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PERFORMANCE AT MACH 3.52 OF A MACH 2.5 ALL 

EXTERNAL-COMPRESSION, TWO-DIMENSIONAL INLET 

by Robert W. Cubbison 

Nat ional  Aeronautics and Space Adminis t ra t ion 
Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

A quick-look t e s t  was conducted i n  t h e  Lewis 10- by 10-foot super- 
sonic  wind tunne l  t o  provide some q u a l i t a t i v e  informat ion on opera t ing  
a low Mach number des ign  i n l e t  i n  a h igh ly  oversped condi t ion.  The 
model which i s  a two-dimensional, three-ramp, al l-external-compression 
i n l e t  designed t o  match a 5-85 t u r b o j e t  engine a t  Mach 2.5 was run a t  
Mach 3.52 and zero  angle-of-attack and yaw. The i n l e t , w a s  operated a s  
both a f ixed  and v a r i a b l e  gecmetry i n l e t .  

For t h e  f ixed  geometry i n l e t  t h e  second and t h i r d  ramp ang les  were 
kept a t  t h e  Mach 2.5 p o s l t i o n  of 10 and 11 degrees ,  r e s p e c t i v e l y .  Se- 
ve re  buzz occurred a t  Mach 3.52 and a t t empts  t o  e l i m i n a t e  it by in-  
c reas ing  t h e  angle  of a t t a c k  t o  Inc rease  t h e  f i x e d  f i r s t  ramp angle  
were unsuccessful .  

I n  t h e  v a r i a b l e  geometry phase, t h r e e  s e t s  of a n g l e  combinations 
were used; 18' + 5O, 15' + 13O, and 15.37' + go58O. The l a t t e r  s e t  
were experimentally found t o  be those  f o r  shock-on-lip operat ion.  The 
t h e o r e t i c a l l y  predic ted cap ture  mass-f low r a t i o  f o r  t h e  15.37' + 9.58' 
combination was 0.99 f o r  ze ro  cutback I n  t h e  s i d e  f a i r i n g s .  Exper imen- 
t a l l y  t h e  capture  mass-flow r a t i o  was 0.05 l e s s  than predic ted due t o  
s p i l l a g e  over t h e  cutback s i d e  f a i r i n g s  and cowl. 

The r e s u l t s  of optimizing the  d i f f u s e r  ramp p o s i t i o n  (bleed door 
90 percent open) were t h e  18' + 5' combination produced t h e  h ighes t  
recovery (0.433) and t h e  lowest d l s t o r t  ion (0.055). The 15' + 13' corn- 
b lna t ion  bled t h e  l e a s t  amount of flow (0.111) while t h e  15.37' + 9.58' 
combinatlon captured t h e  most f low (0.927) and de l ive red  t h e  most t o  
t h e  engine (0 .79) .  The dynamic d i s t o r t i o n  l e v e l  was 0.04 t o  0.06 of 
t h e  average compressor f a c e  t o t a l  p ressure  i n  a l l  cases .  Using t h e  
optimum f o u r t h  ramp s e t t i n g  and reducing t h e  amount of ramp bleed in- 
d i c a t e d  t h e  18' + 5' combination aga in  produced t h e  h i  h e s t  recovery 8 (0.441) and lowest d l s t o r t l o n  (0.125).  Again t h e  15.37 + 9.58' com- 
b ina t ion  captured t h e  most f low (0.892) and d e l i v e r e d  t h e  most t o  t h e  
engine (0.812). This  combination a l s o  bled t h e  l e a s t  (0.079). Reduc- 
ing t h e  bleed d id  no t  a f f e c t  t h e  dynamic d i s t o r t i o n  l e v e l s  i n  any of 
t h e  t h r e e  ramp ang le  conf igura t ions .  
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INTRODUCTION 

General ly ,  t h e  approach t aken  I n  t h e  des ign of i n l e t s  is  t o  pro- 
v i d e  high-recovery, shock-on-lip opera t ion  a t  t h e  c r u i s e  Mach number. 
Another approach could be t o  des ign t h e  i n l e t  f o r  shock-on-lip opera- 
t i o n  a t  a lower Mach number and overspeed i t  t o  t h e  high c r u i s e  con- 
d i t i o n .  An i n l e t  so  des ign& would be smal ler  and have ze ro  s p i l l a g e  
drag over t h e  e n t i r e  overspeed range. However, a r ap id  reduc t ion  i n  
t h e  i n t e r n a l  performance is inherent  i n  overspeeding a low Mach number 
des ign i n l e t .  I n  c o n t r a s t ,  an i n l e t  designed f o r  t h e  high Mach c r u i s e  
cond i t ion  mainta ins  r e l a t i v e l y  high performance over t h e  e n t i r e  Mach 
range. However, t h i s  h igher  performance must be tempered by t h e  l a rger  
d rag  due t o  both  t h e  l a rger  i n l e t  p l u s  t h e  s p i l l a g e  drag incur red-  A 
measure of t h e  i n t e r n a l  performance of t h e  i n l e t s  is necessary  t o  make 
meaningf u l  comparisons between t h e  two approaches. Considerable  in- 
format ion is contained i n  t h e  l i t e r a t u r e  on t h e  off  -design performance 
of h igh Mach number des ign i n l e t s .  However, l i t t l e  informat ion is 
a v a i l a b l e  on low Mach number i n l e t s  run i n  a h igh ly  oversped condi t ion.  
To provide some q u a l i t a t i v e  informat ion i n  t h i s  a r e a ,  a quick-look t e s t  
was added t o  a c u r r e n t  Mach 2.5 I n l e t  dynamic d i s t o r t i o n  program us ing  
a two-d+.mensional, external-compression i n l e t .  For t h i s  overspeed t e s t  , 
t h e  i n l t t  was operated a t  M = 3.52 ( t h e  maximum Mach number i n  t h e  10- 
by 10-foot supersonic  wind tunne l ) .  The r e s u l t s  of t h i s  t e s t i n g  a r e  
t h e  s u b j e c t  of t h i s  r e p o r t .  

