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A method for achieving variable geometry inlets, by 
aerodynamic means, for high supersonic Mach numbers is presented. 

The scheme discussed makes use of fixed passages in the inlet 

walls to inject air at some angle to the main inlet flow in order 
to achieve the desired compressions. 

trapped and recirculated. 

operation at Mach numbers 2, 2.5, and 3.0 taking into account both 

the inviscid interaction of the jets and main stream and the viscous 

mixing between the two. Calculations are also performed to estimate 

the costs in terms of drag and propulsion efficiency of this design. 
These drawbacks are seen to be small and the overall simplicity of 

this system when compared to standard variable geometry inlets 
suggests further investigation, on a laboratory scale, of this 

inlet design. 

The injected air is then 

A typical inlet has been designed for 
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PARTTtjO ' 

I INTRODUCTION* 

The purpose of t h i s  i n v e s t i g a t i o n  is to demonstrate ii tec'h- 

nique whereby v a r i a b l e  i n l e t  geometry is accomplished by aero- 

dynamic means: i . e - ,  t o  minimize t h e  mechanical complexity of an 

i n l e t  capable  of e f f i c i e n t  operat ion up t o  high supersonic  Mach 

numbers. I n  Part I of t h i s  i n v e s t i g a t i o n  (Reference l), a 

technique was presented w h e r e  v a r i a b l e  geonlekry could be achieved 

by t a n g e n t i a l  s lo t  i n j e c t i o n  of subsonic a i r  along the i n l e t  wal l .  

A d e t a i l e d  a n a l y s i s  of t u r b u l e n t  mixing in the presence of an a x i a l  

p re s su re  g rad ien t  

w a s  developed i n  order t o  analyze th i s  technique i n  d e t a i l .  

t h i s  technique w a s  found t o  work from a conceptual  p o i n t  of view, 

the a c t u a l  i n l e t  design w a s  extremely s e n s i t i v e  t o  small. v a r i a t i o n s  

Of t h e  i n j e c t i o n  parameters. I t  d i d ,  however, suggest an a l t e r n a t e  

possibility, which overcame the p r a c t i c a l -  d i f f i c u l t i e s ,  whereby jets 

of a i r  i n c l i n e d  a t  an angle t o  t h e  main stream could be used t o  

achieve the v a r i a b l e  compression r a t i o s  r equ i r ed  for e f f i c i e n t  

ope ra t ion  of a supersonic  engins.  9-P presen t  r e p o r t  i s  concerned 

wi th  the d e t a i l e d  analysis of an i n l e t  design using t h i s  vectored 

injection method. 

was performed and a numerical computer program 

Although 

* The authors  wish t o  acknowledge the guidance provided by 
D r  Antonio F e r r i .  
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The proposed solution i s  based on t h e  concept shown schemat- 

i c a l l y  i n  Figure 1. A two-dimensional fixed geometry i n l e t  w i t h  

two fixed geometry a i r  passages i s  depicted. 

operation, say M-3, air with a stagnation pressure smaller than 

t h a t  of the main stream i s  i n j e c t e d  through these s l o t s  i n  order 

t o  compress the  main stream and achieve the desired throa t  area 

for e f f i c i e n t  operation. The injected a i r  is  captured by the  

moveable scoop shown i n  the  t h r o a t  region of the i n l e t ,  2nd re- 

circulated through the  s lo t s .  This recirculat ion i s  made possible 

by energizing of the  j e t  flow through viscous mixing w i t h  the  main 

stream along regions A i B , C i  i . e . ,  high stagnation pressure flow 

from the  main stream mixes w i t h  the j e t  flow so t h a t  the stagnation 

pressure of t he  captured flow is  suff ic ient ly  high t o  f a c i l i t a t e  i t s  

rec i rcu la t ion ,  As the  f l i g h t  Mach number decreases, the required i n l e t  

compression decreases and hence less  a i r  i s  injected through the s l o t s  

i n t o  the  main air stream. 

For high Mach number 

I n  a conventional variable geometry i n l e t  the je t  streamline 

A,B,C ,  would have t o  be replaced by a mechanical moveable ramp. 

This ramp would have t o  be displaced up and down i n  the  r e l a t ive ly  

large forward area of the i n l e t .  

requires  some form of boundary layer control along the  lower moveable 

wall ,  a feature not necessary in the suggested design since the  

control j e t s  can be used t o  provide th i s .  

-, - -1 -- -----il h e r e i n  reauire  a moveable mechanism called ana tne UttJAylA pLYlr.-.--. _ _ _ -  

t he  ecoop i n  t h i s  investigation, AS a r e s u l t ,  t h i s  aerodynamically 
controlled i n l e t  replaces the  l a r g e  forward portion of the  moveable 

ramp, and t h e  necessary boundary layer controls w i t h  a simple recircu- 

l a t i o n  mechanism discussed i n  the body of the  report .  

