eg ion  was about 6 X l o 4  f o r   b o t h  Mach n m -  

1 

Transverse Mach number p r o f i l e s  a t  or   near   the   mos t - forward   p i to t   p robe  
l o c a t i o n   f o r   t h e   n o m i n a l  Mach 3 and 4 nozz le s  are shown i n   f i g u r e  20a.  The 
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Mach numbers  between the wall and   the   f rees t ream  he ight ,   denoted  by h,, were 
computed  from t h e   p i t o t   p r e s s u r e   a n d  wall s ta t ic  p res su re .  The  remaining 
d i s t r i b u t i o n s   f r o m  h- to  t h e  tunnel centerlines were de te rmined   f rom  the   r a t io  
Of p i t o t   p r e s s u r e  to  t u n n e l   t o t a l   p r e s s u r e .  The test s e c t i o n   f r e e s t r e a m  Mach 
number fo r   t he   nomina l  Mach 3 nozzle  is 2.82, a n d   t h e   v a r i a t i o n   f r o m   t h i s  
va lue  across t h e  en t i re  test s e c t i o n  is fi 0.7%. The test s e c t i o n  Mach number 
f o r   t h e   n o m i n a l  Mach 4 nozzle  is 3.78, wi th  a v a r i a t i o n   o f  1 .2%.  

The axial Mach number d i s t r i b u t i o n s  a t  t h e   n o z z l e   c e n t e r l i n e s  are g iven  
i n   f i g u r e  20b.  The Mach numbers shown were computed  from t h e   r a t i o   o f   p i t o t  
p r e s s u r e   t o   t u n n e l   t o t a l   p r e s s u r e .  The p i t o t   p r e s s u r e s  were measured by a 
s i n g l e   s t r a i g h t   p i t o t   t u b e   w i t h  a 0.013-inch  diameter  opening. The tube  was 
a t t ached  to the   cen terbody s t r u t  and   t he   l oca t ion  was measured  on  the  center- 
body posi t ioning  micrometer .  All d i s t r i b u t i o n s   e x h i b i t  weak wave p a t t e r n s  
superimposed  on a t r end  of decreas ing  Mach number wi th  axial  d i s t a n c e .  The 
p e r t u r b a t i o n s  from t h e  mean l i n e  d e c r e a s e   w i t h   d i s t a n c e   f o r   t h e  Mach 4 
nozzle.  The last  p o i n t  on each centerline d i s t r i b u t i o n   c o r r e s p o n d s   a p p r o x i -  
ma te ly  t o   t he   mos t   fo rward   pos i t i on  a t  which a t r a n s v e r s e   p i t o t   s u r v e y  was 
made. 

The boundary-layer Mach number p r o f i l e s  are shown on a l a r g e  scale i n  
f i g u r e  21 .  The  number of   po in ts   wi th in   the   boundary   l ayer  i s  considered 
adequa te   fo r   t he   i n t eg ra t ions   needed   t o   de t e rmine   i n t eg ra l   boundary - l aye r  
p rope r t i e s .  

Boundary-layer   veloci ty   prof i les   corresponding  to   the Mach nmber   p ro-  
f i l e s   d e s c r i b e d   a b o v e  are g i v e n   i n   f i g u r e  22.  The dashed   l i nes   pas s ing  
t h r o u g h   t h e   d a t a   p o i n t s   c o r r e s p o n d   t o   t h e   b e s t - f i t   p r o f i l e s   w i t h   p r o f i l e  
parameter N T h i s   p r o f i l e   r e f l e c t s   t h e  minimum least-square e r r o r   o n  a log- 

arithmic scale and is not   requi red   to   pass   th rough  the   da ta   po in t  a t  t h e  
boundary-layer  edge. The s o l i d   l i n e s   r e p r e s e n t   t h e  power-law p r o f i l e s ,   w i t h  
parameter N, g iv ing   t he  measured  boundary-layer mass f l u x   o r   d i s p l a c e m e n t  
th ickness .  The close  agreement   between  the  data   points   and  the power-law 
p r o f i l e s   i n d i c a t e s   t h a t   t h e  power l a w  is a good r ep resen ta t ion   o f   t u rbu len t  
boundary- layer   ve loc i ty   d i s t r ibu t ions .  

L' 

The  boundary-layer   propert ies   for   the two tes t  s e c t i o n s  are summarized 
i n   f i g u r e  23.  Comparison  of t h e s e   p r o p e r t i e s  shows tha t   the   boundary- layer  
t h i cknesses  a t  M, = 2.82 and  3.78 are ve ry   nea r ly   equa l .  The d a t a   p o i n t s  
g i v e n   i n   f i g u r e   2 3  show t h a t   p e r t u r b a t i o n s   a b o u t  mean t r e n d s   o c c u r   i n   a l l  
computed parameters .   These   e f fec ts  are  p r i m a r i l y  a r e s u l t  of small   changes 
i n   t h e   t r a n s v e r s e  Mach number d i s t r ibu t ion   nea r   t he   edge   o f   t he   boundary   l aye r  
caused by t h e  weak waves i d e n t i f i e d  in f i g u r e  20b. The t rend  of   decreasing 
power-law p a r a m e t e r s   w i t h   a x i a l   d i s t a n c e   r e f l e c t s   t h e   s l i g h t   a d v e r s e   p r e s s u r e  
g rad ien t - induced  by the  boundary-layer  growth i n  the   cons tan t -a rea  test sec- 
t i o n s .  The  power-law parameters  are i n  the  range  between 7 and 10 ,  i n d i c a t -  
ing   tu rbulen t   f low a t  a l l  s t a t i o n s   a n d  Mach numbers. 
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S o l i d - w a l l   i n t e r a c t i o n s  a t  M, = 2.82.--The h a l f   a n g l e  of the c o n i c a l  

shock-wave gene ra to r  was var ied  f rom 10 to  16 degrees  a t  Mach 2.82.  The 
s t r e n g t h s   o f   t h e   i n c i d e n t   s h o c k  waves correspond to  f low-def lec t ion   angles  
from  approximately 3 t o  8 degrees .  

S u r f a c e   p r e s s u r e s   a n d   p i t o t   s u r v e y s :   P i t o t   p r e s s u r e   p r o f i l e s   t a k e n  up- 
stream o f ,  within, and  downstream of the interact ion r e g i o n   f o r  a 10-degree 
cone a t  M, = 2.82 are shown i n  f i g u r e  24a.  The first f o u r   p r o f i l e s  show t h e  
edge   of   the   boundary   l ayer   and   the   inc ident   shock  wave, a n d   t h e   r e f l e c t e d  
shock wave is  c l e a r l y   d e f i n e d   o n   t h e   p r o f i l e s  from x = 3.50 in .  through 
x = 4.00 i n .   F o r   t h e   p r o f i l e  a t  x - 4.00 in. ,  t h e   p i t o t   p r e s s u r e   d e c r e a s e d  
as the   p robe  moved above  the  shock wave i n t o  a r eg ion  of h ighe r  Mach number, 
increased   gradual ly ,   and   then   decreased   aga in   th rough  the   reg ion  of i nc reas ing  
Mach number w i t h i n   t h e   e x p a n s i o n   o r i g i n a t i q  a t  the   base   o f   the   cone .  The 
expansion wave c rossed   t he   r e f l ec t ed   shock  wave o n   t h e   p r o f i l e  a t  x = 4.20 in .  

The wave pat terns ,   the   measured  boundary-layer   thickness   upstream  of   the 
inc ident   shock  wave and  downstream of t he   r e f l ec t ed   shock  wave,  and t h e  meas- 
u r e d   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n  are g iven  i n  f i g u r e  24b f o r   t h e  10- 
degree  cone. The p r e s s u r e   d i s t r i b u t i o n  is compared t o   t h a t   o b t a i n e d  by a 
method-of -charac te r i s t ics   ca lcu la t ion .  The f l o w   p a t t e r n   a n d   p r e s s u r e   d i s t r i -  
b u t i o n   e x h i b i t   t y p i c a l   c h a r a c t e r i s t i c s  of a weak unsepa ra t ed   i n t e rac t ion   ( r e f .  
1). The inc iden t  and reflected  shock  waves are d i s t i n c t  and  the  measured  sur- 
face s t a t i c   p re s su res   sp read   abou t   one   boundary - l aye r   t h i ckness   fo rward   o f  
t h e   t h e o r e t i c a l   p r e s s u r e  rise. 

The p r e s s u r e   d i s c o n t i n u i t y   o f   t h e   i n v i s c i d   d i s t r i b u t i o n ,  which was com- 
puted  for   the  nominal   cone  angle  (10 degrees ) ,  was l oca t ed  a t  t h e   i n t e r s e c t i o n  
of the   project ion  of   the  measured  incident   shock wave and  the wall and  corre-  
sponds   t o  a f low-def lec t ion   angle   th rough  the   conica l   inc ident   shock  wave of 
2.9 degrees.  The f low-def lec t ion   angle  was a lso   de te rmined  by measur ing   the  
wave angle   o f   the   inc ident   shock  wave from t h e   l o c a t i o n s   o n   t h e   p i t o t   p r o -  
f i l e s ,  and by de termining   the  Mach number behind  the  shock wave with  consid-  
e r a t i o n   g i v e n   t o   t h e   t o t a l   p r e s s u r e  loss through  the  shock wave.  The r e s u l t s  
were 2.5 and 3.5 degrees ,   r e spec t ive ly ,   g iv ing   an   appa ren t   unce r t a in ty   o f  
- + 0.5 degree  about   the  nominal   value.   Because  of   this   uncer tainty,   the  nomi- 
n a l  shock-wave s t r e n g t h  is used i n  a l l  f u r t h e r   d e s c r i p t i o n s  and f o r   t h e  com- 
pa r i son   o f   ana ly t i ca l   and   expe r imen ta l   r e su l t s .  

Increas ing   the   cone   ha l f   angle  to 12   deg rees  a t  M, = 2.82, with  a co r re -  
sponding   def lec t ion   angle  of 4.6 degrees ,   d id   no t  a l t e r  t h e   g e n e r a l   c h a r a c t e r -  
i s t ics  of t h e   p i t o t - p r e s s u r e   p r o f i l e s   o r   t h e   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i -  
b u t i o n   ( f i g .  25) relative to   those   ob ta ined   for   the   10-degree   cone .  The ocur- 
rence   o f  a d i s t i n c t   r e f l e c t e d   s h o c k  wave and t h e   r e l a t i v e l y  small upstream 
sp read ing   o f   t he   su r f ace  s t a t i c  p res su res  from t h e   i n v i s c f d   p r e d i c t i o n s   i n d i -  
cate that t h e  flow was no t   s epa ra t ed .   Af t e r   s eve ra l   hour s  of opera t ion ,  a 
v e r y   t h i n   o i l   r i n g  formed  on  the  tunnel wall j u s t  downstream  of  the  beginning 
o f   t he   su r f ace   s t a t i c -p res su re  rise, i n   t h e   p o s i t i o n   i l l u s t r a t e d   i n   f i g u r e  
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25b. A similar phenomenon was observed  by Chapman e t  al. ( r e f .  14) fo r   shock  
wave-boundary l a y e r   i n t e r a c t i o n s  i n  two-dimensional  flow.  The  rings  could  be 
made more d i s t i n c t  by i n j e c t i n g   c o l o r e d   a l c o h o l   i n t o   t h e  test sec t ion   t h rough  
a s ta t ic  p r e s s u r e   o r i f i c e .  The l i q u i d   r i n g s  were used as a v isua l   check   on  
the   a l ignment  of t h e   c e n t e r b o d i e s   w i t h i n   t h e  wind tunne l .  When t h e   r i n g s  
were normal t o   t h e   t u n n e l  axis, t h e   v a r i a t i o n s   i n  Mach number beh ind   t he   i nc i -  
dent  shock  waves were 0.01 o r  less f o r  test p r o f i l e s  a t  severa l   c i rcumferen-  
t i a l  l o c a t i o n s   f o r  a given  cone  angle.  

The p i t o t - p r e s s u r e   p r o f i l e s   a n d   i n t e r a c t i o n - r e g i o n   c h r a c t e r i s t i c s   f o r  a 
13-degree  cone a t  M, = 2.82 ( f i g .  26) are similar t o   t h o s e  shown f o r   t h e  two 
previous  cases, and   aga in   i nd ica t e   a t t ached   f l ow a t  a l l  probe   loca t ions .  The 
f low-de f l ec t ion   ang le   fo r   t he   13 -degree   cone  was 5.3 degrees .  

