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SUMMARY 

The concepts, analytical tools, and experiment21 data available for de- 
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..! 

Iiii 'ROilUCTION i 
i . I ,  

for the QCSEE (quiet, clean, short-haul cxpcrimental engine) inlet are shrm in 
figure 1: (1) The inlet must also provide ro the fac a low-distortion ajrflow 
at s hizh pressure recovery. High pressure recovery is more important to a low 

fan and, thus, the inlet diameter are relatively large so the inlet drag is a 
greater fraction of the engine thrust. Designing for a low cruise drag is. thus 
of greater importance. SimilarLy, when the airplane is climbing out after take- 
off, the failure of an engine sho~ld not result in exces~ive drag related to in- 
let aerodynamics, 



SYMBOLS 

l i p  in ;ernal  f  inexless r a t i o ,  r a t i o  of e l l i p s e  
a x i s  

aree ci rcunscr ibed hy i n l e t  h i g h l i g h t  

inaxinurn i n l e t  f r 0 n t . J  a r e a  

c ross - sec t iona l  a roa  of free-stream tube of a l  

c o n t r a c t i o n  r a t i o  

f a n  dizmeter 

honeycomb backing Jep;h 

l eng th  of l n l e t  

l eng th  of -caustic t reatment  

a x i a l  b c h  number a t  t h e  fan  f a c e  

maximum Mach number 

free-stream Mach number 

semima: or t o  semimlno 

. r  e n t e r i n b  i n l e t  

average t h r o a t  Mach number 

dynamic pressure  c o r r e s p o n d i ~ g  t o  the average t h r o a t  Mac:) n ~ m b e r  

fan  ra:?ius 

s a d l u s  t o  t h e  highl-gh: 

t h r o a t  r ad ius  

f ree,-*..trerm v e l x i t y  

average t h r o a t  v e i o c i t y  

i n l e t  flow angle  of a t t a c k  due tc +"ash  

separa t ion  f l ow  angle  

t o t a l  pressure  l ~ s s  

d i f f u s e r  maxim*:m wal l  angl.2 

open ared r a t i o  

crosswind flow angle  
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streem tube a t  climbout i s  l a r g e r  than t h e  engine i n l e t .  But, i f  t h e  f a n  is 
unpowered due t o  engine f a i l u r e ,  t h e  f a n  o f f e r s  a  r e s i s t a n c e  t o  t h e  flow of a i r  
through t h e  n a c e l l e  s o  some of t h e  a i r  s p i l l s  around t h e  i n l e t .  The s t reaml ine  
p a t t e r n  then becomes s i m i l a r  t o  t h a t  shown f o r  c r u i s e ,  and t h e  p o t e n t i a l  f o r  
i n l e t  drag e x i s t s  i n  t h e  a d d i t i v e  drag on t h e  approaching s t reaml ine .  The 
a d d i t i v e  drag can be  low i f  t h e  s p i l l a g e  is low. A h igh t h r o a t  Mach number in- 
le t  tends  t o  reduce t h e  i n l e t  h i g h l i g h t  a r e a  and t h i s  is  i n  t h e  d i r e c t i o n  of 
reducing t h e  s p i l l a g e .  Furthermore, t h e  high l i p  th ickness ,  which was s e l e c t e d  
t o  achieve a h igh  upwash angle  t o l e r a n c e ,  p r e s e n t s  a l a r g e  l i p  f r o n t a l  a r e a  on 
which t o  genera te  l ead ing  edge t h r u s t  t o  o f f s e t  t h e  a d d i t i v e  drag.  Thus t h e  
high t h r o a t  Mach number i n l e t  descr ibed should have a low engine-out drag.  

With regard t o  t h e  a i r  s p i l l a g e ,  f e a t h e r i n g  t h e  f a n  blades ,  as can be done 
wi th  a  v a r i a b l e  p i t c h  f a n ,  produces lower r e s i s t a n c e  t o  i n t e r n a l  £,ow than a  
f ixed  p i t c h  f a n  and thus  reduces t h e  a i r f l o w  s p i l l a g e  around t ;-  i n l e t  l i p .  
Thus, from t h e  p o i n t  of view of achieving a low engine-out i n l e t  d rag ,  t h e  
v a r i a b l e  p i t c h  f a n  may have an advantage over t h e  f ixed  p i t c h  fan.  