I n  addition the conventional i n l e t  

Both a conventional i n l e t  
- r 4  
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The discu6sion O f  th i s  inves t iga t ion  is  organized a s  follows: 

f i r s t ,  there i s  considered the a c t u a l  design fo r  an i n l e t  opera t ing  

a t  Mach numbers 2 ,  2.5 and 3.0. Purely i n v i s c i d  cons ide ra t ions  are 

appl ied with r e s p e c t  t o  these ca l cu la t ions .  The tu rbu len t  mixing 

ana lys i s  developed i n  Reference 1 is  then  appl ied ;  information as 

t o  mass flows, r e c i r c u l a t i o n  problems etc,  , i s  obtained.  Detailed 

p r o f i l e s  of Mach number, mass flow and s t agna t ion  pressure of the 

je t s  e n t e r i n g  t h e  r e c i r c u l a t i o n  region are presented.  

fo rces  produced by  the capture  and r e c i r c u l a t i o n  scheme are 

est imated.  F i n a l l y ,  a t t e n t i o n  i s  focused on the mechanical a spec t s  

of the moveable cap tu re  scoop. One example of a scoop which w i l l  

t r a v e r s e  t h e  d e s i r e d  t r a j e c t o r y  i s  presented ;  i n  this  context  

a t t e n t i o n  i s  given the problem of continuous opera t ion  and s t a b i l i t y  

of t h e  system, under pe r tu rba t ions  of f l i g h t  condi t ions .  

The drag 
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11, INVISCID INLET DESIGN 
The a n a l y s i s  of  the i n l e t  scheme depic ted  schemat ica l ly  

i n  Figure 1 may be conveniently divided i n t o  i n v i s c i d  and viscous 

sec t ions .  

d e f l e c t e d  only by p res su re  waves (compressions or expansions) and 

remain d i s t i n c t  from the main flow, i - e . ,  t h e r e  e x i s t s  a d i v i d i n g  

I n  the i n v i s c i d  s i t u a t i o n  the je t s  of a i r  may be 

s t reaml ine ,  on one s i d e  of w h i c h  i s  the je t  flow and on the other 

t h e  main stream f low,  The a c t u a l  s i t u a t i o n  i s  the v i scous  one i n  

which t h e r e  exis ts  no d i s t i n c t  boundary between the je t  and main 

flow due t o  mixing between t h e  t w o  flows, Since the mixing l eng ths  

involved are s m a l l ,  t h e  i n l e t  w i l l  be analyzed f irst  on the basis 

of i n v i s c i d  flow, and then  t h e  depar tures  d u e  t o  v iscous  mixing 

w i l l  be c a l c u l a t e d  using the mixing a n a l y s i s  of  Ref. 1. 

be shown that  the depar ture  from a segregated stream has l i t t l e  

e f f e c t  on the i n v i s c i d  wave p a t t e r n ,  b u t  i s  important i n  c a l c u l a t i n g  

t h e  s t agna t ion  pressure of the recaptured  a i r  when cons ide ra t ion  i s  

It w i l l  

g iven t o  the means of r e c i r c u l a t i n g  th i s  a i r .  

Consider f irst  t h e  i n v i s c i d  ana lys i s ,  and i n  p a r t i c u l a r  w h a t  

happens t o  the flow f i e l d  i n  the v i c i n i t y  of the jets.  

uniform f l o w  of M=2.5, P=300 lb/ f t  approaching a j e t  of M=1.5 

i n c l i n e d  a t  an angle of IOo with  respect t o  the uniform stream 

(see Figure  2). 

l a t i o n  r eg ion  is the same as t h a t  i n  the main flow behind a l o 0  

Assume a 
2 

If t h e  p re s su re  i n  the  je t  and the f i rs t  r ec i r cu -  

&r'iectioii, L¶- L j l ~ I l  -- the j e t  stzazii l inc AS will remair? straighk and a 

s t ra ight  shock AC will s tand  i n  the f l o w .  Thus, by adjustment of 

the pressures i n  the jet (if t h e  je t  Mach number i s  assumed f ixed  

t h i s  is equiva len t  t o  ad jus t ing  t h e  j e t  m a s s  flow) and the recircu- 

l a t i o n  r e g i o n ,  the main stream i s  d e f l e c t e d  through an angle  of loo.  
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Suppose now it w e r e  d e s i r e d  t o  deflect t h i s  stream an a d d i t i o n a l  

loo ;  then a second j e t ,  with the  same Mach number and p res su re  

as t h e  f irst  one, bu t  i n c l i n e d  a t  an angle of 30° i s  introduced.  

Since the pressure  i s  cons tan t  along the streamline DE t h i s  

remains a s t r a i g h t  s t r eaml ine .  I f  the p res su re  i n  r e c i r c u l a t i o n  

reg ion  number I1 i s  maintained a t  a va lue  equal  t o  t h a t  i n  t h e  

reg ion  where the je ts  m e r g e  (Region BFHG), t hen  t h e  s teamline 

FH a l s o  remains s t ra ight .  The shocks BE and EF t u r n  the two j e t s  

u n t i l  they  are both  i n c l i n e d  a t  an  angle of 200 and the shock B J  

d e f l e c t s  t h e  main stream an add i t iona l  loo. It  should be not iced  

t h a t  the p res su re  i n  the main stream behind the shock wave w i l l  

be s l i g h t l y  higher than  t h a t  behind the streamline BG. There 

w i l l  e x i s t  i n  t h e  j e t  flow a s e r i e s  of very weak compressions 

( A  P = 1.05) and expansions such t h a t  t h e  average Mach number i s  

1.11 and the average s t a t i c  pressure  equal  t o  t h a t  i n  the main 

flow. T h e  tu rn ing  up and tu rn ing  down of the j e t  streamlines 

due t o  t h e s e  compressions and expansions i s  less than  one half  

of a degree and can be neglected;  the j e t  s t r eaml ine  i s  t h u s  

drawn s t r a i g h t .  Hence, by simply c o n t r o l l i n g  the p res su re  i n  

t h e  t w o  je ts  and t h e  r e c i r c u l a t i o n  r eg ion ,  there h a s  been 

effected a 20' t u rn ing  of t h e  m a i n s t r e a m  by pure ly  aerodynamic 

means. 