Ce r t a in  characteristics of   separa ted   f low are exh ib i t ed  by t h e   f l o w   f i e l d  
a n d   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n s   f o r  a 14-degree  cone  (6.2-degree 
d e f l e c t i o n   a n g l e )  a t  M, = 2.82 ( f ig .   27) .  The r a t h e r   i n d i s t i n c t   l e f t - r u n n i n g  
compress ion   leav ing   the   boundary   l ayer   near   the   po in t   o f   in te rsec t ion   of   the  
incident   shock wave and  the  boundary  layer  i s  b e l i e v e d   t o  be a s e p a r a t i o n  
shock wave.  The appearance  of  a separa t ion   shock  wave is  cons i s t en t   w i th   t he  
i n c r e a s e   i n   t h e   s p r e a d i n g   o f   t h e   s u r f a c e   s t a t i c - p r e s s u r e  rise t o  about  3.5 
boundary - l aye r   t h i cknesses   ups t r eam  o f   t he   p ro j ec t ed   i n t e r sec t ion  of t h e   i n c i -  
dent  shock wave and   t he  wall. The separa t ion   shock  is followed  immediately 
by a l e f t - runn ing   expans ion   t ha t   o r ig ina t e s  a t  t h e   i n t e r s e c t i o n  of t h e   i n c i -  
dent   shock wave and  the  boundary  layer .  The expansion is f o l l o w e d   i n   t u r n  by 
a r e l a t i v e l y  weak compress ion   t ha t   co r re sponds   t o   t he   r ea t t achmen t   shock  wave 
shown i n   s c h l i e r e n   p h o t o g r a p h s  of separa ted   two-dimens iona l   in te rac t ions  
( r e f .  1). The separated-f low  region  for   the  14-degree  cone was appa ren t ly  
very  small s i n c e   t h e   p i t o t   p r e s s u r e   s u r v e y s   d i d   n o t   i n d i c a t e  a reversed-flow 
reg ion  of measurable   extent .  The s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n  shows 
only  a long   r eg ion   o f   nea r ly   cons t an t   p re s su re   g rad ien t ,  and not   the   charac-  
ter is t ic  "hump" genera l ly   observed   for   separa ted   two-dimens iona l   in te rac t ions  
( r e f .   2 ) .  

Separa t ion  is clearly i d e n t i f i e d   f o r  a 15-degree  cone  (7.1-degree  deflec- 
t i o n   a n g l e )  a t  Mach 2.82 by the   p resence  of a small r e g i o n   o f   c o n s t a n t   p i t o t  
p re s su re   nea r   t he  wall on t h e   p r o f i l e   o f  x = 3.20  in .   ( f ig .   28a) .   There is 
a l s o  a hump i n   t h e  wall s t a t i c - p r e s s u r e   d i s t r i b u t i o n   ( f i g .  28b). The separa-  
t i on   shock  wave is more sha rp ly   de f ined   t han   fo r   t he   14 -degree   cone .  The re- 
at tachment  wave appears  on two p r o f i l e s   ( x  = 3.40 and 3.50 i n .  ) before  i t  
crosses   the  s t rong  r ight-running  expansion  f rom  the  cone  base.  The beginning 
o f   t h e   s u r f a c e   s t a t i c - p r e s s u r e   r i s e  and t h e   l o c a t i o n  of t h e   l i q u i d   r i n g  were 
a t  approximate ly   the  same a x i a l   s t a t i o n   f o r   t h e  14-  and  15-degree  cones. 

Approximate  separat ion  and  reat tachment   points  were determined by p l o t -  
t i n g   t h e  Mach number v a r i a t i o n s   a g a i n s t   t h e   a x i a l   c o o r d i n a t e  a t  f i x e d   d i s -  
t ances  from t h e  wall ( f ig .   29) .  The i n t e r s e c t i o n s  of l i n e s  of   constant  y wi th  
t h e  t l  = 0 a x i s  were c ross -p lo t t ed   and   ex t r apo la t ed   t o  y = 0. The upstream 
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and  downstream i n t e r s e c t i o n s   o f   t h e   e x t r a p o l a t e d   c u r v e s  with t h e  wall were 
i d e n t i f i e d ,   r e s p e c t i v e l y ,  as t he   s epa ra t ion   and  reattachment points.   The  sep- 
a ra ted   reg ion   be tween  these   po in ts ,  shown o n   f i g u r e  28b, b r a c k e t s   t h e   p r o f i l e  
t h a t   i n d i c a t e s   r e v e r s e d   f l o w  a t  y * 0.005 Inch  (x = 3.20 i n .  1. 

The p reasu re  ra t io  a t  t h e   s e p a r a t i o n   p o i n t ,  as determined by t h e  manner 
descr ibed  above,  is somewhat h igher   than   the   cor responding   pressure   g iven  by 
Bogdonoff ( r e f .  15) for  two-dimensional  f low. It i s  a l s o   e v i d e n t   t h a t   t h e  
hump i n  t h e  s ta t ic  p r e s s u r e   d i s t r i b u t i o n  of f i g u r e  28 begins  upstream of t h e  
ind ica ted   Separa t ion   po in t .   These  results s u g g e s t   t h a t   t h e  actual s e p a r a t i o n  
p o i n t  may be  upstream of t h e   i n d i c a t e d   l o c a t i o n .  I n  a d d i t i o n ,   t h e  l i n e s  of 
Constant  y j u s t  downstream of t h e   s e p a r a t e d   r e g i o n   t e n d   t o  level of f   and   then  
rise r a t h e r   s h a r p l y  with inc reas ing  x i n s t e a d  of r i s i n g   s t e a d i l y  as might  be 
expec ted .   Th i s   a l so  raises a ques t ion   about   the  reattachment loca t ion .  
T h e s e   f a c t o r s   s u g g e s t   t h a t   t h e  method  used t o  de te rmine   t he   l eng th  of t h e  
sepa ra t ed   r eg ion  may no t   be   p rec i se  when t h e   h e i g h t   o f   t h e   s e p a r a t e d   r e g i o n  
i s  o f   t he   o rde r   o f   t he   p i to t   p robe   he igh t .  The procedure of f i g u r e  29 does,  
however, d e f i n i t e l y   i n d i c a t e   t h e   p r e s e n c e   o f  a reg ion  of reversed  f low.  

Inc reas ing   t he   cone   ang le   t o   16   deg rees  a t  M, = 2.82 r e s u l t e d   i n   a d d i -  
t i o n a l  small changes in t h e  f l o w   c h a r a c t e r i s t i c s   ( f i g .  3 0 ) .  The s e p a r a t i o n  
shock wave c r o s s e s   t h e   i n c i d e n t   s h o c k  wave b e f o r e   t h e  l a t t e r  r eaches   t he   edge  
of   the  boundary  layer ,  as c l e a r l y  shown at  x = 2.91 i n . ,   f i g u r e  30a.  The 
hump i n   t h e  s t a t i c  p r e s s u r e   d i s t r i b u t i o n  is more  pronounced;  however,  the be- 
g inn ing   o f   t he   s epa ra t ed   r eg ion ,   de t e rmined   i n   f i gu re  31, does  not   agree  with 
t h e   l o c a t i o n  of t h e  hump o r   t h e   r e s u l t s   o f   r e f e r e n c e   1 5 ,   a g a i n   i n d i c a t i n g   t h e  
inab i l i t y   t o   p rec i se ly   de t e rmine   t he   s epa ra t ion   and   r ea t t achmen t   po in t s .  The 
l i q u i d   r i n g   a p p e a r e d  a t  t h e  same r e l a t i v e   l o c a t i o n  as i n   t h e   p r e v i o u s  cases. 
I n   a d d i t i o n   t o   t h e   w e l l - d e f i n e d   r i n g ,   i n d i v i d u a l   l i q u i d   d r o p l e t s  were 
observed   to  move upstream  along  the w a l l  i n   t he   s epa ra t ed - f low  r eg ion .  The 
de f l ec t ion   ang le   t h rough  t h e  incident   shock wave was 8.1 d e g r e e s   f o r   t h e  16- 
degree  cone,  which was t h e  s t ronges t   shock  wave t e s t e d  a t  M, = 2.82. 

The s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n s   f o r   t h e  Mach 2.82 i n t e r a c t i o n s  
are summarized i n   f i g u r e  3 2 .  The three  weakest  shock waves (lo-,  12-, and 
13-degree  cones) show rounded  d i s t r ibu t ions .  The d i s t r i b u t i o n   f o r   t h e  14-  
degree   cone   cor responds   to   the   appearance   o f   the   mul t ip le  shock-wave sys t em 
c h a r a c t e r i s t i c  of separa ted   f low.  The p r o f i l e s   f o r   t h e   h i g h e s t   s t r e n g t h  
shocks   exh ib i t   t he  humps i n   t h e   p r e s s u r e   d i s t r i b u t i o n s   u s e d  by Kuehn ( r e f .  2 )  
t o   i d e n t i f y   s e p a r a t e d   f l o w s .  The 15- and  16-degree   in te rac t ions  were c l e a r l y  
separated,   even  though  the maximum pres su re  rise f o r   e a c h  case was reduced 
be low  the   l eve l  of t h a t   f o r   t h e  13- and  14-degree  cone by the  expansion  from 
the  cone  base.  

Ebundary- lager   p roper t ies :   Typica l   Eoundary- layer   ve loc i ty   p rof i les   a re  
shown i n   f i g u r e  33.  The dashed   l ines   pass ing   th rough  the   da ta   po in ts   cor re-  
spond t o   t h e   b e s t - f i t   p r o f i l e s   w i t h   p r o f i l e   p a r a m e t e r  N This p r o f i l e  re- 
f l e c t s   t h e  minimum leas t - squa re   e r ro r   on  a l o g a r i t h m i c   s c a l e .  The s o l i d   l i n e s  
r ep resen t   t he  power-law p r o f i l e s  w i t h  parameter N givfng  the  measured 
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boundary-layer mass f lux .  The c lose   agreement   be tween  the   da ta   po in ts   and  
t h e  power-law p r o f i l e s  for t h e   u p s t r e a m   d a t a   i n d i c a t e s   t h a t   t h e  power law 
g ives  a good r ep resen ta t ion   o f   t u rbu len t   boundary - l aye r   ve loc i ty   d i s t r ibu t ion  
fo r   t hese   p ro f i l e s .   Th i s   ag reemen t   can   be  made a r b i t r a r i l y   c l o s e  by reducing 
t h e  number of  points on t h e   p r o f i l e ,   t h a t  is, by choosing  the  boundary-layer 
edge a t  a lower  value  of  Me/M,. Th i s   p rocedure ,   however ,   r e su l t s   i n   r educ t ions  
i n   t h e   d i s p l a c e m e n t   t h i c k n e s s   f o r   r a t i o s  less t han  0.99, i n d i c a t i n g   t h a t  0.99 
is v e r y   c l o s e   t o   t h e   p r o p e r   v a l u e  when c o r r e l a t i o n s  are based  on  displacement 
th ickness .  

The  second set  of p r o f i l e s  was o b t a i n e d   n e a r   t h e  end of t h e   i n t e r a c t i o n  
r e g i o n s   f o r   t h e  10- and  16-degree  cones.   The  profile is somewhat d i s t o r t e d  
for   the  10-degree  cone,   but  is s t i l l  wel l - represented by t h e  power-law pro- 
f i les .   For   the  16-degree  cone,   however ,   the  power-law p r o f i l e s  are less 
r e p r e s e n t a t i v e  of t h e  actual p r o f i l e   s h a p e .   T h i s   f a c t o r  w i l l  be   cons idered  
when eva lua t ing   t he   ana ly t i ca l   me thods   p re sen ted  i n  a p rev ious   s ec t ion .  

The t h i r d  pair  o f   p r o f i l e s  was o b t a i n e d   r e l a t i v e l y   f a r  downstream  of  the 
in t e rac t ion   r eg ion   fo r   t he   10 -degree   cone ,   and   j u s t  downstream of r e a t t a c h -  
ment for   the   16-degree   cone .   These   p rof i les  are no t  similar to   the   ups t ream 
p r o f i l e s ,  and   have   deve loped   i n f l ec t ion   po in t s   t ha t   canno t   be   r ep resen ted  by 
power laws. 

The streamwise var ia t ions   in   measured   boundary- layer   p roper t ies  are 
shown i n   f i g u r e  34 f o r   t h e  6 cone   angles  a t  M, = 2.82. The d a t a   p o i n t s   t a k e n  
ups t ream  of   the   in te rac t ion   reg ions  end n e a r   t h e   p r o j e c t e d   i n t e r s e c t i o n s   o f  
the   inc ident   shock  wave and   the   edge   of   the   boundary   l ayer .   S imi la r ly ,  t h e  
downstream da ta   begin   near   the   po in t   o f   emergence   o f   the   re f lec ted   shock  wave 
from the   boundary   l aye r .   I n   t he   i n t e re s t   o f  c la r i ty ,  upstream  boundary-layer 
p r o p e r t i e s  are no t  shown f o r  a l l  cases; however, t h e  scat ter  shown is t y p i c a l  
o f   t h a t   o b t a i n e d   f o r   t h e  s i x  shock   s t rengths   cons idered .  The conica l   f low 
merged con t inuous ly   w i th   t he   boundary   l aye r   w i th in   t he   i n t e rac t ion   r eg ion   and  
no boundary - l aye r   p rope r t i e s   cou ld   be   de f ined   i n   t ha t   i n t e rva l .  