LIST OF SYMBOLS 

ramp bleed door p o s i t i o n  i n  percent  of f u l l  open 

compressor face  annulus h e i g h t ,  14.75 cm 

r a d i a l  d i s t a n c e  from hub of compressor f a c e  

s t eady-s ta te  t o t a l  p ressure  d i s t o r t i o n ,  P2 Q 
9 max - '2, %nin/P2 

i n l e t  cap tu re  h e i g h t ,  40.8 cm a t  a = 0' 

f ree-s t ream Mach number 

c a p t u r e  mass-f low r a t i o ,  m3 + ~ R B  + mSB/mo 

ramp-bleed mass-f low r a t  10 

t o t a l  s i d e  w d l l  bleed mass-flow r a t i o  

engine f a c e  mass-f low r a t  i o  

f ree-s t ream t o t a l  p ressure  

average compressor f a c e  t o t a l  pressure  



p 2 , ~  compressor face  loca l  r , ) t a l  pressure 

P~ /Po average compressor face  t o t a l  pressure recovery 

px l o c a l  s t a t i c  pressure 

Re Reynolds number /act er  

RMS average dynamic t o t a l  pressure d i s t o r t  ion, avg. A P ~ ~ / P ~  

A/ 6 engine corrected a i r£  low, kgm/sec 

x/H, a x i a l  dis tance from cowl l i p  i n  capture heights  

u angle of a t t ack ,  deg 

0 angle of yaw, deg 

A P ~ ~  root-mean-square value of t he  f luc tua t ing  component of the 
compressor face  l o c a l  t o t a l  pressure 

X ramp angle: degrees f o r  1, 2, 3; centimeters f o r  4 

APPARATUS AND PROCEDURE 

A photograph of the  model i n  the  tunnel  plus  schematic views of 
the  i n l e t  a r e  shown i n  f i gu re  1. I t  is an all-external-compression 
type s ized t o  match the  5-85 engine a t  Mach 2.5 i n  t he  Lewis 10- by 10- 
foot  supersonic wind tunnel. The two-dimensional compression system 
( f ig .  l ( c ) j  cons i s t s  of th ree  ramps, the  f i r s t  of which is  f ixed  a t  a 
three-degree angle r e l a t i v e  t o  the  engine cen te r l i ne ,  while the  second 
and th i rd  ramps a r e  remotely var iab le .  The subsonic d i f f u s e r  cons is t s  
of a remotely va r i ab l e  four th  ramp (about one engine f ace  diameter long) 
followed by a nearly constant a rea  sec t ion  of about two engine-face d i -  
ameters. Both the  10' internal-angle cowl and cutback s i d e  f a i r i n g s  
have sharp leading edges. The s i d e  f a i r i n g s  a r e  swept back t o  an angle 
of 20A0 r e l a t i v e  t o  t he  i n l e t  horizontal  cen ter l ine .  This angle is 
5.32O l e s s  than the Mach 2.5 shock wave angle f o r  a 3' e f f ec t ive  f i r s t  
ramp angle. (Normal i n l e t  operation i s  a t  6O angle-of-attack). A s l o t  
located between ramps three  and four i s  the  primary system of boundary 
layer  control .  This bleed e x i t s  overboard through the  top surface 
f i g .  1 ) .  A small secondary bleed along the cowl shock l i n e  was in- 
s t a l l e d  i n  the  s i d e  walls .  This flow e x i t s  overboard through a rear -  
ward facing scoop on each s ide  of the  i n l e t  ( f i g .  l ( a ) ) .  The i n l e t  was 
mounted above the tunnel cen te r l i ne  and upside down i n  order t o  minimize 
blockage and r e a l i z e  a la rger  ava i lab le  angle of a t t ack  range. The 
photograph ( f ig .  l ( a ) )  shows the  i n l e t  ro l l ed  30'. For t h e  Mach 3.5 
t e s t  i t  was ro l led  back t o  OO. 



The in le t -eng ine  c o m p a t i b i l i t y  s tudy  f o r  which t h e  inlet was 
b u i l t  encompassed on ly  t h e  Mach 2.0 t o  2.5 p o r t i o n  of t h e  10- by 10- 1 
f o o t  superson ic  wind tunne l  opera t ing  range. A t  t h e s e  Mach numbers 
t h e  f ree-s t ream temperature  is a b u t  311 K. A t  Mach 3.5 t h e  temper- ! 
a t u r e  is about 422 K. Consequently, when t h i s  quick-look test was 
added a t  t h e  end of t h e  c o m p a t i b i l i t y  s tudy  is  was necessa ry  t o  make 
s e v e r a l  modi f i ca t ions  t o  t h s  nodel .  Cooling was added t o  t h e  p o s i t i o n  
i n d i c a t o r s ,  jumpers on p r e s s u r e  tubes  were changed and t h e  e l a b o r a t e  I 

compressor f a c e  dynamic i n s t r u a e n t a t i o n  was replaced wi th  f i v e  th ree -  
tube  rakes.  The compressor f a c e  tube  arrangement is shown i n  f i g u r e  2. 
Dtie t o  t h e  amount of disassembly requ i red  t o  change a l l  jumpers on in-  
s t rumenta t ion  on ly  t h a t  which was r e a d i l y  a c c e s s i b l e  and a b s o l u t e l y  
needed was changed. 