A set of i n v i s c i d  c a l c u l a t i o n s  concerning the  a c t u a l  design 

c y y i c a i  A L L A G L  w u  L A V L A L L - U  --A -.-- -- ------ - - -  "~ -rT 2 ~ - - - : - - l  t - 1 , ~  *.*-I- n n w F n r r n n C 7  fnr three d i f f e r e n t  Marh n i i m h e r s :  

Mach numbers 3.0, 2 . 5 ,  and 2.0.  They are shown r e s p e c t i v e l y  i n  

Figures 3 ,  4 ,  and 5. The Mach number of the i n j e c t e d  m a s s  flow i s  

f ixed  by t h e  nozzle  geometry i n  t h e  r e c i r c u l a t i o n  h a r d w a r e ;  here 

t h i s  is t aken  t o  be M . r l . 5 .  Therefore,  the  two parameters which 

cont ro l  the compression of t h e  main stream are the j e t  s tagnat ion  

p r e s s u r e s  and t h e  p re s su res  i n  the r e c i r c u l a t i o n  reg ions  behind 

each j e t .  These p res su res ,  i n  t u r n ,  are c o n t r o l l e d  by t h e  amount 

of mass r e - i n j e c t e d  through t h e  j e t s  and amount bled i n t o  t h e  

r e c i r c u l a t i o n  reg ions .  
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I n  t h e  Mach number 3 conf igura t ion  shown i n  Figure 38 both.  

jets have been turned  an and the p r e s s w e s  i n  the r e c i r c u l a t i o n  

reg ions  behind each have been adjusted eo that  t h e  je ts  come out  

s t r a i g h t  i n  t h e  i n v i s c i d  conf igura t ion ,  For Mach number 2.5 

(Figure 4 ) ,  only the f i r s t  j e t  is  turned on, again w i t h  the p res su re  

adjusted so tha t  it comes out s t r a i g h t .  I t  is  seen here t h a t  by 

reducing the m a s s  f l a w  t o  t h e  r e c i r c u l a t i o n  reg ion  behind the  

€irst j e t  it d e f l e c t s  downward i n  order t o  provide the rzqclred 

compr e s s i  on. 

I n  a l l  of these conf igura t ions  (Figures  3,4, and 5)  t h e  

first r e f l e c t e d  wave from t h e  upper w a l l  is captured by the 

moveable scoop, i .e. ,  no r e f l e c t e d  wave i s  allowed t o  e n t e r  the 

merged jet region. The motivat ion for t h i s  i s  simply one of 

computational convenience, f o r  i f  a shock should e n t e r  the j e t  

r eg ion  it might very W e l l  d r i v e  t h e  l o w  Mach number j e t  flow 

subsonic, While this p resen t s  no problems from a performance 

p o i n t  of view it m a k e s  the numerical canputat ions v i r t u a l l y  impossible 

due t o  the mixed supersonic-subsonic na tu re  of the flow f i e l d .  
I n  the case of a shock a c t u a l l y  en te r ing  the j e t  flow due t o  a 

d i s tu rbance ,  it would simply r e f l e c t  cff the bottom j e t  stream- 

l i n e  as an expansion s i n c e  t h e  r e c i r c u l a t i o n  reg ion  i s  maintained 

a t  a cons tan t  pressure .  This  expansion would be caught by the 

lower s u r f a c e s  of the scoop, There is no i n d i c a t i o n  tha t  t h i s  

p e r t u r b a t i o n  would effect  the pressure  maintained i n  t h e  recircu- 

l a t i o n  reg ion .  

the scoop h a s  been designed t o  capture  s l i g h t l y  more inass flow 

t han  has been i n j e c t e d  through t h e  je ts ,  T h i s  was designed a f t e r  

cons ide ra t ion  of t h e  viscous mixing e f f e c t s  discussed below. 

It should a l s o  be not iced  i n  Figures  3 , 4 , 5  t h a t  
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E s s e n t i a l l y  it was found tha t  s i n c e  the mixing of the j e t  and 

main stream flows energized t h e  j e t  f l o w  it t h e r e f o r e  l e f t  a 

small part of the main stream w i t h  s tagnat ion  p res su re  deemed 

too  l o w  f o r  e f f i c i e n t  engine performance. By scooping t h i s  low 

s t agna t ion  pressure  flow two ob jec t ives  are m e t :  m a s s  flow w i t h  

low s tagnat ion  pressure  i s  not  permitted t o  e n t e r  the engine andmass 

with s t agna t ion  pressures g r e a t e r  than the j e t  flow, e n t e r s  the 

r e c i r c u l a t i o n  duc t  t o  overcome the l o s s e s  i n  t h e  r e c i r c u l a t i o n  

system, 
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111. EFFECTS O F  VISCOUS MIXING 