The boundary  layer  downstream of t h e   i n t e r a c t i o n   r e g i o n  was n o t   i n f l u -  
enced by the   expans ion   f rom  the   base   o f   the   cone   for   the  10- 12-, and 13- 
degree  cones. The r e s u l t s   f o r   t h e s e   c a s e s   i n d i c a t e   t h a t   t h e   a d d i t i o n a l  com- 
p res s ion  i n  th i s   r eg ion   r e t a rds   t he   r edeve lopmen t   o f   an   equ i l ib r ium  boundary -  
l a y e r   p r o f i l e .  The displacement  and momentum th i cknesses  downstream  of t h e  
i n t e r a c t i o n   r e g i o n s  are l a r g e r   f o r   t h e   l a r g e   c o n e   a n g l e s .   T h i s   t r e n d   o f   i n -  
c reas ing   th ickness   parameters   for   h igh-s t rength   shock  waves was a l so   obse rved  
for  two-dimensional  f low  (ref.  3)  as was t h e   c o n t i n u e d   d e c r e a s e   i n  power-law 
parameter   wi th   increas ing   shock   s t rength   ( f ig .  3 4 ) .  The i n c r e a s e   i n  bound- 
a ry- layer  mass f low  across  t h e  i n t e r a c t i o n   r e g i o n   f o r  the weaker  shock  waves 
was approximately equal t o   t h a t   o b t a i n e d   w i t h  no shock wave ( f i g .  23), and 
i n c r e a s e d   a b o v e   t h i s   v a l u e   f o r   t h e   s e p a r a t e d   i n t e r a c t i o n s .  The maximum mass- 
f low  inc rease  was about   15  percent   of   the   value j u s t  ups t ream  of   the   in te r -  
act ion   reg ion .  
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S o l i d - w a l l   i n t e r a c t i o n s  a t  M, .I 3.78.--The range   of   cone   ha l f   angles  
t e s t e d  a t  Mach 3.78 was from 8 to  15 degrees ,   cor responding   to   f low  def lec-  
t i o n   a n g l e s  from  approximately 3 t o  9 degrees .  The da ta   ob ta ined  a t  Mach 
3.78 were s i m ’ i l a r   t o   t h e   r e s u l t s   g i v e n   f o r  M, = 2.82. 

Sur face   p re s su res  and p i t o t   s u r v e y s :  The p i t o t   p r e s s u r e   p r o f i l e s   f o r   a n  
8-degree  cone a t  M, = 3.78 ( f i g .  35) show a typ ica l   unsepa ra t ed   i n t e rac t ion .  
The   nomina l   f l ow-de f l ec t ion   ang le   fo r   t h i s  case is  2.6 deg rees ,   i nd ica t ing  a 
r a t h e r  weak shock-wave  system.  The  lack  of  sharpness  of  the  incident wave 
c a u s e d   d i f f i c u l t y   i n   m e a s u r i n g   t h e  shock-wave angle .  The d e f l e c t i o n   a n g l e  
obtained  through  measurement   of   the   incident   shock wave s t r e n g t h  from t h e  
p i t o t   p r e s s u r e   p r o f i l e s  was about   1 .0   degree   lower   than   the   nominal   va lue   for  
t h i s  case, whereas  the  angle  determined  from  the Mach number behind  the  shock 
wave w a s  only 0.2 degree  above  the  nominal  value.  

Inc reas ing   t he   cone   ha l f   ang le   t o   10   deg rees  a t  M, = 3.78 (4.3-degree 
d e f l e c t i o n   a n g l e )   r e s u l t e d   i n   o n l y  small changes   i n   t he   p i to t   p re s su res   and  
f l o w   f i e l d   ( f i g .  3 6 ) .  The p res su re  rise through  the   re f lec ted   shock  wave 
i n i t i a l l y   o c c u r r e d   i n  two s t e p s   ( p r o f i l e s  a t  x = 3.49  and 3.59 in s . ) .  T h i s  
f e a t u r e   o f   t h e   f l o w  is no t   be l i eved   t o   be   i nd ica t ive  of separa ted   f low  s ince  
t h e  waves coa le sce   w i th in  a s h o r t   d i s t a n c e  and the  measured  surface s ta t ic -  
p re s su re  rise begins   only  about   one  boundary-layer   thickness   upstream  of   the 
p ro jec t ed  impingement poin t   o f   the   inc ident   shock  wave. 

A s  previously  observed a t  M, = 2.82, a f low  pa t te rn   ind ica t ive   o f   sepa-  
r a t ed   f l ow i s  obtained a t  M, - 3.78  without  the  occurrence of a hump i n   t h e  
s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n   o r   m e a s u r a b l e   r e g i o n s   o f   c o n s t a n t   p i t o t  
p r e s s u r e .   A n a l y s i s   o f   t h e   p i t o t   p r e s s u r e   d i s t r i b u t i o n s   f o r  a 13-degree  cone 
a t  Mach 3.78 ( f ig .   37a )   g ives   t he   f l ow  pa t t e rn  shown i n   f i g u r e  37b. The sepa- 
ra t ion   and   rea t tachment   shocks  are more c lear ly   def ined   than   those   observed  
for   the  14-degree  cone a t  M, = 2.82 ( f ig .   27) .  The s t a t i c  p res su re  rise be- 
g ins   about  3 . 3  boundary-layer   thicknesses   upstream  of   the  projected  inter-  
sec t ion   of   the   inc ident   shock   and   the  wall. The d i s t r i b u t i o n  shows a long 
r eg ion   o f   nea r ly   cons t an t   p re s su re   g rad ien t   bu t  no  hump. The nominal  flow- 
de f l ec t ion   ang le   t h rough   t he   i nc iden t   shock  wave was 7 .2   deg rees   fo r   t h i s  
case. 

Increas ing   the   cone   ha l f   angle   to   14   degrees   (8 .2-degree   f low  def lec t ion  
a n g l e )   r e s u l t e d   i n  a sepa ra t ed   i n t e rac t ion ,   and   w i th  i t ,  a s l i g h t  hump i n   t h e  
s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n  as shown i n   f i g u r e  38.  The p res su re  rise 
b e g a n   o n l y   s l i g h t l y   f u r t h e r   u p s t r e a m   f o r  t h i s  case t h a n   f o r  the 13-degree  cone 
a t  M, * 3.78. The sepa ra t ion   and   r ea t t achmen t   po in t s   fo r   t he   14 -degree   cone  
were determined as shown i n   f i g u r e  39. For   t h i s   ca se ,   t he   i nd ica t ed   s epa ra -  
t i o n   p o i n t  is less than  0 .1   in .   downstream  of   the  locat ion  determined  using 
t h e   r e s u l t s   o f   r e f e r e n c e  15. 
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The h i g h e s t  cone a n g l e   t e s t e d  a t  M, - 3.78 was 15  degrees ,   which   gave  a 
f low-deflect ion  angle   equal  to  9.2 degrees   ( f ig .  40). For a shock of t h i s  
s t r e n g t h   t h e  s ta t ic  p r e s s u r e   d i s t r i b u t i o n   e x h i b i t s  a more  pronounced hump than  
f o r   t h e   p r e v i o u s  cases, a n d   t h e   p i t o t   p r e s s u r e   p r o f i l e s   d e f i n e  a l a rge r   s epa -  
ra ted  f low  region  ( f ig .   41) .   The  height   of   the   separated  region is about  
twice the   p robe   he igh t ,   and   t he   i nd ica t ed   s epa ra t ion   po in t  is c o n s i s t e n t   w i t h  
t h e   l o c a t i o n   o f   t h e  hump i n   t h e   p r e s s u r e   d i s t r i b u t i o n   a n d   d a t a   r e p o r t e d  by 
Bogdonoff ( r e f .  15). Because  of   the  small   cone  diameter  (a r e s u l t  of t u n n e l  
b lockage   l imi ta t ions)   the   expans ion   f rom  the   base   o f   the   cone   reached   the  
boundary   l aye r   ve ry   nea r   t he   end   o f   t he   i n t e rac t ion   r eg ion .  The p r e s s u r e  de- 
crease as soc ia t ed   w i th   t he   expans ion  w a s  no t   l a rge   enough   t o   a f f ec t   t he  
occurrence  of  separation;  however,   the  boundary-layer  properties  downstream of 
x * 3.3 were in f luenced  by t h e   i n t e r a c t i o n   o f   t h e   e x p a n s i o n   w i t h   t h e   r e f l e c t e d  
wave  system  and the   boundary   l ayer .  

The s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n s   o b t a i n e d  a t  M, = 3.78, smar-  
i z e d   i n   f i g u r e  42, are similar t o   t h o s e   g i v e n   f o r  Mach 2.82 ( f i g .  32).  The 
weak s h o c k s   a g a i n   r e s u l t   i n   r o u n d e d   d i s t r i b u t i o n s ,   a n d   t h e   d i s t r i b u t i o n s   f o r  
t h e   s t r o n g e s t   i n c i d e n t  waves ind ica te   separa ted   f low.  

Boundary-layer   propert ies :   Boundary-layer   prof i les   for   the 10- and  15- 
degree  cones a t  Mach 3.78 are shown i n   f i g u r e  43. As f o r  M, = 2.82, t h e  
ups t r eam  p ro f i l e s   and   t he   p ro f i l e   nea r   t he  end of t h e   i n t e r a c t i o n   r e g i o n   f o r  
the  10-degree case are w e l l  r ep resen ted  by  power-law d i s t r i b u t i o n s ,   a n d   t h e  
r ema inde r   have   deve loped   i n f l ec t ion   po in t s   t ha t   canno t   be   r ep resen ted  by 
power laws. 

The boundary - l aye r   t h i ckness   and   i n t eg ra l   p rope r t i e s  are shown as func- 
t i o n s  of streamwise d i s t a n c e   i n   f i g u r e  44 f o r  5 cone   angles  a t  M, = 3.78.  The 
f o r m a t   f o r   p r e s e n t a t i o n  is i d e n t i c a l  to t h a t  of f i g u r e  34. For  the  weaker 
shock waves (8- and  10-degree  cones)  the  boundary  layer  downstream  of  the 
i n t e r a c t i o n   r e g i o n  was not   in f luenced  by the  expansion  f rom  the  base  of   the 
cone. The expec ted   increase   in   th ickness   parameters   and   s imul taneous   decrease  
i n  power-law  parameter  with  increasing shock-wave s t r e n g t h  were v e r i f i e d .   F o r  
the  15-degree  cone, a l l  i n t e g r a l   p r o p e r t i e s  downstream of t h e   i n t e r a c t i o n  
r eg ion  were inf luenced by the  expansion  from  the  base  of  the  cone. The  bound- 
a ry- layer   mass- f low  increase   across   the   in te rac t ion   reg ion  was s i g n i f i c a n t  
on ly   fo r   t he   t h ree   h ighes t   shock   s t r engh t s ,   r each ing  a maximum of   about   15 
pe rcen t  of the   ups t ream  va lue .  

O i l  r i n g s  were observed near the   beginning   of   the  s t a t i c  pressure   in -  
creases f o r   t h e  lo-, 13-, 14-, and  15-degree  cones a t  M, = 3.78;  however, no 
evidence  of  upstream movement  of l i qu id   w i th in   t he   s epa ra t ed   f l ow  r eg ions  w a s  
observed  during  the Mach 3.78 tests. 

- I n c i p i e n t   s e p a r a t i o n . - - T h e   c o n d i t i o n s   f o r   i n c i p i e n t   s e p a r a t i o n   f o r  two- 
d imens iona l   and   ax ia l ly  symmetric flows are compared i n   f i g u r e  45 i n  terms of 
the   f low-deflect ion  angles   through  the  incident   shock  waves  and  the  pressure 
r a t i o s   a c r o s s   t h e   i n t e r a c t i o n   r e g i o n s .  The curves  for  two-dimensional  f low 
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are c r o s s - p l o t s   o f   t h e   d a t a   r e p o r t e d  by Kuehn ( r e f .  2) and  cor respond  to   the  
o v e r a l l   p r e s s u r e   r a t i o   e x i s t i n g   j u s t   b e f o r e   t h e   f i r s t   a p p e a r a n c e   o f  a hump i n  
the s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n  a t  each  Reynolds number.  The va lues  
of  al f o r   i n c i p i e n t   s e p a r a t i o n   o b t a i n e d   d u r i n g   t h e   p r e s e n t   s t u d y  are t h e  
d e f l e c t i o n   a n g l e s   a s s o c i a t e d   w i t h   t h e   h i g h e s t   c o n e   a n g l e s   w i t h o u t   s e p a r a t e d  
f low a t  each Mach number, as i n d i c a t e d  by t h e   s t a t i c - p r e e e u r e   d i s t r i b u t i o n s  
and   the   occur rence  of r e g i o n s   o f   c o n s t a n t   p i t o t   p r e s s u r e  near t h e  wall. The 
downstream p res su re ,  p3, is t h e   s u r f a c e  s t a t i c  p r e s s u r e  a t  t h e   s t a t i o n   w h e r e  
t h e  last i d e n t i f i a b l e   c o m p r e s s i o n  wave l e f t   t h e   e d g e  of t h e  boundary  layer .  
S i n c e   t h e  downstream  end  of t h e   r e f l e c t e d  wave system is r a t h e r   i n d i s t i n c t ,  
t h e   s e l e c t i o n   o f  p., is  somewhat a r b i t r a r y .  

The comparisons shown i n   f i g u r e  45 c l e a r l y  show tha t   t he   boundary   l aye r  
s epa ra t ed  a t  lower  values   of  a1 f o r   t h e   c o n i c a l   s h o c k  waves.  This resu l t  is 
a t t r i b u t e d   p r i m a r i l y   t o   t h e   l a r g e r   p r e s s u r e   r a t i o   a c r o s s   t h e   i n t e r a c t i o n  
r e g i o n   f o r   a x i a l l y  symmetric flow a t  a given  value  of  al. 

T h e  i n f luence   o f   t he   r e spec t ive  t es t  f a c i l i t i e s  and  data   reduct ion  pro-  
cedures   on   t he   compar i sons   i n   f i gu re  45 should b e  small s i n c e   t h e  model s i z e s ,  
instrumentat ion  locat ions,   and  boundary-layer   thicknesses   for   the two exper i -  
ments were n e a r l y   i d e n t i c a l .  The boundary-layer  edge Mach number w a s  equa l  
t o  0.99 times the   f rees t ream  va lue   for   bo th   exper iments ,   and   the  same methods 
o f   de t ec t ing   s epa ra t ion  were used. 