An i n t e r e s t i n g  aspec t  of high t h r o a t  Mach number i n l e t s  not  d iscussed i n  
t h i s  paper is  t h r o a t  Mach number c o n t r o l  t o  mainta in  s u p p r e s s j ~ n .  Th is  t o p i c  
is  discussed i n  re fe rence  24.  

CONCLUDING EMARKS 

Some of t h e  concepts,  a c a l y t i c a l  t o o l s ,  and experintental  d a t a  a v a i l e b l e  
f o r  designin, i n l e t s  f o r  powered-lif t  a i r c r a f t  have been discussed.  I t  has 
been shown t h a t  i n l e t s  can be designed t h a t  meet t h e  n o i s e ,  d i s t o r t i o n ,  and 
c r u i s e  drag requirements a t  t h e  f l i g h t  and engine opera t ing  cond i t ions  t h a t  
occur fc  a powered-lif t  a i r p l a n e .  The pena l ty  i n  p ressure  recovery f o r  achiev- 
in& t h e  requ i red  no i se  suppress io~ l  was 0.3 percent .  

The e f f e c t  of high flow v e l o c i t i e s  on wal l  t rea tment  on n o i s e  suppress ion 
is one a r e a  t h a t  can use more d e t a i l e d  study. 

There a r e  a l s o  some i n l e t  c h a r a c t e r i s t i c s  t h a t  remain t o  be explored such 
a s  (1) t h e  e f f e c t  of t h e  nonaxisymmetric i n t e r n a l  boundary l a y e r  due t o  t h e  
i n l e t  upwash ang le  on t h e  f a n  source  n o i s e  and on t h e  suppress ion charac te r -  
i s t i c s  of w a l l  t rea tment  and (2)  t h e  e f f e c t  of t h e  i n l e t  upwash ang le  on t h e  
d i r e c t i v i t y  of t h e  n o i s e  propagating from t h e  i n l e t .  

It 's expected t h a t  some of t h e  a c o u s t i c  technology t h a t  has  been developed 
car1 be app l ied  t o  q u i e t i n g  c u r r e n t  convent ional  a i r p l a n e s  and t h a t  some of t h e  
i n l e t  flow a n a l y s i s  methods and da ta  can be app l ied  t o  t h e  des ign of high angle  
of a t t a c k  i n l e t s  f o r  VTOL a i r p l a n e s  such a s  t h e  i n l e t  f o r  a tilt  n a c e l l e  and 
the  i n l e t  f o r  a f a n  i n  wing o r  pod. 



, . . .. . 
Boundary-layer proper t ies  determined from such analyses ( re f .  9) a r e  shown i n  I , . .I: , . ,? . 

.. figure 4. The r e s u l t s  a r e  shown fo r  the  i n t e r n a l  surfece of the  windward s i d e  - - a  . - 
of the  i n l e t  as suggested by the  lower sketch. 1 , ?.! . . -." 

..a .;I 
In  the f igu re  the  l o c a l  skin f r i c t i o n  coe f f i c i en t  is p lo t ted  versus t h s  

- I ::: .. :I 
surface dis tance from the i n l e t  s tagnat ion point.  A zero value f o r  t h e  l o c a l  .:-.I 
f r i c t i o n  coe f f i c i en t  ind ica tes  separation. Beginning with the  zero angle of % 

. . . f  
a t t a c k  case, t he  boundary layer ,  s t a r t i n g  a t  the  s tagnat ion point  on the  i n l e t  - a? 

!! l i p ,  is f i r s t  laminar. In  t he  laminar region the  sk in  f r i c t i o n  drops rap id ly  I .  . . ., I . . :  
with increasing sur face  d is tance  t o  t he  f i r s t  minimum which occurs on the  i n l e t  - s 

l i p .  Then, t r a n s i t i o n  from laminar t o  turbulent  boundary layer  takes place and I :r - ,  
the l oca l  sk in  f r i c t i o n  increases.  Next, i n  the  region of f u l l y  developed tur- 
bulent flow, the f r i c t i o n  coe f f i c i en t  reaches a second minimum pa r t  Fray down the  1 . .  