The aforementioned inviscid calculations, however, give 

no indication as to the minimum required jet mass flow and 

stagnation pressure recovery of the recirculation system: 

hence a set of viscous mixing calculations was performed. For 

this purpose the analysis of turbulent jet mixing presented in 

Reference 1 was utilized with compression waves replaced by 

isentropic compressions. Of the three configurations studied 

the Mach 3.0 represents the most critical from a design and 

analysis point of view, i.e., recirculation problems and losses 

will be maximum at the highest design Mach number. The viscous 

calculations are discussed, therefore, with particular reference 

to the Mach 3.0 design configuration, although they are also pre- 

sented for M = 2 . 5  and 2.0. 

Each jet was assumed to have a height- of ,2", which based on an 
inlet capture height  of 3ft. yields a jet mass flow approximately 

equal to 13% of the captured mass flow in the Mach 3.0 case. In 

Figure 6 is shown the effect of viscosity on the inviscid flow 

field of the two interacting jets discussed in Figure 2. Although 

this flow field does not conform exactly with the details of the 

present design, the effects of the mixing process on the flow will 

be very similar. "he solid lines represent the jet boundaries 

predicted by the inviscid analysis. The dotted lines represent 
the actuai streamiine C ~ ~ L I ~ L L L ~ ~ ~  r-' - --L1 -- uuL tn c-v ~ 7 4  c n n i i c  m i y i n c j  of the 

jet and main flows. It is apparent thzt this deflection is small 

and would have very little effect on the inlet wave pattern. 

This is interpreted as meaning that the jet mass flow is at least 

sufficient to maintain the jet identity which is necessary for 

obtaining the desired compression. 
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The viscous mixing program also y i e l d s  the s t agna t ion  p res su re  

profile at t h e  s t reaml ine  s t a t ion  where the r e c i r c u l a t i o n  scoop i s  

located. This s a v e s  two purposes: it y i e l d s  the average stagna- 

tion pressure of the recaptured  a i r ;  and it g ives  the s t agna t ion  

pressure profile that w i l l  e n t c r  t h e  engine.  Figure 7 shows the 

rtagnation pressure p r o f i l e  between t h e  upper and lower je t  

rrtreamlfne €or t h e  M=3 conf igura t ion .  The Y coord ina te  of t h e  

profile has i ts  o r i g i n  a t  the leading edge of t h e  scoop and is 

measured perpendicular  t o  the axis of the i n v i s c i d  j e t .  The  

profi le  r e p r e s e n t s  the s t agna t ion  pressure  of the flow captured f o r  

r e c f r c u l a t f o n  purposes.  The f i g u r e  shows the v a r i a t i o n  over the 

cross-section of the r a t i o  of t h e  t o t a l  p re s su re  t o  t h a t  i n  the j e t  

at the point of i n j e c t i o n .  I n  F i g u r e  8 i s  shown t h e  Mach number 

variat ion across the Same area. Now, s i n c e  both the average Mach 

number and hence, s t agna t ion  pressure  between the je t  boundaries 

has increased  there must be a r e s u l t i n g  decrease  i n  s t agna t ion  

frresswe flux i n  the main stream which e n t e r s  the engine.  

profi le  between the tapper boundary of t h e  je ts  and t h e  upper wa l l  

Of the i n l e t  i.8 erhown in Pigure 9. 

tho ratio #UP, t o  that which would e x i s t  without  mixing: i .e. ,  if 

the jet Were not m e r g i a e d .  

lose due to mixing, 

that the ma## f lm with a PUP 

the eiighii &i ii;dic&.t.,& fr: Ficpre 9 -  

Which pame8 through the engine t h e  i n t e g r a t e d  loss i s  of the 

arder 05 a%, i r e r ,  

The f l u x  

There i s  shown f o r  t h i s  section 

The cross-hatched a rea  r e p r e s e n t s  the 

Consider now, f o r  the sake of i l l u s t r a t i o n ,  

r a t i o  c.70 i s  not  allowed t o  e n t e r  
T 

Then f o r  t h e  n e t  mass flow 

P 
< .02 dY 

Y ~ U P ~ )  no mixing Y 
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Although t h e  mass flow fo r  which PuP,/(OUP?,) no mixing c .70  

has too  low an energy for  e f f i c i e n t  engine opera t ion ,  it does 

however, have a higher  enercJy l e v e l  than t h e  mass flow requ i r ed  

for  r e c i r c u l a t i o n .  I t  i s  proposed t h e r e f o r e ,  t o  u s e  t h i s  mass i n  

t i k  r e c i r c u l a t i o n  systems. This however, w i l l  y i e l d  an excess  of 

mass flow i n t o  the r e c i r c u l a t i o n  system a s  i l l u s t r a t e d  by Figure 

1 0 .  T h i s  f i g u r e  shows t h e  ac tua l  mass flow across  t h e  reg ion  

en te r ing  t h e  r e c i r c u l a t i o n  scoop. The two l o w e r  L--' i l U L  I L V I I C U I  -nn+-l lir).es 

are,  r e s p e c t i v e l y ,  t h e  lower j e t  boundary 2nd t h e  upper j e t  bounc:ary, 

while t h e  t h i r d  (upper) l i n e  r ep resen t s  that add i t iona l  scooped mass 

of Figure 9 fo r  which puP,/(PUP,) no mixing ez.70. 