Perforated-wall  tests a t  Ed, = 2.82.--Various p e r f o r a t i o n   p a t t e r n s  were - 
obta ined  by success ive ly   add ing   b l eed   ho le s   i n  rows  around  the tes t  s e c t i o n ,  
beginning  with  one row of 54 0.052 i n .  diameter ho le s .  The l o c a t i o n   o f   t h e  
inc ident   shock  wave was from 0 . 2  t o  0.4 inch  upstream from the   pos i t ion   used  
i n   t h e   s o l i d - w a l l  tests. Perforated-wall  tes t  d a t a  are presented   for   cone  
ang le s  a t  which  the  f low was sepa ra t ed   w i th   ze ro   suc t ion .  

Su r face   p re s su re  and p i t o t   s u r v e y s :  A suc t ion   f l ow rate equal t o  2 .81  
of  the  upstream  boundary-layer mass flow was obta ined   for   the   15-degree   cone  
a t  M, = 2.82 with  one row of  54 0.052 in .   d i ame te r   b l eed   ho le s   ( f i g .  4 6 ) .  The 
ho le s  were loca ted  a t  a c ros s - sec t ion   where   t he   p re s su re   r a t io  was about  2.2 
wi th   zero   suc t ion ,   which  was w i t h i n   t h e   o r i g i n a l   s e p a r a t e d   r e g i o n   ( f i g s .  2 8 ,  
291, and  the  bleed plenum pres su re  was s u f f i c i e n t l y  low t o   e n s u r e  choked  flow 
through  the   b leed   ho les .  The  shock-wave p a t t e r n  and s t a t i c  p r e s s u r e   d i s t r i b u -  
t i o n   f o r   z e r o   s u c t i o n  are shown i n   f i g u r e  46 by the   dashed   l i nes .  The re- 
f l e c t e d  shock-wave system  with 2.8% suc t ion   f low was reduced somewhat i n  
extent   and  displaced  downstream  of   the  locat ion  for   zero  suct ion.  The i n i t i a l  
s t a t i c -p res su re   g rad ien t   a long   t he   su r f ace  was reduced  near   the  beginning of 
t h e   i n t e r a c t i o n   r e g i o n ,   b u t   i n c r e a s e d   b e t w e e n   t h e   o r i g i n a l   s e p a r a t i o n   p o i n t  
and   t he   l oca t ion  a t  which  the  expansion from the   cone   base   reached   the  wall. 
A hump was still  p resen t  a t  t h e   p r e v i o u s l y   s e p a r a t e d   r e g i o n ,   b u t  no regions  of  
c o n s t a n t   p i t a t   p r e s s u r e  were v i s i b l e  on t h e   p i t o t   p r e s s u r e   p r o f i l e s .  The 
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hump a p p a r e n t l y  was due to  t h e   b l e e d   e f f e c t s .  By compar ing   t hese   r e su l t s  t o  
the   co r re spond ing   da t a   ob ta ined   w i thou t   suc t ion ,  it was concluded that t h e  
p r e s e n t   i n t e r a c t i o n  was not Separated.  

Using  the 1 row-54 h o l e   p e r f o r a t i o n   c o n f i g u r a t i o n   w i t h   t h e   1 6 - d e g r e e  
cone  gave a suc t ion   f l ow rate of 3.6% of the  upstream  boundary-layer  flow when 
t h e   b l e e d   h o l e s  were loca ted   w i th in   t he   s epa ra t ed - f low  r eg ion   ob ta ined   w i th  
ze ro   suc t ion   ( f ig .   47 ) .   Compar i son   w i th   t he   r e su l t s   fo r   ze ro   suc t ion   ( f ig s .  
30, 31)  shows a r e d u c t i o n   i n   t h e  streamwise e x t e n t   o f   t h e   i n t e r a c t i o n   r e g i o n  
and i n   t h e   u p s t r e a m   s p r e a d i n g   o f   t h e   s u r f a c e   s t a t i c - p r e s s u r e  rise. The flow 
does ,   however ,   appear   to   be   s l igh t ly   separa ted   near  x - 2.91  in.  

A suc t ion   f l ow rate o f  6.4%  of  the  upstream  boundary-layer  flow was 
obtained  with  the  16-degree  cone  by  using 2 rows  of 54 0.052-in.  diameter 
b l eed   ho le s   l oca t ed   nea r   t he   po in t   o f   r ea t t achmen t   fo r   ze ro   suc t ion .  The 
f l o w   p a t t e r n   ( f i g .  48) is of a r a t h e r   d i f f e r e n t   c h a r a c t e r   t h a n  for t he   p re -  
v ious  cases. A very weak shock  wave, a t t r i b u t e d   t o   t h e   l o c a l   f l o w   d i s t u r b a n c e  
introduced by t h e   t u r n i n g   s u c t i o n   f l o w ,   o r i g i n a t e s   n e a r   t h e   b l e e d   h o l e s   a n d  
merges   wi th   the   s t rong   re f lec ted   shock  wave a t  x = 3.4 i n .  The noncoalescing 
shock-wave pa t t e rn   obse rved   fo r   t he   p rev ious  cases has  been  e l iminated,  as has  
t h e  hump i n   t h e   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n .  The  upstream  extent  of 
t h e   p r e s s u r e  rise has  been  reduced  by  about 50% r e l a t i v e  to t h a t   o b t a i n e d   f o r  
ze ro   suc t ion .   These   f ac to r s   i nd ica t e   t ha t   t he   f l ow  r ema ined   a t t ached   t h rough  
t h e   i n t e r a c t i o n   r e g i o n .  

The in f luence   o f   t he   suc t ion   f l ow- ra t e   on   t he   su r f ace   s t a t i c -p res su re  
d i s t r ibu t ion   fo r   t he   16 -degree   cone  is summarized i n   f i g u r e   4 9 .  As shown, 
i n c r e a s i n g   t h e   s u c t i o n  rate r e s u l t e d   i n  a g r a d u a l   r e d u c t i o n   i n   t h e   s i z e   o f  
t h e  hump, and  an  increase  in   the  peak  pressure  reached  downstream  of   the  intelc  
act ion   reg   ion .  

Data were obta ined   for   an   18-degree   cone  a t  Mach 2.82 w i th   suc t ion   f l ow 
rates of 9.7% and  13.5%  of  the  boundary-layer mass f low  upstream  of   the  inter-  
a c t i o n   r e g i o n s   ( f i g s .  50 and   51 ,   respec t ive ly) .   Compar ison   of   the   resu l t s  
f o r   t h e  two cases shows t h a t   t h e   r e f l e c t e d  shock-wave  system  begins  further 
downstream  and t h a t   t h e  hump i n   t h e   p r e s s u r e   d i s t r i b u t i o n  is smaller f o r   t h e  
h i g h e r   s u c t i o n  rate. Both i n t e r a c t i o n s  are sepa ra t ed ,  as i n d i c a t e d  by t h e  
r e v e r s a l s   i n   t h e   p i t o t   p r e s s u r e   r e a d i n g s   f o r  several prof i les   upstream  of  
t h e   s u c t i o n   z o n e s ,   t h e   m u l t i p l e  shock-wave p a t t e r n s ,  and  the humps i n   t h e  
s t a t i c - p r e s s u r e   d i s t r i b u t i o n s .  

Boundary-layer  properties:   Typical  boundary-layer  profiles  obtained  with 
s u c t i o n  a t  M, = 2.82 are shown i n   f i g u r e  52.   The  x-coordinates   for   the cases 
w i t h   s u c t i o n   f l o w  were adjusted  to   superimpose  the  incident   shock  waves.  The 
p r o f i l e s   r e p r e s e n t   t h e   d a t a  a t  a n   e q u i v a l e n t   x - s t a t i o n  downstream  of t h e  
in te rac t ion   reg ion   for   the   16-degree   cone   wi th   zero   suc t ion   and   wi th   boundary-  
layer   removal   f ract ions  of   3 .6%  and 6.4%. I n c r e a s i n g   t h e   s u c t i o n  rate from 
z e r o   r e s u l t s   i n  a progressive  decrease  in   boundary-layer   thickness   accompanied 
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by an increase i n  t h e   f u l l n e s s  of t h e   v e l o c i t y   p r o f i l e .   T h e s e   c h a n g e s  are 
also r e f l e c t e d  i n  r educ t ions  i n  displacement  and momentum th icknesses   ( f ig .  
531, and i n  t h e  mass f low  contained within the   boundary   l ayer .  

Perforated-wall  tests a t  M o r  3 . 7 8 . n T e s t   d a t a   w i t h   p e r f o r a t e d  walls were 
. "  ~ 

ob ta ined  a t  Mach 3.78 f o r  one in i t ia l ly   a t tached   f low  (10-degree   cone)   and  
one in i t i a l ly   s epa ra t ed   conf igu ra t ion   (15 -degree   cone ) .  

S u r f a c e   p r e s s u r e s   a n d   p i t o t   s u r v e y s :   P i t o t   p r e s s u r e   p r o f i l e s   f o r   t h e  10- 
degree  cone a t  Mach 3.78 wi th  a bleed   f low rate e q u a l   t o  3.6% of   the  upstream 
boundary-layer mass f low are p r e s e n t e d   i n   f i g u r e   5 4 a .  A r o w  of 54 0.064-inch 
diameter   holes   fol lowed by a second row of  58 0.052-inch  diameter  holes  formed 
the   b l eed   ho le   pa t t e rn   ( f ig .   54b) .  The b leed   ho les  were choked f o r   t h i s  
case. The centerbody was pos i t i oned  so that the   b l eed   ho le s  were a t  a posi-  
t i o n  where t h e   a v e r a g e   p r e s s u r e   r a t i o  w a s  about  2.0. 

The d i s tu rbances   i n t roduced  by the   b l eed   f l ow are v i s i b l e   o n   t h e   p r o -  
f i l e s  from x = 2.90 t o  3.49.They  coalesce  with  the  downstream  shock wave nea r  
x = 3.59. The o n l y   d i s c e r n i b l e   d i f f e r e n c e   b e t w e e n   t h e   p r e s e n t   f l o w   f i e l d   a n d  
t h a t   o f   t h e   z e r o - s u c t i o n  case was the   reduct ion   of   the   spreading   of   the  down- 
stream o r   r e f l e c t e d   s h o c k  wave. 

S i g n i f i c a n t   c h a n g e s   i n  a l l  a s p e c t s  of the   f low  f ie ld   and   boundary- layer  
p r o p e r t i e s   r e l a t i v e   t o   t h e   p r e v i o u s  cases for   the   10-degree   cone  a t  M, = 3.78 
were obta ined   wi th  a b leed   f low  ra te   equa l   to   8 .5   percent   o f   the   ups t ream 
boundary-layer mass flow.  This  flow rate w a s  ob ta ined   wi th  4 rows  of  0.064- 
i n c h   d i a m e t e r   h o l e s   ( t o t a l  of 228  ho le s ) ,   g iv ing   t he  maximum poros i ty   o f  42 
percent   over   the  0 .275  inch  long  bleed  zone  ( f ig .   55) .  The p i t o t   p r o f i l e s  
i n d i c a t e   t h a t   t h e   d i s t u r b a n c e s  from t h e   b l e e d   h o l e s   c o a l e s c e d   i n t o  a weak 
shock wave t h a t  merged wi th   t he   r e f l ec t ed   shock  wave j u s t   o u t s i d e   o f   t h e  
boundary  layer.  As shown i n   f i g u r e  55b, removal  of  8.5  percent  of  the bound- 
a ry- layer  mass f low  r e su l t ed   i n   t he   appea rance   o f  a hump i n   t h e   s u r f a c e  
s t a t i c -p res su re   d i s t r ibu t ion   o f   t he   t ype   obse rved   fo r   s epa ra t ed   f l ows   w i thou t  
suc t ion .  The f i r s t  row of   ho les  was not   choked,   but   the   bleed plenum p r e s s u r e  
was s u f f i c i e n t l y   l o w e r   t h a n   t h e   l o c a l  s t a t i c  p res su re  a t  t h e   b l e e d   h o l e   i n l e t s  
t o   g u a r a n t e e   t h a t  no r e c i r c u l a t i o n   i n t o   t h e  test sec t ion   occur red .  The condi- 
t i o n   o b t a i n e d   f o r   t h i s   c a s e   r e p r e s e n t s   t h e  maximum poss ib le   b leed   f low rate 
a t t a i n a b l e   w i t h  no b leed   f l ow  r ec i r cu la t ion   fo r   t he   l owdegree   cone  a t  
M, = 3.78 s i n c e   a n y   f u r t h e r   i n c r e a s e   i n   t h e  number o f   b l eed   pe r fo ra t ions  would 

h a v e   r e s u l t e d   i n  a b leed  plenum pres su re   g rea t e r   t han   t he  test s e c t i o n   i n t e r n a l  
pressure   over   the   b leed   zone .  

A summary o f   t h e   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n s   w i t h   v a r i o u s   p e r -  
f o r a t i o n   c o n f i g u r a t i o n s   f o r  a 10-degree  cone a t  M, = 3.78 i s  p r e s e n t e d   i n   f i g -  
u r e  56. P r o f i l e  340 was obta ined   wi th  a s o l i d  w a l l .  The per fora ted-wal l  
cases show humps i n   t h e   d i s t r i b u t i o n s  of t he   t ype   t ha t   have   been   u sed   i n   t he  
pas t   t o   i den t i fy   s epa ra t ed   f l ows .  The s i ze  of   the  hump i n   t h e   p r o f i l e s  
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i nc reased   w i th   i nc reas ing   suc t ion  rate. With t h i s   e x c e p t i o n ,   t h e  character- 
istics o f   t h e   d i s t r i b u t i o n s  were n o t   s t r o n g l y   a f f e c t e d  by t h e   s u c t i o n   f l o w  
rate. 