8 .  * . -. 
di f fuser .  I . -* 

..I 
.. 2 

The two sin-ima a r e  loca t ions  of po ten t i a l  separation. A s  the  angle of i . 

a t t ack  is increased from 0 t o  200, the  sk in  f r i c t i o n  a t  t he  second minimum goes t 

t o  zero, ind ica t ing  separat ion i n  the  i n l e t  d i f fuse r .  When the angle of a t t ack  
I ;  ' 

I I 

is increased t o  40°, the  d i f fuse r  separat ion moves upstream s l i g h t l y .  A t  a 5W .i 
angle of a t t a c k  the sk in  f r i c t i o n  a t  the  f i r s t  minimum has gone t o  zero, and the  i I .i @a separat ion has jmped t o  the  l i p .  This,  of course, precedes and thus engulfs  i 
the d i f fuse r  separation. ! r -4 -- 

Flow separat ion i n  general depends on such f ac to r s  a s  sur face  roughness, ! : t :  1. 
free-stream turbulence, and the s i z e  of t h e  i n l e t .  The d i f fuse r  separat ion 

1 ;  , - I  

depends a l s o  on the d i f fuse r  shape, including the  maximum wall  angle  8,, and i . : I  
the condition of the boundary layer  en ter ing  the  d i f fuse r  ( re f .  10). The inf  lu- / ..! 
ence of these f ac to r s  is cur ren t ly  being invest igated.  "t r , ..j 

. . -1 

Effect of separat ion locat ion on t o t a l  pressure loss .  - The loca t ion  of i !  ! 
! ' .: 

the flow separat ion within the i n l e t  a f f e c t s  the  amount of total-pressure l o s s  
i t  causes a s  shown i n  f i f ,ure  5 (ref .  9) .  The ord ina te  is the  total-pressure ; i 

i i  i 
l o s s  coe f f i c i en t  AP/qt {xhere AP is equal t o  1 minus the  pressure recovery 1 

and qt is thr: dynamic pressure corresponding t o  t he  average throa t  Mach t i  I.; 

number). The aobcissa is again the sur face  l o c a t i ~ n  on the  i n l e t .  Notc t n a t  
l i p  separat ion causes much la rger  l o s ses  than d i f fuse r  separation. Also, l a rge  
flow d i s t o r t i o n s  Eire usual ly associated with l i p  separation. To emphasize the  
importance of l i p  separation, fan blade f a i l u r e s  have been observed f o r  a model 
fan when it was subjected t o  several  r epe t i t i ons  of separated l i p  flow. Because 
of i ts  grave cqnsequences, the following discussion dea l s  with l i p  separat ion.  

Separation Bounds 

Returning t o  f.-gure 4, t he  angle of a t t ack  a t  which the  flow f i r s t  sepa- 
r a t e s  from the  l i p ,  SO0 i n  f igure  3, is  ca l led  the  l i p  separat ion angle.  The 
data  of f igure  4 a r e  f o r  an i n l e t  a t  one flow condition (Vo = 80 kn, M t =  0.50). 
The l i p  separat ioq engle f o r  an i n l e t  can be determined fo r  a wide range of 
free-stream v a l x i t i e s  and throa t  Mach numbers. The separat ion angle presented 
as a function of e.d appropriate  independent var iab le  is ca l led  the  i n l e t  sepa- 
r a t i on  bound. . - 

372 



Local surface s c h  numbers l e s s  than unity.  - Zigure 6 considers  cases  
(ref .  11) where the throa t  Mach numbers a r e  s u f f i c i e l t l y  low t h a t  t he  flow 
can be considered incompressible; i.e., the  l o c a l  su-:face Mach numbers 
never exceed unity.  The r e s u l t s  a r e  p lo t ted  as reparat ion angle 

Several of the  QCSEE i n l e t  operat ing conditions are shown i n  f i gu re  6. A s  
can be seen, the  region of priniary i n t e r e s t  t o  powerecl l i f t  i s  t h a t  f o r  separa- 
t i on  angles  less than 90°. Also, it  can be judged bl. t he  loca t ion  of the  re- 
quirements r e l a t i v e  t o  the  separat ion bound t h a t  the 50° flow angle a t  80 knots 
Is the  Pore d i f f i c u l t  condition; and it i s  :he one t h a t  w i l l  be used i n  subse- 
quent examples. 