RESULTS AND DISCUSSION 

Normally, a s  t h e  des ign  speed of an i n l e t  i s  increased t h e  amount 
o r  complexity of t h e  v a r i a b l e  geometry requ l red  is a l s o  increased.  By 
o p e r a t i n g  t h e  i n l e t  i n  a h igh ly  oversped cond i t ion  i t  may be p o s s i b l e  
t o  completely e l i m i n a t e  t h e  need f o r  v a r i a b l e  geometry c a p a b i l i t y  be- 
yond t h e  low-speed, design-point  requirements.  To exp lo re  t h i s  con- 
c e p t ,  t h e  i n l e t  was opera ted a s  both a f i x e d  and v a r i a b l e  geometry in-  
let .  For t h e  f i x e d  geometry d a t a ,  t h e  second and t h i r d  ramp ang les  
( f i g .  l ( c ) )  were f i x e d  a t  t h e  Mach 2.5 p o s i t i o n s  of lo0 and 11°, 
r e s p e c t i v e l y .  

Fixed Geometry 

It i s  obvious from t h e  e f f e c t  of Mach number on ob l ique  shock 
I 

i ingles,  t h a t  t h e  i n l e t  c a p t u r e  mass-flow of a  fixed-geometry I n l e t  
qu ick ly  I n c r e a s e s  t o  100 percent  a s  t h e  Mach number is increased above 
des ign.  Th i s  s a t i s f i e s  t h e  ze ro  s p i l l a g e  drag dur ing cwerspeed oper- 
a t i o n .  However, another equa l ly  important  c o n s i d e r a t i o n  i s  t h e  e f f e c t  
of t h e  ob l ique  shocks f a l l i n g  f a r t h e r  i n s i d e  a s  t h e  overspecd Mach 
number is increased.  With t h e  i n l e t  opera t ing  a t  c r i t i c a l  ( t e r m i n a l  
shock a t  t h e  l i p ) ,  p a r t  of t h e  cap tu re  flow 1s sub jec ted  t o  a  s i n g l e  
shock on t h e  cowl s i d e  and p a r t  t o  a multi-shock system on t h e  ramp 
s i d e  separa ted  by one or more vor tex  s h e e t s  t r a l l i n g  a f t  from t h e  
shock i n t e r s e c t i o n s .  Because of t h e  d i s p a r i t y  i n  l o s s e s  between t h e  
two compression systems,  e i t h e r  l a r g e  d i s t o r t i o n s  ( i f  t h e  f low i s  
s t a b l e )  o r  i n l e t  buzz can r e s u l t .  Buzz occurs  when t h e  f low i n  the  
low energy region is  s tagna ted  by the  subsonlc d i f f u s e r  i n c r e a s i n g  
t h e  s t a t i c  p r e s s u r e  up t o  t h e  remaining t o t a l  p ressure .  S u p e r c r i t i -  
c a l  opera t ion  w i l l  de lay  t h e  onset  of t h l s  buzz, however, d i s t o r t i o n  
l e v e l s  w i l l ,  i n  genera l ,  r i s e  quickly .  The f i x e d  geometry conf igura-  
t i o n  was t r i e d  a t  ze ro  degrees  angle-of-a t tack (ramp ang les  of 3O, 
lo0, and 11') wi th  t h e  mass-f low c o n t r o l  plug s e t  t o  p o s i t i o n  t h e  
t e rmina l  shock i n  t h e  ramp bleed s l o t .  Severe buzz occurred.  A t -  
tempts t o  a l l e v i a t e  t h i s  buzz by i n c r e a s i n g  angle-of-a t tack t o  s t ecp-  
en  t h e  shock a n g l e s  was unsuccess fu l .  S u p e r c r i t i c a l  opera t ion  was 



n o t  t r i e d .  Consequently, no d a t a  were recorded f o r  t h e  f i x e d  geometry 
concept. 

Var l a b l e  Geometry 

The b a s i c  premise of t h e  v a r l a b l e  geometry iloc:c. was t o  sub- 
j e c t  t h e  e n t i r e  f low f i e l d  t o  more than j u s t  normal shock compression. 
This  would reduce t h e  t o t a l  p r e s s u r e  l o s s e s  thereby reducing t h e  pos- 
s i b i l i t y  of buzz due t o  f low s tagnar ion .  Three combinations of t h e  
second p l u s  t h i r d  ramp ang les  (15.37' + 9.58', 18O + 5O, and 15O + 13O) 
were evaluated a t  z e r o  degrees  angle-of-a t tack.  This  f l r s t  s e t  was 
determined exper imenta l ly  a s  t h e  only combinat ion t h a t  produced "shock- 
on-lip" opera t ion.  For t h e  o ther  two c ~ m b i n a t l o n s ,  t h e  ob l ique  shock 
system f e l l  ahead of t h e  l i p ,  T h e o r e t i c a l  shock pat x n s  determined 
from a  one-dimensional, i n v i s c i d  a n a l y s l s  a r e  shown In  f i g u r e  3. The 
a n a l y s i s  p red ic ted  a detached wave a t  t h e  cowl l i p  rn  two c a s e s  
( f i g s .  3(a)  and (P.)) which was cant  lrmed v r sua? ly  i n  t h e  t e s t i n g .  For 
t h e  shock-on-lip combination ( f  l g .  3 ( a i )  an inc rease  of 2.2' l n  t h e  
i n t e r n a l  cowl angle  would prevent  detachment and thus  t h e  a s s o c i a t e d  
s p i l l a g e .  However, the  trade-off  In  drag would have t o  be evaluated 
t o  determine i f  t h e  2.2' inc rease  IS  wanted. The cutback s i d e  f a i r -  
i n g s  w i l l  s p i l l  f low whenever t h e  ob l ique  shocks genera ted by t h e  ramps 
appear above t h e  s i d e  f a l r l n g  l e a d l n g  edge. These cutbacks increased 
t h e  s t a b l e  range and improved maneuvering c a p a b i l i t y  a t  t h e  des ign 
Mach number. I f  such c a p a b i l i t y  is  not requlred i n  an a p p l i c a t i o n  us- 
ing an oversped i n l e t  then t h e  cutback can be e l imina ted  thus  el imin- 
a t i n g  t h e  s p i l l a g e .  The a n a l y s i s  indicated a  supersonic  t o t a l  pres-  
s u r e  recovery of about 0.50 f o r  a l l  t h r e e  ang le  combinations and cap- 
t u r e  mass f low r a t i o s  (not  adJusted f o r  s l d e  w a l l  s p i l l a z e )  of 0.99, 
0.95, and 0.90 f o r  t h e  15.37O + 9 58O, 18' + 5O, and 15O + 13O, 
r e s p e c t i v e l y .  