A suc t ion   f l ow rate equa l  to  3.1% of  the  upstream  boundary-layer mass 
flow was obta ined   for   the   15-degree   cone  a t  M, = 3.78 with   one  row of  54 
0.064-in.   diameter  bleed  holes.  The b l e e d   h o l e s  were l o c a t e d  a t  a c ross -  
s e c t i o n   w h e r e   t h e   p r e s s u r e   r a t i o  was about 2.7 and   the   b leed  plenum pres su re  
was s u f f i c i e n t l y  low to   ensure   choked   f low  through  the   b leed   ho les .  The 
p f t o t   p r e s s u r e   p r o f i l e s   ( f i g .   5 7 a )   a n d   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n  
( f i g .   5 7 b )   i n d i c a t e  that the   f low  remained   a t tached   th rough  the   in te rac t ion  
region,   whereas   the  f low was sepa ra t ed  a t  t h e  same condi t ions   wi th   zero   suc-  
t i o n .  The m u l t i p l e  shock-wave p a t t e r n   o f   t h e   z e r o   s u c t i o n   c a s e  (shown as 
dashed   l i nes )  was reduced   to  a s i n g l e   r e f l e c t e d   s h o c k  wave similar t o   t h a t  
ob ta ined   fo r   unsepa ra t ed   i n t e rac t ions   w i thou t   suc t ion ,   and   t he   ups t r eam 
sp read ing   o f   t he   su r f ace   s t a t i c -p res su re  rise was reduced by about 40%. When 
s u c t i o n  was appl ied   for   the   15-degree   cone ,   the   reduct ion   in   the   boundary-  
l a y e r   t h i c k n e s s   r e l a t i v e   t o   t h e   s o l i d - w a l l  case allowed  the  expansion  from 
t h e   b a s e   o f   t h e   c o n e   t o   p a s s  downs t r eam  o f   t he   i n t e r sec t ion   o f   t he   r e f l ec t ed  
shock wave and  the  boundary-layer  edge. The inf luence  of   the  expansion  on 
the  f low  pattern  and  boundary-layer  properties  immediately  downstream  of  the 
i n t e r a c t i o n   r e g i o n  is, t h e r e f o r e ,   b e l i e v e d   t o   b e   n e g l i g i b l e   f o r   t h e   p e r -  
fora ted-wal l  tests. 

Removal of  5.2% of   the  upstream  boundary-layer   f low  causes   fur ther  
changes   i n   t he   f l ow  f i e ld   fo r   t he   15 -degree   cone  a t  M, - 3.78, as shown i n  
f igu re   58 .  Two rows  of   bleed  holes   formed  the  perforat ion  pat tern,   and  the 
holes  were choked  during  the tes t .  The upstream  inf luence,  as  r e f l e c t e d  by 
t h e   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n ,  was somewhat lower   than   tha t  
observed   for  3.1% suc t ion .  

A maximum suct ion  f low  of  13.1X of  the  upstream  boundary-layer mass flow 
was obtained  with  the  15-degree  cone  and a brow 42% p o r o s i t y   p e r f o r a t i o n  
configurat ion  of   0 .064-in.   d iameter   holes .  The b leed  plenum p res su re  was not  
low  enough to   choke   the   ups t ream  holes   bu t   in   v iew  of   the   observed   va lues   o f  
wall s t a t i c  and  bleed plenum p r e s s u r e s  i t  is h i g h l y   u n l i k e l y   t h a t   r e c i r c u l a -  
t i on   occu r red  from t h e  plenum in to   t he   l ow-pres su re   r eg ion   o f   t he  test sec- 
t i on .  The flow p a t t e r n   ( f i g .  59) shows an   addi t iona l   shock  wave, o r i g i n a t i n g  
near   the  upstream  bleed  holes ,   and a r a the r   t h in   boundary - l aye r  downstream  of 
t h e   i n t e r a c t i o n   r e g i o n .  The ups t r eam  sp read ing   o f   t he   su r f ace   s t a t i c -p res su re  
rise was reduced   to  50%  of t h a t   f o r   z e r o   s u c t i o n .  

The e f f e c t s   o f   s u c t i o n  ra te  o n   t h e   s u r f a c e   s t a t i c - p r e s s u r e   d i s t r i b u t i o n ,  
shown i n   f i g u r e  60, are more pronounced fo r   t he   15 -degree   t han   fo r   t he  10- 
degree  cone. The so l id-wal l  ( 3 3 4 )  case r e p r e s e n t s  a s e p a r a t e d   i n t e r a c t i o n .  
A s u c t i o n  rate of 2.5% of  the  upstream  boundary  layer (319) appa ren t ly  was 
s u f f i c i e n t   t o   a t t a c h   t h e  flow when the  bleed  zone  (26  0.064-inch  holes) was 
w i t h i n   t h e   i n t e r a c t i o n   r e g i o n .  The  peak  pressure  increased  with  increasing 
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s u c t i o n  rate i n  t h e  lower range (0 to  5 . 2 % ) ,  and  then  began to dec rease  a t  
t h e   h i g h e s t  rate t e s t e d  (405, 13.1%). 

The e f f e c t   o f   t h e   l o c a t i o n   o f   t h e   b l e e d   z o n e  relative t o   t h e   i n c i d e n t  
shock wave w a s  s t u d i e d  by t r a n s l a t i n g   t h e   c e n t e r b o d y .   R e s u l t s  of s ta t ic  pres-  
sure  measurements a t  M, - 3.78 for   b leed   ups t ream of t h e   p r e s s u r e  rise 
Induced  by a 15-degree  cone-shock wave are g i v e n   i n   f i g u r e   6 1 .  The flow 
appeared   to  remain a t t a c h e d   f o r  3.6% bleed .   This  ra te  i s  comparable   to   the 
rates o b t a i n e d   f o r   a t t a c h e d   f l o w   w i t h   s u c t i o n   w i t h i n   t h e   i n t e r a c t i o n   r e g i o n  
( f ig .  60); however, when the   b leed   zone  was u p s t r e a m   o f t h e   i n t e r a c t i o n   r e g i o n  
approximately 4 t imes as many h o l e s  were r e q u i r e d   t o   r e a l i z e   t h e   s u c t i o n   f l o w  
rate ob ta ined   w i th  1 row o f   ho le s  at a p r e s s u r e   r a t i o   o f   a b o u t  2.0. I t  i s  
ev iden t  from t h e s e   r e s u l t s   t h a t   s u c t i o n   w i t h i n   t h e   i n t e r a c t i o n   r e g i o n  would 
be  more e f f e c t i v e   f o r   s u p e r s o n i c   i n l e t   a p p l i c a t i o n s  when the  problem  of remov- 
al of   the  low-pressure  bleed  f low is considered.  The resul ts  of tests of a 
high-performance  axial ly  symmetric i n l e t   ( r e f .   1 6 )   a l s o  show t h a t   s u c t i o n  
within  regions  of   shock wave-boundary l a y e r   i n t e r a c t i o n   y i e l d s   b e t t e r   i n l e t  
performance  than  suction  ahead  of  shock-impingement  locations.  

Boundary-layer   propert ies :   Representat ive  boundary-layer   veloci ty   pro-  
f i l e s  downstream  of t he   i n t e rac t ion   r eg ion   fo r   t he   10 -degree   cone   w i th   and  
wi thout   suc t ion  are shown i n   f i g u r e  62. Kemoval of 3 . 6 %  of the  boundary- 
l a y e r  mass f l o w   r e s u l t e d   i n   i n s i g n i f i c a n t   c h a n g e s   i n   t h e   t h i c k n e s s  and  veloc- 
i t y -p ro f i l e   shape  re la t ive  to   t he   so l id -wa l l   ca se .   Inc reas ing   t he   suc t ion  
f l o w   r a t e   t o   8 . 5 %   r e s u l t e d   i n  a reduct ion  in   boundary-layer   thickness   with a 
cor responding   increase  in t h e  f u l l n e s s  of t h e   p r o f i l e .  

The displacement   thickness   and momentum th i ckness  downstream  of  the 
i n t e r a c t i o n   r e g i o n   f o r  8.5X s u c t i o n  were cons iderably  smaller than the va lues  
f o r   z e r o   o r  3 . 6 %  s u c t i o n   ( f i g .  6 3 ) .  The values  of N f o r  power-law p r o f i l e s  
were co r re spond ing ly   h ighe r   fo r   t he   h ighe r   suc t ion   f l ow ra te .  The boundary- 
l a y e r  mass flow was reduced by an amount approximately equal t o   t h e   s u c t i o n  
ra te ;  however, t h e  rate of  boundary-layer  growth  downstream  of  the  interaction 
reg ion  was not  changed. 

A d d i t i o n a l   v e l o c i t y   p r o f i l e s  are shown i n   f i g u r e  6 4  for   the   15-degree  
cone .   Inc reas ing   t he   suc t ion  ra te  r e s u l t e d   i n   p r o g r e s s i v e   r e d u c t i o n s   i n  
boundary-layer  thickness.  The boundary-layer  properties  downstream  of  the 
in t e rac t ion   r eg ion   fo r   t he   15 -degree   cone   w i th  and  without   suct ion may be com- 
p a r e d   i n   f i g u r e  65. The r e s u l t s   w i t h  3.1% s u c t i o n   i n d i c a t e  a s i g n i f i c a n t  i m -  
provement, i n  terms of reduced 6 and  increased N ,  i n   t h e   c h a r a c t e r i s t i c s   o f  
t he   boundary - l aye r   r e l a t ive   t o   t he   s epa ra t ed   ze ro - suc t ion   ca se .  The d i f f e r -  
ences   decreased  rapidly  with  dis tance,   however ,  as  the  expansion  from  the  base 
o f   t he   cone   caused   t he   f l ow  to   acce le ra t e .  The presence of the   expans ion& 
makes a comparison of t h e   d i f f e r e n c e   i n  mass-flow rates determined  from  the 
ups t r eam  and   downs t r eam  p ro f i l e s   t o   t he   measu red   va lue   r a the r   d i f f i cu l t .  
Addi t ional   improvements   in   the  boundary-layer   character is t ics   downstream  of  
t h e   i n t e r a c t i o n   r e g i o n  were obta ined  by inc reas ing   t he   suc t ion   f l ow rate. 
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C(X4PARISON OF THEORY AND EXPERIMENT 

The results of the   ana lys i s   deve loped   du r ing   t he   p re sen t   s tudy  are com- 
p a r e d   t o   d a t a   o b t a i n e d  by Pinckney  ( ref .  3) for   two-dlmens iona l   in te rac t ions  
w i t h   s o l i d  walls, a n d   t o   t h e   d a t a   p r e s e n t e d   i n   t h i s  report f o r   a x i a l l y  sym- 
met r i c   f l ow  wi th   so l id   and   pe r fo ra t ed  walls. 

Two-Dimensional  Flow 

Deta i led   exper imenta l   in format ion   on  t h e  e f f e c t s   o f   s u c t i o n   o n   t h e  
changes   in   boundary- layer   p roper t ies   across   the   reg ion   of   in te rac t ion   wi th   an  
obl ique   shock  wave is not   cur ren t ly   ava i lab le   for   any   of   the   suc t ion   models  
d i s c u s s e d   i n   t h i s   r e p o r t .  

The r e s u l t s  o f   c a l c u l a t i o n s   f o r  a two-dimensional   interact ion  with a 
s o l i d  wall are compared wi th   exper imenta l   da ta   repor ted  by Pinckney  ( ref .   3)  
i n   f i g u r e  6 6 .  The experimental  shock-wave p o s i t i o n s  were taken from a 
schl ieren  photogxaph.  The shock-wave gene ra to r   ang le  was g iven  as 6 degrees ;  
however, t h e   p e a k   s u r f a c e   s t a t i c - p r e s s u r e   r i s e   c o r r e s p o n d s   t o   a n   e f f e c t i v e  
f low-def lec t ion   angle   o f   about  7 degrees .   S ince   t he   ana ly t i ca l  method i s  more 
s e n s i t i v e   t o   p r e s s u r e   r a t i o   t h a n  shock-wave ang le ,  a - 7 degrees  w a s  used 

for   the   compar ison .  The sch l i e ren   pho tograph   and   su r f ace   s t a t i c -p res su re   d i s -  
t r i b u t i o n   i n d i c a t e   t h a t   t h e   f l o w  was no t   s epa ra t ed .  The boundary-layer  char- 
a c t e r i s t i c s  downstream  of t he   r e f l ec t ed   shock  wave are g i v e n   a t  two s t a t i o n s ,  
as shown i n   f i g u r e  6 6 .  The p o i n t  of emergence  of t h e   r e f l e c t e d   s h o c k  wave 
from the   boundary   l aye r   cou ld   no t   be   de t e rmined   accu ra t e ly .   Fo r   t h i s   r ea son ,  
t h e   a n a l y t i c a l  results and  experimental  data a r e  compared by l i n e a r l y   e x t r a p -  
o l a t i n g   t h e   e x p e r i m e n t a l   v a l u e s  of 63/61 and N3 t o  t h e  t h e o r e t i c a l   r e f l e c t e d  

shock-wave p o s i t i o n   ( s t a t i o n  3, f i g .   2 a ) .  The p r e d i c t e d  results f o r  6 / 6  

and N are w i t h i n  8 percent   o f   the   ex t rapola ted   exper imenta l   da ta .  