The v e r t i c a l  l i n e  r ep resen t s  ;he ac tua l  mass flow requi red  for t h e  
r e c i r c u l a t i o n  je t s .  I t  i s  proposed t o  dump t h e  excess mass flow 

with lower enerqy near t h e  lower jet boimdary, and use the higher  

energy flow above t h e  upper jet boundary for  r e c i r c u l a t i o n  purposes.  

Referr ing now back t o  Figure 7, t h e  average s tagnat ion pressure  

across  t h e  mass flow t o  be r e c i r c u l a t e d  i s  seen t o  be 60% g r e a t e r  

than t h a t  r equ i r ed  f o r  t h e  j e t s .  The v e r t i c a l  l i n e  i n  Figure 7 

r e p r e s e n t s  t h i s  average s tagnat ion  pressure  r a t i o  across  t h e  mass 

flow t o  b e  r e c i r c u l a t e d .  

One more po in t  i s  i n  order here .  The low supersonic Mach 

number j e t  flow m u s t  be turned by the  r e c i r c u l a t i o n  scoop. A t  

f i r s t  s i g h t  t h e  high turn ing  angle requi red  would seem t o  i n d i c a t e  

t h a t  a normal shock wouid ernandie ii-SK thc: lz::.er scnnp qiirface. 
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However, due t o  t h e  mixing of t h e  jet  and main streams and t h e  

f a c t  t h a t  t h e  scoop has  been r a i s e d  s l i g h t l y  above t h e  i n v i s c i d  

streamline a s  discussed above, t he  ac tua l  j e t  Mach number i s  

higher  n e a r  t h e  scoop su r face  than t h e  i n v i s c i d  c a l c u l a t i o n  shows. 

Using t h e  Mach number d i s t r i b u t i o n  of Figure 8 t h e  snock wave was 

constructed and i s  presented i n  Figure 20.  I t  i s  seen t h a t  t h e  

shock i s  a t tached  and obl ique fo r  some d i s t a n c e  below t h e  lower 

scoop sur face .  A s  d iscussed later ir! this i n v e s t i g a t i o n  a sub- 

sonic  d i f f u s e r  w i l l  be a t tached  a t  the  back end of t h e  scoop t o  

provide e f f i c i e n t  opera t ion .  With the  a t tached  shock and a w e l l  

designed d i f f u s e r  t h e r e  should be no d i f f i c u l t y  i n  swallowing 

t h e  normal p a r t  of t h e  shock. 

Thus, t h e  viscous c a l c u l a t i o n  has l e d  t o  t h e  following r e s u l t s .  

F i r s t ,  t h e  mass flow of t h e  r e c i r c u l a t i o n  j e t s  i s  s u f f i c i e n t  fo r  

t h e  je ts  t o  r e t a i n  t h e i r  i d e n t i t y  i n  order t o  corr!press t h e  main 

stream. This by no means implies  t h a t  t h e  mass flow used i n  t h i s  

sample numerical  c a l c u l a t i o n  i s  optimum: i n  f a c t ,  it would appear 

t h a t  a smaller  mass flow would indeed be s u f f i c i e n t  t o  compress 

t h e  main stream. However, t h i s  i s  a parameter t h a t  should be 

determined by l abora to ry  means, it beirlg mx purpose h e r e  t o  show t h a t  

wi th  a reasonable  amount of mass flow (13% of t h e  capture  mass flow) 

e f f i c i e n t  compression of t h e  main stream i s  poss ib l e .  Secondly, 

t h e  v iscous  c a l c u l a t i o n  has  supplied d e t a i l e d  information a s  t o  

A. n r n f i l e s  - of mass flow, Mach number, s t agna t ion  pressure  and 

s t agna t ion  p res su re  f l u x  across  the  r eg ion  en te r ing  t h e  r ec i r cu ia t io r l  

scoop a rea .  Based on t h e s e  cons idera t ions  it has  been p o s s i b l e  t o  

conclude how much and from what reg ions  mass m u s t  be scooped i n  order 

t o  e f f e c t  e f f i c i e n t  engine operat ion and t o  provide t h e  necessary 

energy t o  r e c i r c u l a t e  t h i s  flow: e.g.  i n  t h e  scheme i l l u s t r a t e d  h e r e i n ,  

t h e  mass flow t o  be r e c i r c u l a t e d  has a s tagnat ion  pressure  increase  of 

t h e  o rde r  of 60%, due genera l ly  t o  mixing. P a r t  of t h i s  a i r  comes 

from t h e  main i n l e t  a i r  stream, which has  a higher  t o t a l  p ressure  

than most of t h e  i n j e c t e d  a i r .  
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Viscous mixing c a l c u l a t i o n s  were a l so  performed f o r  the Mach 

2.5 and Mach 2.0 des ign  conf igura t ions .  I n  the Mach 2.5 case the 

c a l c u l a t i o n s  are i d e n t i c a l  t o  t h o s e  prev ious ly  d iscussed  f o r  Mach 

3.0 and t h e  r e s u l t s  are shown i n  F igures  11 -14. There are no 

conceptual  d i f f e r e n c e s  i n  these t w o  c a l c u l a t i o n s .  