The e f f e c t  of f o u r t h  ramp ? o s l t i o n  on c r l t l c a l  i n l e t  performance 
i s  shown i n  f i g u r e s  4 through 8 .  P r  l o r  experrence a t  Mach number 2.5 
had shown t h a t  t h e  performance wculd maximize a t  some f o u r t h  ramp po- 
s i t i o n  below t h e  f l u s h  p o s i t l o n  as def lned in  f i g u r e  l ( ~ ) .  A t  t h e  
lower Mach number i t  was observed t h a t  wl th  t h e  f o u r t h  ramp f l u s h  and 
t h e  mass f low c o n t r o l  plug s e t  f o r  t h e  assumed c r i t  l c a l  a l r f  low, t h e  
t e rmina l  shock was ahead of t h e  cowl l l p .  A s  t he  f o u r t h  ramp was low- 
ered (wlth t h e  mass-flow-control plug f l x e d ) ,  the  t e rmina l  shock was 
observed t o  f i r s t  move downstream l n t a  the  i n l e t ,  obviously reverse  
the  movement a t  same f o u r t h  ramp position and move forward wlth f u r t h e r  
ramp reduc t ion  u n t i l  e i t h e r  b'lzz o ~ c u r r e d  or t h e  ramp was f u l l y  co l -  
lapsed.  I n l e t  p ressure  recovery incr eas td  t o  a  maxlmum and then f e l l  
of f  g radua l ly  a s  t h e  f o u r t h  ramp was lowered. Th i s  maxlmum g e n e r a l l y  
occurred a t  an  in te rmedia te  f o u r t h  ramp p m i t i o n  between the  shock re -  
v e r s a l  p o s i t i o n  and t h e  buzz l l m i t  or f u l l  c o l l a p s e .  A t  t h i s  he igh t  
t h e  bleed s l o t  was approximately p a r a l l e l  t o  t h e  l o c a l  cowl s u r f a c e  
and t h e  f o u r t h  ramp angle  was genera l ly  a t  or below t h a t  where the  
f low would remain a t t a c h e d  t o  the  ramp. Repeating t h l s  procedure a t  



Mach 3.52 i t  was observed t h a t  t h e  i n l e t  responded much i n  t h e  same 
manner a s  i t  d i d  a t  Mach 2.5. C r i t i c a l  opera t ion  was determined wi th  
t h e  f o u r t h  ramp f l u s h  by p o s i t i o n i n g  t h e  t e rmina l  shock a t  t h e  cowl 
l i p  wi th  t h e  mass-flow c o n t r o l  plug.  A s  shown i n  f i g u r e  4 ( a ) ,  t h e  
performance of t h e  15.37' + 9.58' ramp ang les  was s t 9 1 1  Inc reas ing  a t  
a  f o u r t h  ramp p o s i t i o n  of -2.95 centimeters. A t  t h i s  p o s i t i o n  some 
uns tead iness  was observed iii t h e  v i s l b l e  shock s t r u c t u r e  and f u r t h e r  
r educ t ion  i n  he igh t  was not  t r i e d .  Inc reas ing  t h e  i n t e r n a l  cowl l i p  
ang le  about 3' t o  a t t a c h  t h e  I n t e r n a l  shock may a l l e v i a t e  t h i s  un- 
s t e a d i n e s s  and permit  more f o u r t h  ramp movement t o  opt imize  t h e  per- 
formance. The performance of t h e  18' + 5O combination ( f  ig .  4 (b ) )  in- 
d i c a t e s  t h a t  poss ib ly  t h 2  optimux could occur -t a higher p o s i t i o n  
than t h e  -1.58 cent imeter  p o s i t i o n .  The 15O + 13O combination 
( f i g .  4 ( c ) )  behaved i n  t h e  expected manner exc.ept for  t h e  very high 
d i s t o r t i o n  l e v e l s  encountered.  In a l l  t + r e e  c a s e s  t h e  lowest ramp 
s e t t i n g  shown was t h e  buzz l i m i t  p o s i t i o n .  Based on t h i s  l i m i t e d  
amount of d a t a  on t h e s e  t h r e e  ramp angle  comblnations,  t h e  18O + 5' 
combination produced t h e  h ighes t  recovery (0.433) and lowest d i s t o r -  
t i o n  (0.055). The 15' t 13' ang les  b led  the  l e a s t  amount of f low 
(0.111 t o t a l )  and t h e  15.37O + 9.58O camb~na t ion  captured t h e  maxi- 
mum flow (0.927) and d e l i v e r e d  t h e  most t~ t h e  engine (0.74).  A l l  
t h r e e  comblnations produced RMS l e v e l s  of about 0.04 t o  0.06. The 
maximum cap tu re  f o r  a l l  t h r e e  combinations was about 0.05 below t h e  
p red ic ted  v a l u e s  i n d i c a t i n g  about 0.05 i n  s p i l l a g e  over t h e  cut-  
back s i d e  f a i r i n g s  and cowl. A s  t h e  f o u r t h  ramp was lowered, the  
c a p t u r e  q u a n t l t y  g e n e r a l l y  decreased.  The reason fo r  t h i s  w i l l  be 
d iscussed l a t e r .  