1 

3 1  
3 

The p o s s i b i l i t y  of   inf luences  of  mass ent ra inment   and   the   a t tendant  
momentum t r a n s f e r  on the   resu l t s   for   two-dimens iona l   f low  wi thout   suc t ion  were 
examined f o r   t h e  case shown i n   f i g u r e  6 6 .  From the   exper imenta l  results re- 
p o r t e d   i n   r e f e r e n c e  3, an   increase   in   boundary- layer  mass f low  equal   to   about  
4% of   the  upstream va lue  was obtained.  A flow  model  with mass addi t ion   and  
momentum t r a n s f e r ,  assumed to   occu r   ac ross   t he   uppe r   con t ro l   su r f ace   ( f ig .  2a), 
was pos tu l a t ed .  The c o n t i n u i t y  and momentum eqyat ions,   Equat ions  (3)   and (41 ,  
a p p l y   t o   t h i s   f l o w  model when t h e  mass term m /m is n e g a t i v e ,   t h e  momentum 

term / p  6 is g iven  by (A 2 4 )  of  Appendix A, and  the   p ressure-area  term f o r  

r eg ion  2 is assumed t o   e q u a l   t h e   v a l u e   f o r   z e r o  mass add i t ion .   Ca lcu la t ions  
fo r   t he   ups t r eam  da t a   co r re spond ing   t o   f i gu re  66 wi th  4% mass a d d i t i o n   i n d i -  
Cate tha t   63 /61   increased  by about 2% and N3 i nc reased  by about 6 % .  Changes 

of t h i s   magn i tude  are wi th in   t he   unce r t a in ty   o f   t he   da t a   and  i t  is concluded 
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t h a t   i n c l u s i o n  of the e f f e c t s   o f  entrainment f rom  the  external f low is n o t  
r e q u i r e d   f o r  the weak in t e rac t ion   cons ide red   he re .  

Additional  comparieons to the   da t a   ob ta ined  by  Pinckney  (ref.  3) are 
summarized i n  f i g u r e  67. The circular symbol s   r ep resen t   t he   t h i ckness   r a t io s  
obta ined   by   ex t rapola t ing  the downstream  boundary-layer   thickness   to   s ta t ion 
3 of the t h e o r e t i c a l   f l o w  model ( f ig .   2a) .   The  sol id  l i n e s  were c a l c u l a t e d  
by the   p re sen t   t heo ry .  As shown, the   agreement   be tween  the   theore t ica l   p re-  
d i c t i o n s   a n d   t h e   e x t r a p o l a t e d   d a t a  is excellent f o r  Mach 3.02 and  reasonable  
f o r  Mach 1.99. The downstream d a t a   p o i n t s   f o r  Mach 4.24 were obta ined  a t  
r e l a t i v e l y   l a r g e   d i s t a n c e s  from s t a t i o n  3,  and   t he   ex t r apo la t ion   p rocedure  
appears  to  be   t he   cause   o f   t he   r e l a t ive ly   poor   ag reemen t .  

Ax ia l ly  Symmetric  Flow 

Sol id-wal l   in te rac t ions . - -Analy t ica l   resu l t s   for  a 10-degree  cone a t  
Mach 3.78 with   zero   suc t ion  are compared to   exper imenta l   da ta  i n  f i g u r e  6 8 .  
The experimental incident   and  ref lected  shock  waves  appear  as bands  of f i n i t e  
width,   and  the  occurrence  of  a s i n g l e   r e f l e c t e d   s h o c k  wave i n d i c a t e s   t h a t   t h e  
flow was not   separa ted .  The p r e d i c t e d   i n t e r a c t i o n   l e n g t h  i s  somewhat l a rper  
than   tha t   de te rmined   exper imenta l ly .  The p red ic t ed   t h i ckness  downstream  of 
t h e   i n t e r a c t i o n  i s  about  8 percent   lower   than  the  measured  value,   and  the 
t h e o r e t i c a l  power-law parameter i s  ahout 20 percent   above  the  experimental  
r e s u l t .  The ana lys i s   p red ic t s   t he   s lope   o f   t he   r e f l ec t ed   shock  wave as i t  
leaves   the   edge  of the  boundary  layer .   This   s lope is ind ica t ed  by t h e   s o l i d  
l i n e  on f i g u r e  68. 

The r e s u l t s   o f   a n a l y t i c a l   c a l c u l a t i o n s   a r e  compared to   so l id-wal l   exper i -  
m e n t a l   d a t a   i n   f i g u r e  69 f o r  Mach 2.82 and  f igure  70 f o r  Mach 3.78.  The 
t h e o r e t i c a l   c u r v e s  were determined  using  average  values  of  the  upstream bound- 
ary-layer  thickness  and  mass-flow  equivalent power-law pa rame te r   fo r  a l l  da ta  
obta ined  at both Mach numbers. The p o i n t s   t o  the l e f t  of t h e   v e r t i c a l   d a s h e d  
l ines   represent   unseparated  f lows,   whereas   the  remaining  f lows  for   each Mach 
number e x h i b i t e d   c h a r a c t e r i s t i c s   o f   s e p a r a t e d   i n t e r a c t i o n s   w i t h   t h e  accompany- 
ing  upstream  spreading  of t h e  s u r f a c e   s t a t i c - p r e s s u r e  rise. 

The agreement   be tween  the   ana ly t ica l   and   exper imenta l   resu l t s  is consid- 
ered  to   be good (wi th in  20%) fo r   t he   unsepa ra t ed   i n t e rac t ions   fo r   wh ich   t he  
ana ly t i ca l   f l ow  mode l s  were der ived.  As shown i n   f i g u r e s  69  and  70, t h e  
differences  between  analysis   and  experiment   increase  markedly  with  increasing 
shock   s t rength  when t h e   e x p e r i m e n t a l   d a t a   e x h i b i t   c h a r a c t e r i s t i c s   i n d i c a t i v e  
of   separated  f low.   For   these cases, t h e  assumed  geometry  of  the  flow  model 
is no longer  similar t o   t h e  actual i n t e r a c t i o n .  The pressure-area term i n  
t h e  momentum equat ion ,   equa t ion  (141, does  not   account   for   the  mult iple-wave 
re f lec ted   shock   sys tem when a conical   s t reamline  boundarv i s  s p e c i f i e d   i n   t h e  
a n a l y s i s .  The assumpt ion   of   negl ig ib le  mass entrainment  is n o t   e n t i r e l y  
v a l i d   f o r   t h e   s t r o n g e r   i n t e r a c t i o n s ,  a s  evidenced  by  the  mass-flow  increases 
shown i n   f i g u r e s  34 and 44. Proper   account ing   for   mass-en t ra inment   e f fec ts  i s  
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d i f f i c u l t   p a r t l y   b e c a u s e   o f   t h e   i n f l u e n c e  of the da ta- reduct ion   procedure ,  
t h a t  is, t h e   c h o i c e   o f  the edge of the   boundary   l aye r  a t  Me/Mm = 0.99 down- 
stream of  a s t r o n g   i n t e r a c t i o n   w h e r e   t h e   p r o f i l e s  are h i g h l y   d i s t o r t e d .  The 
in f luence   o f   t he   o the r   a s sumpt ions   u sed  i n  t h e   a n a l y s i s  i s  cons ide red   t o   be  
of  less importance  than  those  concerning  the  geometry of t h e   i n t e r a c t i o n  
region  and mass entrainment .  

Perforated-wall   in teract ions.--Comparisons  of   predict ions  for   the  per-  
f o r a t e d - w a l l   o r   s l o t   s u c t i o n   f l o w  model   and  experimental   data   for   the 15- and 
16-degree  cones a t  Mach 2.82 are  shown i n   f i g u r e s   7 1   a n d  72,  r e s p e c t i v e l y .  
The u p s t r e a m   p r o p e r t i e s   f o r   t h e   a n a l y t i c a l   r e s u l t s   c o r r e s p o n d   t o   t h e   a v e r a g e  
va lues   ob ta ined   fo r  a l l  cases a t  Mach 2.82 wi th   ze ro   suc t ion .  The  agreement 
between  analysis  and  experiment  for  the  15-degree  cone is r a t h e r   p o o r ;  how- 
ever ,   one  case wag sepa ra t ed   and   t he   o the r  was ve ry   nea r   s epa ra t ion  so that 
t h e   p a t t e r n s  do no t   co r re spond   c lose ly   t o   t he   f l ow  mode l s   u sed   i n   t he   ana ly -  
sis. With the   excep t ion   o f  Nj, the   agreement   for   the   boundary- layer   p roper -  
t ies  improves  with  increaRing  suction  f low rate for   the  16-degree  cone.  The 
flow was a t t a c h e d   t h r o u g h o u t   t h e   i n t e r a c t i o n   r e g i o n   f o r  6.4% suc t ion ,   and   t he  
ups t r eam  sp read ing   o f   t he   su r f ace   s t a t i c -p res su re  rise was reduced  to   such  an 
e x t e n t   t h a t   t h e  flow model o f   t h e   a n a l y s i s  more c l o s e l y   d e s c r i b e s   t h e   f l o w  
pa t te rn   ob ta ined   exper imenta l ly .  The agreement was good f o r   t h e  external f low 
parameter M3 ove r   t he   r ange   o f   suc t ion  ra tes  t e s t e d   f o r   b o t h  15- and  16-degree 
cones.  

Similar   comparisons are shown i n   f i g u r e  73 for   the   10-degree   cone  a t  
Mach 3.78. All experimental   data   represent   a t tached  f lows  for   which  the  f low 
model  and  experimental   f low  field  have a s i m i l a r   s t r u c t u r e .  Removal of 3.6% 
of   the  boundary-layer  mass flow  did  not  change  the  properties  downstream  of 
t h e   i n t e r a c t i o n   r e g i o n .  A t  t h e   h i g h e r   s u c t i o n  ra te  (8.5%), s i g n i f i c a n t   r e d u c -  
t i o n s   i n   t h e  downstream th i cknesses  were r e a l i z e d .  The agreement  between 
ana lys i s   and   exper iment   for  a l l  boundary-layer   propert ies   improves  with  in-  
c r eas ing   suc t ion   f l ow rate.  

The  most extensive  compari8ons  between  predictions  and  experimental   data 
were made for   the   15-degree   cone  a t  Mach 3.78. These  comparisons are shown 
i n   f i g u r e  74. Removal of 3.1% of the  boundary-layer mass flow  prevented  sep- 
a ra t ion   bu t   d id   no t   comple t e ly  eliminate the  upstream  spreading  of   the  sur-  
f a c e s   s t a t i c - p r e s s u r e  rise. A t  h i g h e r   s u c t i o n  rates, t h e   a n a l y t i c a l   f l o w  
model  more c l o s e l y   d e s c r i b e s   t h e   f l o w   p a t t e r n s   o b t a i n e d   e x p e r i m e n t a l l y  and 
the  agreement is exce l l en t .  
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CONCLUDING REMARKS 

The r e s u l t s   p r e s e n t e d   i n   t h i s   r e p o r t   s u p p o r t   t h e   f o l l o w i n g   c o n c l u s i o n s :  

(1) The a d d i t i o n a l   a d v e r s e   p r e s s u r e   g r a d i e n t s   p r e s e n t   i n   a x i a l l y  symmetric 
flows  reduced  the  shock wave s t r e n g t h  a t  which   separa t ion  was i n i t i a l l y  
observed relative t o   r e s u l t s   f o r  two-dimensional  flow, as r epor t ed  by 
Kuehn ( r e f .  2) .  The i d e n t i f i c a t i o n  of a "hump" i n   t h e   s u r f a c e  s t a t i c -  
p r e s s u r e   d i s t r i b u t i o n   d i d   n o t   a p p e a r   t o   b e  a r e l i a b l e   i n d i c a t i o n   o f  com- 
p l e t e l y   a t t a c h e d   f l o w   € o r   t h e   p r e s e n t  tests s i n c e   i n  some ins tances   char -  
ac te r i s t ics  i n d i c a t i v e   o f   s e p a r a t e d   f l o w   w i t h   i m p o r t a n t   c h a n g e s   i n   t h e  
f l o w   p a t t e r n  were observed   before   the   appearance  of a hump i n   t h e   p r e s s u r e  
d i s t r i b u t i o n ,   w h i l e   i n  some unseparated  f lows  with  boundary-layer  bleed 
t h e   p r e s s u r e   d i s t r i b u t i o n   e x h i b i t e d  a hump. 

( 2 )  The   obse rvab le   e f f ec t s   o f   s epa ra t ion  may be  completely  e l iminated €or 
s e p a r a t i o n s  as long   a s  two boundary- layer   th icknesses   in   ex ten t  by remov- 
ing  a small portion  of  the  boundary-layer mass f low  f rom  the   i n t e rac t ion  
region.  

( 3 )  The  power-law v e l o c i t y   p r o f i l e  was found t o   p r o v i d e  a good r e p r e s e n t a t i o n  
of the  measured  boundary-layer   veloci ty   dis t r ibut ions  upstream  of   the 
incident  shock  waves  and  immediately  downstream of t h e   i n t e r a c t i o n   r e g i o n s  
€o r   unsepa ra t ed   i n t e rac t ions .  The a n a l y t i c a l   p r e d i c t i o n s  are i n  good 
ag reemen t   w i th   t he   expe r imen ta l   r e su l t s   €o r   i n t e rac t ions   w i thou t   ex t en -  
s i v e   u p s t r e a m   s p r e a d i n g   o f   t h e   s u r f a c e   s t a t i c - p r e s s u r e  rise. 