I n  the case of the Mach 2 . 0  conf igu ra t ion  the f i r s t  j e t  i s  

turned  on simply t o  provide some boundary l aye r  c o n t r o l  i .e. ,  the 

inner  r e g i o n  of the flow downstream of the f i rs t  j e t  be ing  

assumed t o  act as i f  ad jacen t  t o  a solid s u r f a c e  i n  t h i s  case. 

Using an approximate t u r b u l e n t  boundary l aye r  a n a l y s i s ,  ca l cu la -  

t i o n s  w e r e  peltformed t o  determine v e l o c i t y ,  Mach number and stagna- 

t i o n  p r e s s u r e  p r o f i l e s  a t  the a x i a l  l o c a t i o n  corresponding t o  the 

p o s i t i o n  of the r e c i r c u l a t i o n  scoop. These c a l c u l a t i o n s  and t h e  

a s s o c i a t e d  m a s s  flow and s t a g n a t i o n  pressure f l u x  p r o f i l e s  are 

shown i n  F igu res  15 - 19. 
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IV. DETAILS O F  SCOOP MECHANISM AND RECIRCULATION PROCESS 

The only moveable p a r t  i n  t h e  aerodynamically con t ro l l ed  I 

i n l e t  discussed thus  f a r  i s  the  r e c i r c u l a t i o n  scoop and va lves  

whose funct ion it i s  t o  r ecap tu re  the  mass flow i n j e c t e d  through 

t h e  f ixed  je t s .  The scoop and i t s  assoc ia ted  nozzles and valves  

m u s t  perform t h e  following two funct ions:  t h e  s tagnat ion  p res su re  

of the t w o  jets m u s t  be con t ro l l ed ;  t h e  pressure  i n  t h e  recircu- 

l a t i o n  reg ion  behind each j e t  m u s t  be con t ro l l ed .  Both of t h e s e  

pressure  c r i t e r i a  may be  con t ro l l ed  by r e g u l a t i n g  t h e  amount of 

mass flow r e c i r c u l a t e d .  

I n  Figure 21 t h e r e  i s  a schematic diagram of the cap tu re  and 

r e c i r c u l a t i o n  mechanism drawn t o  t h e  s c a l e  of t h e  i n v i s c i d  calcu- 

l a t i o n s  Figures  3 ,  4 ,  and 5.  It  should be emphasized t h a t  t h i s  

r e p r e s e n t s  only one poss ib l e  mechanical design of t h e  mechanism. 

Shown i n  Figure 21 are t h e  two f ixed  geometry nozzles loca t ed  i n  

t h e  f ixed  j e t  passageways, t h e  two r e c i r c u l a t i o n  reg ions  R I  and 

R I I ,  and t h e  scoop i t s e l f  i n  t h e  t h r e e  design conf igura t ions .  

Poin ts  on t h e  scoop are labe led  S AM, BM, with t h e  subsc r ip t  M 

denoting t h e  opera t ing  Mach numbers, 1. e .  S A2 5 ,  B 2 .  

p o i n t s  S ,  A and B on t h e  scoop i n  t h e  Mach number 2 . 5  conf igura t ion  

shown i n  Figure 4.  Proper movement of t h e  scoop may be implemented 

by means of c i r c u l a r  s l o t s  c u t  i n t o  t h e  side wa l l s  of t h e  i n l e t  

(See Figure 22) i n  which t h e  po in t s  

a subsonic d i f f u s e r  BMC may be formed by a standard s l i d i n g  member 

mechanism; t h e  lower wal l  being formed by the  i n l e t  wa l l .  A t  t h e  e n d  

Of t h i s  d i f f u s e r  i s  a f ixed  channel d iv ided  i n t o  t h r e e  reg ions .  

r eg ions  s e p a r a t e  t h e  captured a i r  i n  order t o  r e c i r c u l a t e  it t o  t h e  

I 

r epr e s e n t  s 

and BM r ide .  The upper wa l l  of 

These 
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rear jet, forward jet and the third small region is used for both 

overboard dumping of excess mass and pressure control of recircu: 

lation region RI. Two small flaps in this fixed channel are used 

to control t h e  mass flows. 

As mentioned previously, actual operation requires control of 

the jet and recirculation pressures. The air jets are formed by 

fixed channels in the base of the inlet with fixed geometry nozzles, 

resulting in a given Mach number of the injected air. The stag- 

nation pressure of the jets may then be controlled, simply by 

controlling the mass flow entering the nozzles. This is imple- 

mented by means of the two flaps shown at the rear or the diffuser. 

Hence, lowering the mass flow to the jets will lower their static 

pressure and therefore, decrease the amount 06 nain stream compres- 

s ions. 

Finally it is necessary to control thc pressures in recircu- 

lation regions RI and RII. In region RII prcrure cnrtrol is easily 

obtained by adjusting the amount of mass dumped overboard. If the 

dump flaps are shut, the pressure in RII xi11 rise, and vice versa. 

Similarly, since a portion of dump flow is shunied ta RI, cent-rol 

of this mass flow will provide means of controlling the pressure in 

RI . 
It is to be emphasized that Figure 21 represents only a 

schematic of a possible mechanical design of recirculation system. 