E a r l i e r  exper ience  a t  low Mach numbers has  shown t h a t  d i s t o r t i o n  
l e v e l s  on t h e  order  of 0.15 were l n d l c a t i v e  of f o u r t h  ramp flow sep- 
a r a t i o n .  The compressor f a c e  p r o f i l e s  of f l gu res  5 ( a )  and (b) bear 
t h i s  ou t .  Rakes 1 and 5 (downstream of t h e  f o u r t h  ramp) show t h e  flow 
is separa ted ,  however, t h e  t r end  toward at tachment is ev lden t  wi th  t h e  
1 5 . 3 7 ~  + 9.58O a n g l e s  ( f i g .  5 ( a ) ) .  A f o u r t h  ramp p o s i t i o n  lower than 
-2.95 cen t imete r s  could poss ib ly  a c h l t v e  at tachment I£ t h e  buzz l i m i t  
can be  extended. In  f i g u r e  5 ( b )  (18' + 5O), t h e  -2.59 centimeter 30si- 
t i o n  which produced 0.125 d i s t o r t i o n  shows a  tendency f o r  t h e  flow t o  
s e p a r a t e  from t h e  f o u r t h  ramp. The s e p a r a t i o n  apparent  i n  f i g u r e  5 ( c )  
(15O + 13O) i s  on t h e  cowl s i d e .  The f o u r t h  ramp p o s i t i o n  is consid- 
e r a b l y  lower t o  opt imize  t h e  performance of t h e  15O + 13O combinat ion 
than f o r  t h e  o t h e r  two combinations This  ramp p o s i t l o n  i n  conjunct ion 
wi th  t h e  ramp bleed s l o t  could cause su f  f i c l e n t  t u r n i n g  of the  f low on 
t h e  r,amp s i d e  t o  p u l l  t h e  flow o f f  of t h e  cowl. The dynamic a c t i v l t y  
( f i g .  6 ) ,  a s  expected,  is predominately l a rge r  i n  t h e  high f low ri:gions 
of t h e  d i f f u s e r .  Although t h e  average dynamlc d l s t o r t t o n  is about 0.04 
t o  0.06, l e v e l s  i n  excess of 10 percent  of t h e  average compressor f a c e  
t o t a l  p r e s s u r e  l e v e l  a r e  apparent  f o r  a l l  ramp configurations. 

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  a long the  forward p o s i t i o n  of t h e  
i n l e t  cowl i \ r e  shown i n  f i g u r e  7 .  The p,/PO f o r  Mach 1 . 0  shown on 



t h e  f i g u r e  is simply 0.5283 of t h e  cowl l i p  t o t a l  p ressure  recovery 
es t imated from t h e  shock p a t t e r n s  of f i g u r e  3. A s  previously  d i s -  
cussed,  t h e  i n v i s c i d  a n a l y s i s  ( f i g .  3) and s c h l i e r e n  observat ions  
show t h e  cowl l i p  shock wave was a t t ached  i n  one case  and detached i n  
t h e  o t h e r  two cases  wi th  an obvious normal shock ahead of t h e  l i p  i n  
t h e  15O + 13' case.  The d a t a  ( f i g .  7)  v e r i f y  t h i s ,  i n  t h a t ,  t h e  f low 
e n t e r i n g  t h e  cowl l i p  of t h i  18O + 5O c a s e  is supersonic  and subsonic 
f o r  t h e  150 + 13' combination. However, i n  t h e  15.37' + 9.58O c a s e  
where t h e  f low ang le  was 2.2" beyond wave detachment, ev iden t ly  t h e  
f low quickly  re -acce le ra tes  t o  supersonic  cond i t ions  a s  ind ica ted  by 
t h e  corresponding p ressure  d i s t r i b u t i o n s  ( f i g .  7 (a ) ) .  The p ressure  
d i s t r i b u t i o n s  f o r  t h e  15.37O + 9.58' and t h e  15O + 13O combinations 
( f i g s ,  7(a)  and ( c ) )  i n d i c a t e  t h e  passage between t h e  cowl l i p  and 
f o u r t h  ramp lead ing  edge c o n t r a c t s  back t o  t h e  start of t h e  bleed 
s l o t  and expands a c r o s s  t h e  s l o t .  The expanding region is  caused by 
t h e  flow removal through t h e  bleed.  Th is  IS evident  from t h e  i n i t i a l  
compre~s ion  ind ica ted  by t h e  p ressure  d i s t r i b u t i o n s  followed by t h e  
sharp expansion i n  t h i s  region i n  t h e  15.37O + 9.58O case  and t h e  i n i -  
t i a l  a c c e l e r a t i o n  of t h e  e n t e r i n g  subsonic f low of t h e  15O + 130 case  
followed by t h e  change i n  rate of a c c e l e r a t i o n  a t  t h e  l ead ing  edge of 
t h e  bleed s l o t  (XI, 1-5.08 cm, f i g .  7 ( c ) ) .  In  t h e  l5.37O + 9.58O case  
t h e  flow is re-accelera ted t o  supersonic  cond i t ions  and then passes  
through t h e  t e rmina l  shock which occurs  near  t h e  r e a r  edge of t h e  
bleed.  For t h e  A4 = - 5.08 cent imeter  point  i n  t h e  15O + 13O c a s e ,  
t h e  f low i s  probably re-accelera ted t o  superson ic  cond i t ions  followed 
by a second te rmina l  shock. I n  t h e  other  i n s t a n c e s  t h e  back p ressure  
prevents  choking. P ressure  d i s t r i b u t i o n s  f o r  t h e  18O + 5O combination 
( f i g .  7 (b ) )  i n d i c a t e  t h e  a r e a  is s l i g h t l y  inc reas ing  i n  t h e  f i r s t  p a r t  
followed by an a d d i t i o n a l  i n c r e a s e  caused by t h e  bleed region.  Con- 
sequent ly ,  t h e  t e rmina l  shock w i l l  s t and  anywhere i n  t h e  region as 
d i c t a t e d  by t h e  exi t  c o r r e c t e d  a i r f low.  Also,  ev iden t  f o r  a l l  t h r e e  
conf igura t ions  i s  an i n c r e a s e  i n  pressure  l e v e l  i n  t h e  forward region 
of t h e  duct as t h e  f o u r t h  ramp height  i s  lowered i n d i c a t i n g  an  in- 
creased back-pressure l e v e l  i n  t h e  i n l e t .  A c r o s s  p l o t  of t h e  pres- 
s u r e  n e a r e s t  t h e  cowl l i p  ve rsus  f o u r t h  ramp he igh t  i s  shown i n  f i g -  
u r e  8. The l a 0  + 5' combination shows t h e  smal l  r ise a s  t h e  f o u r t h  
ramp is lowered and t h e  15' + 13' combination shows t h e  l a r g e s t  r i s e  
a s  t h e  f o u r t h  ramp is  lowered. The i n c r e a s e s  i n  back-pressure cor-  
r e l a t e  q u i t e  we l l  wi th  t h e  decreases  i n  t h e  corresponding cap ture  
mass-flows shown i n  f i g u r e  4. 