( 4 )  S u c t i o n   w i t h i n   t h e   i n t e r a c t i o n   r e g i o n  was more e f f e c t i v e   i n   s u p p r e s s i n g  
t h e   e f f e c t s  o f   s e p a r a t i o n   f o r   s u p e r s o n i c   i n l e t   a p p l i c a t i o n s   t h a n   s u c t i o n  
ahead of the  shock  impingement  location when the  problem  of  ranoval  of 
the  low-pressure  suct ion  f low was considered.   This  is i n  agreement  with 
t h e   d i s c u s s i o n  of r e fe rence  10, bu t   no t   wi th   the   conclus ions   reached  by 
S t r i k e  and  Rippey ( r e f .  8 ) .  The obse rva t ions  of the   p resent   s tudy   regard-  
i ng   t he   l oca t ion  of b l e e d   p e r f o r a t i o n s   a r e   a l s o   s u p p o r t e d  by t h e   r e s u l t s  
of t e s t s  of a high-performance  axially symmetric i n l e t   ( r e f .  1 6 ) .  
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APPENDIX A 

Analysie  for Two-DPmensional Flow 

The equat ions  for   the  two-dimensional   shock wave-boundary l a y e r   i n t e r a c -  
t i o n   w i t h o u t  mass o r  momentum t r a n s f e r  are g iven  i n  r e fe rences  5 and 6 ,  Simi- 
l a r  equat ions are d e r i v e d   h e r e   f o r   i n t e r a c t i o n s   w i t h  mass t r a n s f e r   a n d  
momentum t r a n s f e r   d u e   t o  mass t r a n s f e r .  

Cons ider   the   appl ica t ion   of   the   p r inc ip les   o f   conserva t ion   of  mass and 
momentum t o   t h e   c o n t r o l  volume  of f i g u r e  2. Including  any mass t r a n s f e r  be- 
tween s t a t i o n  l and s t a t i o n  3 i n   t h e  term 5 which is cons idered   pos i t ive   ou t -  

ward ,   app l i ca t ion   o f   t he   p r inc ip l e   o f   conse rva t ion  of mass g ives  
B Y  

S i m i l a r l y ,   a p p l i c a t i o n  of t he   p r inc ip l e   o f   conse rva t ion   o f  momentum t o   t h e  
same c o n t r o l  volume  gives 

P1dl - P363 - p (6 -6 1 = 2 1 3  J13 pu2dy - Jll pu2dy 9 tB X (A 2)  

where t h e  term f r e p r e s e n t s   t h e  x-momentum assoc ia t ed   w i th   t he  mass t r a n s f e r  

iB, assumed posi t ive  outward,   and  the wa l l  shear force  has   been  neglected.  
B, 

The boundary-layer  displacement  thickness is g iven  by 

and the  momentum th ickness  by 

8 : 6 p u  ( 1  --) dy 
Jo *eUe U e 

U 
(A  4 )  

w h e r e t h e s u b s c r i p t  e r e fe r s   t o   t he   l oca l   boundary - l aye r   edge   cond i t ions .  

Rearrangement  of (A  3)  and (A 4 )  g ives  
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pudy = (c")  eue 

l and 

(A 5 )  

Introducing the ideal-gas  equation of s t a t e ,   t h e  Mach number, and t h e   t o t a l  
temperature, and assuming constant   s tat ic   pressurethrough  the  boundary layer ,  
t h e  densi ty-ve loc i ty  terns become 

PeUe = PMe $-" 
RTt 

2 e  
e 

and 

The i n i t i a l  boundary-layer  mass flux is  denoted by hBL: 

& BL = 1:' Pudy 

Rearranging (A 1) and s u b s t i t u t i n g   t h i s   d e f i n i t i o n  

0 nra B 1"-= 
'BL 

(A 9)  

Subst i tut ing  (A 5 )  and (A 7 )  i n to  (A 10) 
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Assuming tha t   the   to ta l   t empera ture   a long   the   boundary- layer   edge  is cons tan t ,  
and  rearranging 

61 1 

' 1 - 7  % '  !l+YM2 (1 - 7'1 6* 
m p M  

BL el e 1 

which is t h e   d e s i r e d   c o n t i n u i t y   e q u a t i o n  as  g i v e n   i n   t h e   t e x t .  

Dividing (A  2) by p1A3 and  rearranging 

p2&1 IB p2  p3 ""- X pu2dy + - = - - - - - 
'163 63  '163 '1  '1 p163 

P U2 dy 
1 

S u b s t i t u t i n g  (A 6)  and (A 8) and   rear ranging   fur ther  

(A  11)  

which is t h e   d e s i r e d  momentum equat ion  as g i v e n   i n   t h e   t e x t .  The term IB /p161 

is  now e v a l u a t e d   f o r  several mass t r a n s f e r   c o n f i g u r a t i o n s .  X 

Porous-wal l   suct ion.  -- For   the  case of mass removal by suct ion  through a 
porous w a l l ,  t h e   t r a n s f e r   o f  x-momentum a c r o s s   t h e   c o n t r o l   s u r f a c e  is  zero  and 
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P e r f o r a t e d - w a l l   o f   s l o t   s u c t i o n ,  - For   the  case of mass removal by suc- 
t i on   t h rough  a series of p e r f o r a t i o n s   o r  a s l o t ,   t h e  x-momentum t r a n s f e r r e d  
ac ross   t he   con t ro l   su r f ace   (pos i t i ve   ou tward  by convention) is set e q u a l   t o  
t h e  x-momentum assoc ia t ed   w i th   t he   suc t ion   f l ow a t  s t a t i o n  1: 

where y is the   d i s t ance   de f ined  by 
U 

Then, w i th  (A 9)  and (A 5 ) ,  the   above  equat ion becomes 

0 

The aon-dimensional momentum f l u x  term then  becomes, wi th  (A  8) 

o r   S l o t  

where y / a  is determined  f rom  the  solut ion of (A  14)  u 1  

T h e  p e r f o r a t e d - w a l l   o r   s l o t   s u c t i o n  model was i n i t i a l l y   d e r i v e d   f o r   t h e  
s lo t   geomet ry  shown by t h e   d a s h e d   l i n e s   i n   f i g u r e  Za, and t h e  x-momentum f l u x  
ac ross   t he   con t ro l   su r f ace  (A 15) was c a l c u l a t e d   f o r   t h i s   g e o m e t r y .   T h i s   f l a w  
model is a l s o   a p p l i e d   t o   p e r f o r a t e d  walls with  holes   normal  t o  t h e   s u r f a c e  
when the   ho le   d iameter  i s  a s u b s t a n t i a l   f r a c t i o n  of the  boundary-layer   thick-  
ness. For   such   la rge   per fora t ions ,   the  x-momentum f l u x  assoc ia ted   wi th   the  
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suc t ion   f low is c o n s i d e r e d   t o   b e   s i g n i f i c a n t  and o€ t h e  same orde r  of mngni- 
tude as t h a t   a s s o c i a t e d   w i t h   t h e   s l o t  shown i n   f i g u r e  2a. 

Scoop s u c t i o n .  - The c o n t r o l  volume €or   t he   s coop   suc t ion  model is some- 
what d i fPe ren t   t han  €or the   p rev ious  cases and is i l l u s t r a t e d   i n   f i g u r e  2b. 
The con t inu i ty   equa t ion   fo r   s coop   suc t ion  i s  given by 

0 0 '0 

and t h e  momentum equat ion  is 

Def in ing   the   suc t ion  mass-flow f r a c t i o n ,  as for   the   p rev ious   models ,  

S u b s t i t u t i o n   o f   t h e   d e f i n i t i o n s  of 6 * ,  0 e t c .  and  rearrangement  give 

which is i d e n t i c a l   t o  (A 11). 

Af te r   d iv id ing  by p1d3 and 

A 

rear ranging ,  (A 1 7 )  becomes 

p2 61 61 p2 ys  61 p2 p3 

p 1  6 3   6 3  p 1  1 3 
"""" 

6 6  
pu2dy r - - - - - pu2dy ' 
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The i n t e g r a l   o n   t h e   l e f t - h a n d   a i d e  may b e   w r i t t e n  

0 '0 

Combination  with (A 6 )  and (A 8)   and  fur ther   rearrangement  give  

I I 

I J. 

where  the x-momentum f lux term has   the  

0 
r 

POSSil 

where  y,/bl is determined  f rom  the  solut ion of (A 18),   which may be r e w r i t t e n  

i n   t h e  form of (A 1 4 )   t o   g i v e  

Mass a d d i t i o n  from  region 2 s x t e r n a l  f low.  -- It has  been  observcd  experi-  
men ta l ly   ( r e f .  11) t h a t  some mass t r a n s f e r   i n t o   t h e  boundary l a y e r   o c c u r s   i n  
the  region  between  the  incident   and  ref lected  shock  waves  ( region  2 ,   f ig .  2 ) .  
Assuming t h a t   t h e   e x t e r n a l   f l o w   c o n d i t i o n s  are n o t   a f f e c t e d  by t h i s  mass t r ans -  
f e r ,   t h e   a s s o c i a t e d  x-momentum t r a n s f e r  term is g iven  by 

0 

mR o 

IB = mgu2 cos a c- 

'BL 
Y 

m~~ u2 'Os a 2 
X 

where a 'is t h e   f l o w   d i r e c t i o n   a n g l e   i n   r e g i o n  2. 2 

45 



f / I  ay-l?.4: 2 

In te rac t ion- reg ion   length .  - For  zero  bleed,  porous-wall   suction,  and 
perforated-wall  or s l o t   s u c t i o n ,   t h e   l e n g t h  of t he   i n t e rac t ion   r eg ion  and t h e  
p o s i t i o n  of t he   r e f l ec t ed   shock  wave can  be  determined  directly  from  the geom- 
e t r y   ( f i g .  2) : 

6 -6 1 3  t a n  a = - 1 L 

Thus 

6 -6 1 3  
t a n  a L =  

1 

o r  

“ L 1 &3 - 
t a n  a 1 - 

Simi la r ly ,  f o r  scoop  suc t ion ,  

” L 1 6 3  ys 

61 1 61 
- 

tan a 
(1”””) 
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APPENDIX B 

Analys i s   fo r   Ax ia l ly  Symmetric Flow 

The i n t e g r a l   c o n t i n u i t y   a n d  momentum e q u a t i o n s   f o r  a x i a l l y  symmetric flow 
are similar t o   t h o s e   g i v e n   i n  Appendix A for  two-dimensional  flow. A l l  i n t e -  
g r a l s  are taken   over   the   annular   reg ion  from r - R-6 t o  r - R ( f i g .  3 ) .  The 
cross-sect ional   geometry of t h e   i n t e r a c t i o n   r e g i o n  i s  similar t o   t h a t   f o r  two- 
dimensional   f low,   except   that   the   boundary  s t reamline of reg ion  2 is g e n e r a l l y  
curved. 

Appl ica t ion  of t h e   p r i n c i p l e  of conserva t ion  of mas8 t o   t h e   a n n u l a r  con- 
t r o l  volume  of f i g u r e  3 gives  

2npurdr - Znpurdr + mB 
1 3 

. 
where % i s  p o s i t i v e   o u t  of t h e   c o n t r o l  volume. 

S i m i l a r l y ,  t h e  momentum equat ion  becomes 

fR-6 3 

J R-6 2npu2rdr + iB 
1 X 

where f r ep resen t s   t he  x-momentum assoc ia t ed   w i th   (pos i t i ve   ou tward )  and 

is the  pressure along t h e  streamline  boundary,  which may b e   v a r i a b l e .  
Bx B 

pe2 

Cons ide r   t he   gene ra l   i n t eg ra l  term 

R- 6 

and the   t ransformat ion  

4 7  
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y - R-r 

Then 

r = R-y 

and 

dr = -dy 

The limits of i n t e g r a t i o n  become 

1: = R-6 = R-y; y=6 

and 

r = R = R-y; y=O 

Therefore 

I" 

Referring  the  continuity  equation ( B  1) to   the  duct  mast3 flow ko 

m =  llR* 
0 elUel 

and the momentum equation ( B  2)  to   the  term 

. 
Io = 'el el u2 vR2 

4 )  

s u b s t i t u t i n g  (A 7 )  and (A 8)  and rearranging,   there   resul ts   for   constant  T 
tt? 
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. 
m 

( 1  - E)d(E) - ;;;- = 0 B 

0 

and 

- Y M ~ ~  e 0 
1 0  

which are t h e   d e s i r e d   e q u a t i o n s   a s   g i v e n   i n   t h e  text. 