Th? dynamics of the recircuidtiofi i-egiozs 2rs extremely complex and 

3 y - e  not amenable to detailed analysis. It is therefore impossible 

to discuss these regions in other than a qualitative manner; exact 

details of the manner in which recirculation is established can be 

determined only experimentally. Further, the geometry of the 

passage for diffusing the jet flow to subsonic velocity, and t h c  

losses for such diffusion must also be determined experimentally. 
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V. 

~ 

OPERATING LOSSES 

Inherent  i n  the r e c i r c u l a t i o n  system ou t l ined  above are the ~ 

fol lowing lo s ses :  l o s s e s  i n  the subsonic d i f f u s e r ;  l o s s e s  due t o  

mass dumping; l o s s e s  encountered i n  b r ing ing  t h e  flow from t h e  

d i f f u s e r  ex i t  back t o  the r e c i r c u l a t i o n  je ts .  Est imates  of the 

losses i n  the subsonic  d i f f u s e r  may be made based on R e f .  ( 2 ) .  I t  

i s  suggested i n  R e f .  (2) t h a t  a subsonic d i f f u s e r  of the t y p e  

considered h e r e i n  may be designed w i t h  an ope ra t ing  e f f i c i e n c y ,  

i .e. ,  a s t agna t ion  pressure recovery of - 9 .  Consider n e x t ,  t h e  

low energy flow tha t  must be scooped and dumped overboard and which 

w i l l  therefore,  c o n t r i b u t e  a drag  force .  This  f o r c e  may be 

calculated as 

w h e r e  xh is the m a s s  flow t o  be dumped a t  the v e l o c i t y  U = U and 

Consider f i r s t  t h e  Mach 3 a t  the p r e s s u r e  p through the a r e a  A 

opera t ing  cond i t ions  w h e r e  the m a s s  flow t o  be dumped i s  a maximum 

and assume it i s  expanded t o  free stream pres su re  b e f o r e  dumping. 

From Figure  8 t h e  average Mach number of t h e  a i r  t o  be dumped i s  

1.18. Expanding t h i s  t o  f r e e  stream p r e s s u r e  ( M  = 2 .22)  t h e r e  i s  

d d 

d' d 

T 7  d 
d 

e 

U 
2 fid (1 - -) = 0.0224 - - obtained D 

U c =  A i n l e t  Iil 
e 'e 

W i t h  10% loss  i n  s t a g n a t i o n  p res su re  i n  t h e  duc t ing  t o  t h e  e x i t  of 

the dump, t h e  drag  c o e f f i c i e n t  would be increased  t o  0.0252. 

I n  the case of the Mach 2.5 design the average Mach number of 

the a i r  t o  be dumped is  1.4.  Expanding t h i s  t o  f r e e  stream pres su re  

= 2.07) the corresponding drag c o e f f i c i e n t  would be 0.00767. 
(Md 
With 10% loss  i n  s t a g n a t i o n  pressure  i n  t h e  duc t ing  t o  t h e  e x i t  

of the dump, t h e  d rag  c o e f f i c i e n t  would be increased t o  0.00806. 
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Finally, the losses and drag due to the recirculation ducts 

must be calculated. A calculation of this nature requires 

estimates of losses encountered in pipes and turns; as +he sub- 

sonic recirculation flow is required to turn through approximately 

270°. 

a detailed knowledge of the flow in the recirculation regions. 

However, the following conditions for the critical Mqch 3 . 0  

design condition are noteworthy: a 60% rise in stagnation pressure 

of the flow to be recirculated has been achieved, with an additional 

10% loss in the diffuser. Should the remainipq excess stagnation 

pressure be insufficient to drive the necessary mass flow through 

the ducts the possibility of raising the scoop slightly rni?airi,c,. 

Here it should be remembered that the stagnation pressure c l .  any 

mass flow trapped by raising the scoop is of the order of 100% 

larger than the jet stagnation pressure. Hence, capturing a small 

additional mass should provide any necessary energy f o r  rccircu- 

Data of this sort is highly empirical and at best requires 

lation, if necessa:ry at all. 
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VI. CONTINUOUS OPERATION AND STABILITY 

I n  order f o r  the i n l e t  considered he re in  t o  be of p r a c t i c a l  
importance it must be adaptable t o  continuous opera t ion .  I n  ad- 

d i t imi t  must r e a c t  s t a b l y  t o  any d is turbance .  Consider f i r s t  t h e  

continuous opera t ion  m d e .  As the system has  been depic ted  h e r e  

both jets are on m a x i m u m  power i n  t h e  Mach number 3 conf igu ra t ion ,  

one j e t  i s  on maximum power i n  the Mach number 2 . 5  conf igu ra t ion ,  

and i n  t h e  Mach 2.0 conf igura t ion  the  f i r s t  j e t  i s  turned on 

s l i g h t l y ,  e s s e n t i a l l y  t o  provide some boundary l aye r  con t ro l .  

Hence, f o r  s i m p l i c i t y ,  t h e r e  has  been depic ted  a system where in  

between 2.5 and 2.0 t h e  f i r s t  j e t  is almost completely shut  down. 

The continuous opera t ion  sequence is then  a s t ra ight forward  one. 