With t h e  f o u r t h  ramp s e t  a t  t h e  s e l e c t e d  optimum he igh t ,  t h e  ef-  
f e c t  of t h e  amount of ramp bleed on c r i t i c a l  i n l e t  performance was 
determined. The r e s u l t s  presented i n  percent  of f u l l  door opening 
a r e  shown i n  f i g u r e s  9 through 13. Previous exper ience a t  Mach 2 .5  
h a s  shown t h a t  t h e  i n l e t  perfoxaance responds t o  ramp-bleed reduction 
i n  a manner s i m i l a r  t o  t h a t  with v a r i a t i o n s  i n  f o u r t h  ramp p o s i t i o n s .  
Decreasing t h e  bleed door e x i t  a r e a  caused an i n c r e a s e  i n  p ressure  re-  
covery wi th  a corresponding inc rease  In engine mass f low f o r  t h e  f i x e d  
cor rec ted  a i r f low.  The ramp bleed decreased and t h e  side-wall-bleed 
increased.  The d i s t o r t i o n  and RMS genera l ly  increased.  Again t h e  



180 + 5' combination produced t h e  h ighes t  recovery (0.441) and t h e  lowest 
d i s t o r t i o n  (0.125). The 15.37O + 9.58O combination bled t h e  l e a s t  (0.079 
t o t a l )  captured t h e  maximum amount of f low (0.892) and d e l i v e r e d  t h e  most 
t o  t h e  engine  (0.812). Again t h e  RMS l e v e l s  were about 0.04 t o  0.06. For 
a cons tan t  co r rec ted  a i r f l o w  an i n c r e a s e  i n  recovery r e q u i r e s  an i n c r e a s e  
i n  mass-flow. The recovery i n c r e a s e s  noted he re  were no t  l a r g e  enough t o  
r e q u i r e  an engine  mass-flow i ~ i c r o a s e  equal  t o  t h e  b leed reduct ion.  Con- 
sequen t ly ,  t h e  s p i l l a g e  inc reased  a s  ind ica ted  by t h e  dec rease  i n  c a p t u r e  
mass-flow. During t h e  t e s t i n g ,  smal l  changes were observed t o  t ake  p l a c e  
i n  t h e  e x t e r n a l  shock s t r u c t u r e  a s  t h e  b leed opening was reduced. These 
changes apparen t ly  account f o r  t h e  i n c r e a s e  i n  s p i l l a g e .  

Comparing f i g u r e s  5 and 10,  i t  is apparent  t h a t  reducing t h e  ramp 
bleed produced no s i g n i f i c a n t  change in t h e  compressor f a c e  t o t a l  pres-  
s u r e  p r o f i l e s .  Also, a comparison between f i g u r e s  6 and 11 ( a t  compsr- 
a b l e  f o u r t h  ramp s e t t i n g s )  shows t h a t  l l t t l e  change was made i n  t h e  dy- 
namic p r e s s u r e  p r o f l l e s  when t h e  ramp bleed was reduced. The s t a t i c  pres-  
s u r e  d i s t r i b u t i o n s  ( f i g .  12) respond i n  much t h e  same manner w i t h  b leed 
reduc t ion  a s  wi th  f o u r t h  ramp v a r i a t i o n .  The flow i n  t h e  15.37O + 9.58' 
case  is  again  re -acce le ra ted  t o  supersonic  cond i t ions  by t h e  a c t i o n  of 
t h e  b leed s l o t .  I n  t h e  15O + 13O case ,  t h e  f low is subsonic  f o r  a l l  
b leed door s r t t i n g s .  The shock p o s i  L ions  t n  t h e  180 + 5' c a s e  a r e  
c l o s e  t o  t h e  cowl l i p  f o r  t h e  va r ious  door settings. The a c c e l e r a t i o n  
produced by t h e  b leed s l o t  i s  evident  i n  t h e  subsonic f low (x/HC= 2/71. 