For   t he   ax ia l ly  symmetric case, t h e  mass t r a n s f e r  tern m is r e f e r r e d   t o  B 
t h e   d u c t  mass  flow m . Since   t he   suc t ion   f l ow ra te  i s  s p e c i f i e d  as a f r a c t i o n  

of the  upstream  boundary-layer mass flow, a conversion is necess5ry fo g i v e  
t h e  mass-flow r a t i o   i n   e q u a t i o n  ( B  7 ) .  From t h e   d e f i n i t i o n s  of mB,  mo, and 

0 

rn BL 

R 

'BL ,= lR-d1 
2npurdr 

and 
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= p u2 .R2 
0 el el 

Therefore  

. 
m 
- =  2 BL 
lil 0 @”” (1 - :)d(;) 

el el 

The desired  mass-flow term is then  

. 
The term IB /I i n   e q u a t i o n  (B  8) is  now e v a l u a t e d   f o r  several mass- t ransfer  

conf igu ra t ions .  
X 

0 

Porous-wall   suction. -- For mass removal by suct ion  through a porous  wal l ,  
t he   t r ans fe r   o f  x-momentum a c r o s s   t h e   c o n t r o l   s u r f a c e  is  zero  and 

I B  
X 

7 L O  I 
0 Porous-wall 

Per fora ted-wal l  or s l o t   s u c t i o n .  -- For  the  case  of  mass  removal by suc- 
t i on   t h rough  a series o f   pe r fo ra t ions   o r  a s l o t ,   t h e  x-momentum t r a n s f e r r e d  
a c r o s s   t h e   c o n t r o l   s u r f a c e   ( p o s i t i v e  outward by convent ion)  i s  set  e q u a l   t o   t h e  
x-momentum assoc ia t ed   w i th   t he   suc t ion   f l ow a t  s t a t i o n  1: 

f B  = 1” 2npu2 r d r  
X r 

U 

where r i s  the   rad ius   .def ined  by 
U 

(R 
,i, = J  2npurdr B r 

U 
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Then, w i t h  (B 5) 

. 2np u r d r  

Applying  the  t ransformation (B 4) t h e r e  results 

f rom  which   the   d i s tance   ra t io  y /R i s  obtained.  
U 

The non-dimensional momentum-flux term requ i red  i n  (B 8 

R 
- 1 2aau2rdr  

) is given by 

L 
Bx ' r  U J1 pu2 r r 
f" x d (E) 

0 'e e u2 nR2  r U / R  0, U 2 e  
1 1  1 1  

Applying (B 4 ) ,  t h e   d e s i r e d  momentum-flux term becomes 

where  yU/R i s  determined  f rom  the  solut ion  of  (B 11) .  

Scoop s u c t i o n .  -- As f o r  two-dimensional  f low,  the  control volume f o r   t h e  
a x i a l l y  symmetric scoop-suction  model is d i f f e r e n t   t h a n   f o r   t h e   p r e v i o u s  cases 
( f i g .   3 b ) .  The duc t   r ad ius  downstream  of   the  interact ion  region i s  reduced by 
a n  amount equal   to   the   scoop  he ight .   Account ing   for   th i s   change  i n  d u c t   r a d i u s ,  
t h e   c o n t i n u i t y   e q u a t i o n  may b e   s t a t e d   i n   t h e  form 

277 purdr  = 2 TI JR" R"- 6 purdr  
3 
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The corresponding momentum equa t ion  is then  

R"- 6 3 - 2np2 r d r  = 2n pu2rdr  - 2n pu2rdr  

1 e R"-6 3 

Def in ing   t he   suc t ion   f l ow by 

% = 2 n  I" purdr  
R-Y 

and s u b s t i t u t i n g   i n t o  ( B  13) 

purdr  - m = 2a purdr  B 
1 R"- 6 3 

Dividing  by  the  duct  mass f low 'm t ransforming by ( B  4 ) ,  and  rear ranging ,   the  

f i n a l  form of t he   con t inu i ty   equa t ion   fo r   ax i a l ly   symmet r i c   s coop   suc t ion  be- 
comes 

0' 

m 

m 
" - I O  B 

0 

Division  of  ( B  14) by fo ( B  6 )  and  subdiv is ion   of   the   second  in tegra l  on t h e  

r i gh t ,   t r ans fo rma t ion   by  (B  4 ) ,  and  rear rangement   g ives   the   des i red   resu l t  
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The x-momentum flux term is  given  

IB 
( A  = 2  
I 
0 scoop 

IB - YM2 e 
1 0  

where y s / R  i s  determined from t h e  s o l u t i o n  of 

A x i a l l y   s y l m f m i s p l a c e m e n t  and momentum t h i c k n e s s e s .  -- Displacement 
and momentum- th i cknesses   t ha t  are analogous t o  t h e  two-dimensional  values  are 
d e f i n e  by t he   equa t ions  

1 
2 
- 

6* = R - [R2 + 6' - 2R6 + 2 p u  rdr] 

and 
1 

B = R - [ R ~ - ~  IR r d r  + 2 J R  gU2 rdr] 2 
- 

~ - 6  'cue R-6 e e n u  ( B  21)  

5 3  



.. .... .... 

The f i n a l  forms  used i n   t h e   s o l u t i o n   a r e   o b t a i n e d  by applying  the  transforma- 
t i o n  (B  4) t o  (B 20) 

1 
6* 6 
R 

- 
- = 1 - [ l  + ($2 - 2 E +  2 (1 - 5) d (:)I2 

and t o  (B 2 1 )  
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TABLE I 

TEST CONDITIONS AND DATA OBTAINED 

j 

Test Model M Pt  Tt Re/ft Run Bleed 6 c  C . B .  Wall P i t o t   P i t o t  
No. el 0 0 No. Conf . T i p  P P L O C .  

i 
0 

Lb / in2 R Pos. 

1 

1 25 2.82 34.3 

34.3 

59.1 

59.1 

34.3 

34.4 

34.4 

34.3 

34.2 

543 

54 3 

546 

546 

539 

544 

54 7 

542 

540 

5.58 
x106 

210- 
217 

S o l i d  

S o l i d  

S o l i d  

Sol id  

Solid 

S o l i d  

S o l i d  

S o l i d  

S o l i d  

7 
L O C .  

2.50- 
4.20 

392 2 74 2.82 5.58 
x106 

29 
LOC . Center- 

Line 

22 

73 

3.78 

3.78 

5.61 
x106 

179- 
189 

7 
L O C  0 

2.50- 
4.21 

3 - / 

- - 

0.88 / 

1.02 r/ 

1.08 r /  

1.16 d 

1.23 d 

4 391 29 
L O C .  

Center- 
Line 

loo 46 2.82 

2.82 

5.63 
x106 

233- 
248 

2.50- 
4.20 

5 15 
L O C .  

12O 

13' 

6 52 5.56 
x106 

249- 
264 

1 5  
L O C  D 

2.50- 
4.20 

5.46 
x106 

7 2.82 

2.82 

2.82 

81 

55 

1000- 
1013 

13 
LOC. I 

2.50- 
3.79 

14O 8 5.59 
x106 

265- 
279 

14  
L O C .  

2.50- 
4 .OO 

15O 9 49 5.59 
x106 

218- 
232 

1 4  
L O C .  

2.50- 
4 .OO 

I 



TABLE I, Continued 

Test Model M Pt  Tt Re / f t  Run Bleed 6c C.B. Wall P i t o t   P i t o t  
No. el 0 0 No. Conf . 

0 Tip P P L O C .  
Lb / in2  R Pos . 

10 

11 

1 2  

1 3  

14  

1 5  

1 6  

17 

1 8  

1 9  

58 

43 

32 

40 

37 

34 

82 

83  

84 

85 

2.82 

3.78 

3.78 

3.78 

3.78 

3.78 

2.82 

2.82 

2.82 

2.82 

34.3 

59.0 

59 .1  

59 .O 

59.0 

59 .1  

34.6 

34.5 

34.2 

34.4 

542 

547 

545 

543 

545 

542 

54 3 

5 35 

5 39 

54 2 

5.60 
x106 

5.42 
x106 

5.37 
x106 

5.44 
x106 

5 . 4 1  
x106 

5.20 
x106 

5.74 
x106 

5.69 
x106 

5.69 
x106 

5 .69  
x106 

281- 
294 

187 
204 

149- 
164 

135- 
148 

165- 
178 

123- 
134 

1052- 
1064 

1033- 
1046 

1100- 
1112 

1121- 
1130 

Sol id  

Solid 

Sol id  

Solid 

S o l i d  

Solid 

Perfo- 
r a t e d  

Perf o- 
r a t e d  

Perf  o- 
r a t e d  

Perfo- 
r a t e d  

16' 

8' 

l o o  

13' 

14' 

15' 

15' 

16' 

16' 

18' 

1 .30  

-.01 

0.26 

0.61 

0.75 

0 . 8 5  

0.98 

1.05 

0.95 

1.03 

1 3  
L O C .  

1 5  
L O C .  

15 
LOC . 
1 3  
LOC . 
1 3  
L O C .  

11 
LOC. 

1 2  
LOC.  

1 3  
LOC . 
11 
L O C .  

9 
L O C .  

2.50- 
3.79 

2.50- 
4 . 2 1  

2.50- 
4 .21 

2 50- 
3.79 

2.52- 
3.79 

2.50- 
3.49 

2.50- 
3.59 

2.50- 
3.79 

2.50- 
3.50 

2.50- 
3.30 



TABLE I ,  Concluded 

Test Model M T Re/f t Run Bleed 6 c  C.B. Wall P i t o t   P i t o t  

Lb / in2  R POS . 
Pt No. =1 0 to No. Conf . Tip P P LOC.  

0 

20 86 2.82 

21 68 3.7s 

22 78  3.78 

23 60 3.78 

24  69 3.78 

25  77 3.78 

26 - 3.78 

34.5  5 38 

59.0  555 

59.0 549 

59.0  544 

59.0 552 

59.0 560 

59.0 560 

5.65 1137- 
x106 1147 

5.50 374- 
x106 390 

5.48 421- 
x106 437 

5.45 295- 
x106 308 

5.47 360- 
x1 06 372 

5.35 405- 
x106 419 

5.35 340 

319 
x106 334 

Perfo- 18' 
r a t ed  

Perfo- 10' 
t a   t e d  

Perfo- 10' 
r a t ed  

Perfo- 15' 
ra ted 

Perfo- 15' 
ra ted 

Perfo- 15' 
r a t ed  

Solid 10' 
Solid 
Perf o- J 15' r a t ed  

1.03 J 

-. 09 J 

-.09 / 

0.50 r/ 

0.50 J 

0.50 r /  

-.09 / 

0.50 

9 
LOC. 

16 
LOC . 

16 
LOC. 

13 
LOC. 

12 
LOC. 

14 
LOC . 

- 

2.50- 
3.30 

2.40- 
4.21 

2.40- 
4.21 

2.41- 
3.59 

2.41- 
3.49 

2.40- 
3.79 
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Oblique Shock Waves Normal Shock Wave 

Unseparated  Interaction  Separated  Interaction  Separated  Interaction 

\ t / \ cowl 

Figure 1, Schematic  Representation of Internal-External 
Compression  Supersonic Inlet. 
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(a) Zero Bleed, Porous-Wall Suction, and Perforated-Wall or slot Suction. 

Incident 
Shock 

(b) Scoop Suction. 

Figure 2. Two-Dimensional  Flow  Models. 
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(a) Zero Bleed.  Porous-Wall  Suction,  and Perforated-Wall or Slot  Suction. 
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(b) Scoop Suction. 

Figure 3. Axially Symmrtric Flow Modrlr. 
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Figure 4 .  Boundary-Layer Propertiea for Solid Wall  and 
Porous-Wall Suction, Two-Dimensional Flow. 
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(b) Oounstream Pwer-Lev Parameters. 

Figure 5. Boundary-Layer Properties for  Solid-Wall  and Perforated- 
Wall or Slot  Suction, Two-Dimensional Flow. 
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(a) Boundary-Layer Thickness Ratios. 
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11 

(b )  Downstream  Power-Law Parameters. 

Figure 7 .  Effect of Upstream  Power-Law Parameter on Boundarv- 
Layer Properties, Two-Dimensional  Flow. 
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Figure 8. Displacement and Momentum Thickness Ratios for 
All  Suction Configurations, Two-Dimensional Flow. 
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Figure 9. Effect of Suction Rate on Boundary-Layer Properties for 
All Suction Configurations,  Two-Dimensional Flow. 
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Figure  10. Incident Shock-Wave Flaw-Deflection  Angles for Conical Shock Waver. 



H = 3 61/R = 0.1 

N1 = 7 a1 = 3.16 Deg 

Method ' 3/61 N3 '3/'1 
" 

(1) 2-D 0.783 5.09 1.60 

(2) Axi.P2 = c 0.775 5.04 1.60 
(3) hi.  Conical 0.707 4.46 1.91 

2-D 1 Ref l c c t e d  

Figure 11. Comparison of Results for Two-Dimensional and Axial ly  
Symmetric Flows. 
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Figure  12. Boundary-Layer Properties  for  Solid Wall, Two-Dimensional 
and Axially Symmetric Flows. 
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Figure 13 .  Boundary-Layer Properties  for All Suction 
Configurations,  Axially Symmetric Flow.  

72 



Vortex Benerator Detail 

L 4 Ut". Span 

4 T  
41 1/8-in.  Spacing 

Throat 
Ref. x = 0 Exit 

Figure 14. Wind Tunnel Nozzle. 
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Figure 16. Suction System. 
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Figure 1 7 .  Pressure Instrumentation. 
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Figure 18. Flow Nozzle Calibration Curve. 
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(b) Scparatad Interaction. 

Figure 19.  Interpretation of Pitot-Pressure  Plots. 
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Figure 20. Test-Section Mach Number  Profiles. 
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Figure 2 1 .  Boundary-Layer Mach Number Profiles. 
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Figure 2 2 .  Boundary-Layer Ve loc i ty   Prof i l e s .  
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Figure 23 .  Basic Boundary-Layer Properties .  
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Figure 24.  Solid-Wall Shock-Interaction Region Properties, 
lo-Degree Cone at Mol = 2.82. 
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Figure 25. Solid-Wall Shock-Interaction Region Properties, 
12-Degree Cone at M, = 2.82. 
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Figure 27. Solid-Wall Shock-Interaction Region  Properties, 
14-Degree Cone at MoD = 2.82. 
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