As t h e  f l i g h t  Mach number decreases t h e  m a s s  flow t o  t h e  engine 

decreases .  

and w i t h  t h i s  t h e  scoop i s  1owered;concurrently t h e  m a s s  flow 

t o  t h e  second je t  i s  decreasedby the  f l a p  a t  t h e  rear of t h e  

d i f f u s e r  and t h e  p re s su re  i n R I I  i s  decreased by t h e  overboard 

valve.  As t h e  p re s su re  i n  the second j e t  and t h e  r e c i r c u l a t i o n  

r eg ion  RII drops,  the amount of compression of t h e  main stream 

w i l l  a l s o  drop. This i s  cons i s t en t  with t h e  lowering of t h e  scoop. 

This may be sensed by t h e  scoop S AM BM Figure 2 1 ,  

The same type  of procedure p r e v a i l s  during a pe r tu rba t ion  

of the f r e e  stream Mach number. Consider a sudden drop i n  f r e e  

stream Mach number. Two immediate consequences =e: d-erreased 

m a s s  f low t o  t h e  engine; t h e  inv i sc id  shock p a t t e r n  i n  t h e  i n l e t  

moves forward and i n t e r c e p t s  the j e t  flow. Both of t h e s e  occurrences 

will t end  t o  decrease t h e  amount of mass flow r e c i r c u l a t e d  and hence,  

t h e  amount of compression of the main stream. Concurrently t h e  

scoop sens ing  an engine mass flow decrease  w i l l  t r a v e l  downward 
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which i s  c o n s i s t e n t  bo th  w i t h  the lower Mach number and the 

decreased compression. The oppos i te  s i t u a t i o n  i . e . ,  an 

increase i n  f l i gh t  Mach number, i s  also stable. Such a 

s i t u a t i o n  inc reases  the engine mass flow and t h u s  the amount 

captured by the scoop is  inc reased , r e su l t i ng  i n  a l a r g e r  mass 

flow r e c i r c u i a t e d  and qrreater compression by the  jets. Sensing 

the engine m a s s  flow i nc rease  the scoop t r a v e l s  upward i n  a con- 

s i s t e n t  manner. 

I 
I 

I 
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VII. CONCLUSIONS 
There has  been considered he re in  a method of ob ta in ing  

v a r i a b l e  geometry i n l e t s  f o r  high supersonic Mach numbers by 

aerodynamic means. The u s e  of supersonic a i r  j e t s  i n j e c t e d  

a t  some angle  t o  t h e  main stream i n  o rder  t o  produce t h e  ne;-es- 

s a ry  stream compression e l imina tes  the need of forward moveable 

ramps i n  a s tandard v a r i a b l e  g e o m e t r y  nozzle .  I n  add i t ion  these  

je ts  provide a means of boundary layer  c o n t r o l  which i s  required 

f o r  a s tandard i n l e t  design.  Against t hese  advantageous f e a t u r e s  

t h e r e  must be weighed t h e  c o s t  of ope ra t ing  t h e  r e c i r c u l a t i o n  

mechanism discussed h e r e i n .  Losses involved i n  t h i s  system a r e  

those incur red  i n  t h e  subsonic d i f f u s e r  and t h e  r e c i r c u l a t i o n  

mechanism. 

There has  been designed i n  d e t a i i  h e r e  a v a r i a b l e  geometry 

nozzle  ope ra t ing  a t  Mach numbers 2 ,  2 . 5  and 3.0.  Analysis of 

t h e  viscous and i n v i s c i d  phenomena governing t h e  behavior of 

such a system h a s  been performed implying t h a t  phys ica l  implp- 

mentation can be c a r r i e d  o u t .  The i nhe ren t  l o s s e s  i n  t h e  designed 

i n l e t  have been est imated i n  a reasonable fashion.  I t  is  con- 

cluded t h a t  t h e  system m e r i t s  f u r t h e r  cons idera t ion ,  on a labora-  

t o r y  scale, i n  order  t o  determine i t s  u l t ima te  p r a c t i c a b i l i t y .  



1. 

2. 

TR 496B 
Page 20 

REFEXENCES 

Rosenbaum, H.,  and Zeiberg, S.L., "Analyt ical  Study of 
Aerodynamic Means of Control l ing Supersonic I n l e t  Flow 
P a r t  One", GASL Technical Report 495, January,  1965 

Pankhurst and Holder, Wind Tunnel Technique, Pitman and 
Sons, Ltd. ,  London, 1952. 

t 



I -  

i 



I 
I TR -496 B 

Page 2 2  



k 
b 

\ I  



\ 
t 

\ 



\ 
I 
I 

i 
I 

i I 

I 
I 
i 

1 
! 
j 

i 
i 
I 
i 
1 
1 

! 



\ 
\ 

\ 
\ 
\ 
\ 
\ 



r 

0.36 

0.40 

MASS FLCW NOJ? 
ALLOWED TO 
ENTER ENGINE 

- 
- 

MASS FLOW 
DUMPED 

TR 4 9 6 B  
Page 27 

7-- 
UPPER n T  
STREAMLINE 

6 . 2  .a .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 

PT’(p*)JET 

FIGURE 7 - ENERGIZING OF JET STREAM DUE TO VISCOUS MIXING 
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