A c r o s s  p l o t  of t h e  most forward s t a t i c  p r e s s u r e  is  presented i n  
f i g u r e  13. These p r e s s u r e s  show very l i t t l e  v a r i a t i o n  compared t o  t h o s e  
of f i g u r e  7. Apparently,  t h e  changes v l s u a l l y  observed i n  t h e  e x t e r n a l  
shock s t r u c t u r e  provided t h e  requ i red  s p i l l a g e  without a f  f e c t  ing  enough 
of t h e  cowl-side f low f i e l d  t o  cause s i g n i f i c a n t  changes i n  p r e s s u r e  
l e v e l s  a t  t h e  cowl l i p  s t a t i o n .  The p ressure  c1;ange noted i n  t h e  
15' + 13' c a s e  would account f o r  about 25 percent  of t h c  change i n  cap- 
t u r e  shown i n  f i g u r e  9 ( c ) .  

I n l e t  opera t ing  maps were obta ined f o r  two conf lgura t lons ;  t h e  
15.37O + 9.58O, -2.74 cen t imete r s ,  41 percent  door opening and t h e  
180 + 50, -3.1 cen t ime te r s ,  50 percent door opening. The f i r s t  con- 
f i g u r a t i o n  was s e l e c t e d  because of hlgh cap tu re  flow wlth  reasonable  
recovery whi le  t h e  second was chosen on t h e  b a s i s  of recovery and b e t -  
t e r  d i s t o r t i o n  c h a r a c t e r i s t i c s .  I n l e t  performance p l u s  t h e  compressor 
f a c e  p r o f i l e s  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 s  a r e  shown i n  f i g u r e  14 
through 17. A s  p rev ious ly  d i s c u s s e d ,  optimizing t h e  f o u r t h  ram? and 
bleed door p o s i t i o n s  r e s u l t e d  i n  a d d i t i o n a l  s p i l l a g e  from changes i n  
the  e x t e r n a l  shock s t r u c t u r e  caused by t h e  Increase  i n  i n l e t  back- 
p ressure .  Consequently, i n  t h e  two c a s e s  h e r e ,  t h e  engine  mass f low 
would be expected t o  i n c r e a s e  a s  the  p r e s s u r e  recovery is reduced. A s  
seen i n  f i g u r e  1 4 ,  t h e  i n c r e a s e  i n  mass flow (0.75 t o  0.775) i s  more 
obvious f o r  t h e  18' + 5' case  than f o r  t h e  15.37' + 9.58O case  which 
was from 0.812 t o  0.818. Since  the  bleed flows (except  f o r  t h e  most 
s u p e r c r i t i c a l  po in t  i n  t h e  18' + 5' c a s e )  remain e s s e n t i a l l y  c o n s t a n t ,  



t h e  i n c r e a s e  i n  engine  mass-f low (0.02) is due t o  an i n c r e a s e  i n  cap- 
t u r e  flow. The remaining 0.006 i n  engine f low 1s due t o  t h e  reduc t ion  
i n  b lecd (p r imar i ly  t h e  ramp b leed) .  Only a  smal l  Inc rease  (0,006) is 
r e a l f z e d  i n  t h e  1 5 . 3 7 ~  + 9.58O case .  The f a i r i n g s  of t h e  i n l e t  canes 
were dctermined from 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  shown i n  f i g -  
u r e  1.5. A l l  p o i n t s  except  t h c  minimum s t a b l e  o r  peak po in t  show sup- 
e r s o n i c  f low at t h e  a f t  edge cf t h e  b leed s l o t  f o r  t h e  15.37O + 9.58' 
conf igura t ion  ( f i g .  U ( a ) ) .  In  t h e  18O + 5O c a s e  t h e  l a s t  two p o i n t s  
show supersonic  c o n d i t i o n s  (f l g .  l 5 ( b )  1. Changes i n  t h e  e x t e r n a l  flow 
f i e l d  can occur u n t i l  t h e  flow chokes. Therefore ,  t h e  i n c r e a s e s  i n  
engine  mass-flow were p r imar i ly  due t o  changes i n  t h e  e x t e r n a l  shock 
s t r u c t u r e  u n t i l  t h e  f low choked and a f t e r  choking from any bleed re-  
duc t ions  t h a t  occur.  S u p e r c r i t i c a l  opera t ion  wi th  t h e  180 + 5O con- 
f i g u r a t i o n  produced reasonable  steady-state d i s t o r t i o n  l e v e l s  of 0.06 
t o  0.125 and dynamic d i s t o r t i o n  l e v e l s  of 0.036 t o  0.086. The s teady-  
s t a t e  d i s t o r t i o n  l e v e l s  i n  t h e  15.37O + 9.58O c a s e  increased r a p i d l y  
fr:%m 0.21 t o  0.72. The dynamic d i s t o r t i o n  l e v e l s  of 0.06 t o  0.087 
were comparable t o  those  f o r  t h e  18O + 5' case .  The high s t eady-s ta te  
l e v e l s  a r e  due t o  t h e  flow s e p a r a t l ~ l g  from t h e  f o u r t h  ramp. This  sep- 
a r a t i o n  could poss ib ly  b e  a l l e v i a t e d  by lowering t h e  f o u r t h  ramp f u r -  
t h e r ,  however, t o  do t h i s  t h e  shock system uns tead iness  previously  
d iscussed would have t o  be e l imina ted .  I f  ( a s  suggested e a r l i e r )  in-  
c r e a s i n g  t h e  cowl l i p  ang le  is e i t h e r  not f e a s i b l e  o r  d e s i r a b l e ,  then 
re-contouring t h e  ramp and/or moving t h e  h inge l i n e  a f t  i s  a  p o s s l b i l -  
i t y .  Th i s  would reduce t h e  i n i t i a l  angle  of t h e  subsonic d i f f u s e r  by 
lengthening t h e  f o u r t h  ramp which could e l i m i n a t e  t h ?  f low s e p a r a t i o n .  
An improvement i n  t h e  Mach 3.52 performance would be expected and could 
a l s o  be b e n e f i c i a l  a t  t h e  lower Mach numbers. The ex ten t  of t h e  f low 
s e p a r a t i o n  i s  shown i n  t h e  t o t a l  p ressure  p r o f i l e s  of f i g u r e  16. 
Rakes 1 and 4 ( f i g .  1 6 ( a ) )  show t h a t  no f low passes  through t h e  ramp 
s i d e  reg ion  of t h e  compressor f a c e .  A t  t h e  more s u p e r c r i t i c a l  condi- 
t i o n s  t h e r e  is some i n d i c a t i o n  of r e v e r s e  f low i n  t h i s  r eg ion .  In  t h e  
f low c o r e  (middle of r ake  2 )  t h e  maximum Xach number is  near sonic  f o r  
t h e  most s u p e r c r i t i c a l  cond i t ion .  To ta l  p ressure  p r o f i l e s  f o r  t h e  
18O + 5O c a s e  a r e  shown i n  f i g u r e  l 6 ( b ) .  The t i p  or  ramp s i d e  por t  ions  
of r a k e s  1 and 5  show t h a t  s e p a r a t i o n  was eminent i f  t h e  i n l e t  had been 
opera ted more s u p e r c r i t  i c a l .  The d i s t o r t  ion f o r  t h e  l a s t  recorded 
point  was 0.125 which is approaching the  0.15 l e v e l  t h a t  exper ience  
wi th  t h i s  i n l e t  has  shown t o  be assoc ia ted  wi th  separa t ion .  The dynamic 
t o t a l  p ressure  p r o f i l e s  a r e  shown In f i g u r e  1 7 .  A s  expected,  t h e  mast 
turbulence  i s  i n  t h e  h igh flow reglon of the  duct  aad obviously more 
pronounced i n  t h e  15.37' + 9.58O case  (f lg. 17  ( b ) ) .  Both c o n f i g u r a t i o n s  
e x h i b i t e d  about t h e  same average l e v e l s  ( f i g .  14) .  However, t h e  
15.37O + 9.58O conf igura t ion  d i s p l a y s  wlde v a r i a t i o n s  a c r o s s  r a k e s  2 
and 3  whi le  t h e  18O + 5O c a s e  shows a much more uniform d i s t r i b u t i o n  
a c r o s s  t h e  same rakes.  

CONCLUSIONS 

A quick-look t e s t  w a s  conducted in  t h e  10- by 10-foot supersonic  
wind tunne l  t o  provide some qi ... j l i t a t  ~ v e  rnformatlon on o p e r a t i n g  a  low 



Mach number des ign i n l e t  i n  a h igh ly  oversped condi t ion.  The model 
which i s  a two-dimensional, three-ramp, al l-external-compression i n l e t  
designed t~ match a 5-85 t u r b o j e t  engine a t  Mach 2.5 was run a t  Mach 
3.52 and zero angle-of-attack and yaw. The i n l e t  was operated a s  both 
a f ixed  and v a r i a b l e  geometry i n l e t .  For t h e  f lxed  geometry por t ion  
t h e  second and t h i r d  ramp ang les  were f ixed  a t  t h e  Mach 2.5 p o s i t i o n  
of t e n  and eleven degrees ,  r espec t  lve ly .  In  t h e  v a r i a b l e  geometry 
phase, t h r e e  s e t s  of angle  combinations ( l a 0  + 50, 15O + 13O, and 
15.370 + 9. 58O) were used. The fol lowing c m c l u s i o n s  were obta ined.  

1. Using t h e  Mach 2.5 ramp ang les  ( f lxed  geometry approach) a t  
Mach 3.52 r e s u l t e d  i n  severe  buzz and a t tempts  L O  e l imina te  i t  by in- 
c reas ing  the  angle-of-attack were unsuccessful .  

2. The second and t h i r d  ramp ang les  f o r  shock-on-lip opera t ion  
were experimentally found t o  be 15.370 and 9.580, r e s p e c t i v e l y .  

3. Theore t i ca l  e s t m a t e s  predicted cap ture  mass-f low r a t i o s  of 
0.99, 0.95, and 0.90 f o r  t h e  15.37O + 9.5a0, 18O + 5O, and 15' + 13' 
ramp ang le  combinations, r e s p e c t i v e l y .  

4. The experimentally determined maximum cap ture  mass-flow r a t i o  
was 0.05 l e s s  than p red ic ted  v a l u e s  due t o  s p l l l a g e  over t h e  outback 
s i d e  f a i r i n g s  and cowl. 

5. The r e s u l t s  of optimizing t h e  p o s i t i o n  of t h e  f o u r t h  ramp 
(bleed door 90 percent  open) were t h e  18O + 5' combination produced 
t h e  h ighes t  recovery (0.433) and lowest d l s r o r t i o n  (0.055), t h e  
13' + 13' ang les  bled t h e  l e a s t  (0.111 t o t a l ) ,  t h e  15.37' + 9.58O com- 
b i n a t i o n  captured t h e  maximum flow (0.927) and de l ive red  t h e  most t . !  
t h e  engine (0.79), and t h e  dynamic d i s t o r t i o n  was 0.04 t o  0.06 fo r  a l l  
t h r e e  s e t s  of ramp angles .  

6. The r e s u l t s  of reducing t h e  ramp bleed ( f o u r t h  ramp s e t  a t  
optimum) were t h e  18' + 5O combination prgduced t h e  h ighes t  recovery 
(0.441) and t h e  lowest d i b t o r t i o n  (O. l25) ,  r h e  15.37' + 9.5a0 combin- 
a t i o n  bled t h e  l e a s t  (0.079 t o t a l )  and captured t h e  maximum flow 
(9.892) and de l ive red  t h e  most t o  t h e  engine (0.812), and the  dynamic 
d i s t o r t i o n  was 0.04 t o  0.06 f o r  a l l  t h r e e  conf igura t ions .  
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