Local surface Mach numbers g rea t e r  than an i ty .  - The i n l e t  throat  "tch 
number a f f e c t s  the separat ion bounds a s  shorn i n  f i gu re  7, which is a p lo t  of 
separat ion angle versus throa t  Mach number (ref .  13). T Z \ ~  da ta  a r e  f o r  a con- 
s t a n t  free-stream ve loc i ty  of 80 knots so t h a t  an increasmg throa t  Mach number 
corresponds a l s o  t o  increasing Vt/VO a s  indicated by the second abscissa.  
For values or throat  Mach numbers l e s s  than about 0.60, t he  c~ t rve  i s  r i s i n g  and 
concave upward a s  were the  previous cases  f o r  low throat  Mach numbers. For 
higher values of th roa t  Mach number, the  loca l  surface ;4acn number exceeds 
unity,  and the  curve becomes concave downward with the  separat ion angle f i n a l l y  
decreasing with increasing throat  Mach number. This kind of separa:ion is asso- 
c ia ted  with shock - boundary-layer i n t e rac t ion  on the  l i p  a s  depicted i n  the  
sketch f o r  & > 1.0 ( f ig .  7).  A more de ta i led  ana lys is  of i n l e t  separat ion 
is given i n  reference 14. The throa t  Mach number thus has a s t rong e f f e c t  on 
separa t lon ang!.e . 

Note t h a t  the choking flow limit occurs f o r  an average throa t  Mach number 
of l e s s  than unity.  The reasons for  t h i s  w i l l  be shown shor t ly .  

Effect  of l i p  contract ion -- r a t i o .  - Figure 8, vhich repea ts  the  coordicate  
system and data  of the previous f igu re  but adds the data  f o r  both a l a rge r  and 
smaller i n l e t  contract ion r a t i o  ( r e f .  1 3 ) ,  shows the e f f e c t  of increasing con- 
t r ac t ion  r a t i o  ( increasing l i p  thickness) i s  t o  increase the separat ion angle. 

Also shown i n  the f igure  is  the QCSEE operating region of 50° a t  80 knots 
f o r  a irf lows ( throa t  Mach numbers) from f l i g h t  i d l e  t o  f u l l  t h r o t t l e .  A c r i t -  
i c a l  condition is tha t  of f l i g h t  i d l e  a t  a 50" upwash. The i n l e t  with t he  1.37 
contract ion r a t i o  does not meet the requirements a t  f l i g h t  i d l e  o r  a t  takeoff ;  
the i n l e t  with 8 1.46 contract ion r a t i o  s a t i s f i e d  the f u l l  range of conditions.  

Having defined an i n l e t  t h a t  s a t i s f i e s  the  condition of no l i p  separat ion,  
we turn next t o  the subject  of noise suppression. 

Noise Suppression 

Fan noise cha rac t e r i s t i c s .  - To understand the acous t ic  r e s u l t s ,  i t  is 

. . 
.. L 

I ,  
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necessary to understand two characteristics of the fan noise listed and illus- 
trated in fi;ure 9, its radial and angular distribution. (1) Radial distribu- 
tion of intensity: Noise generated by the fan tends to be greatest toward the 
fan tip or near the duct wall. (2) Acoustic ray directions: A8 suggested by 
the sketch, sound waves cbn have velocity components in the radial and circum- 
ferential directions as well as the axial direction. When significant radial 
and circumferential components exist, the axial component may be considerably 
less than the speed of sound. These nonaxial components are related to what 
acousticians call acoustic modes. The propagation of these modes upstream in 
the inlet duct is influenced by the duct geometry and the flow Mach number. 

Su~pression methods: Two sound suppression methods are also listed and 
illustrated in figure 9, acoustic wall treatment, and high throat Mach number. 
(1) Wall treatment: The sound, as it proceeds up the inlet duct, can be ab- 
sorbed ty wall acoustic treatment. This can be especially effective when the 
sound is concentrated near the wall as in the case illustrated. (2) High throat 
Mach number: There are two aspects of this topic to be considered. (a) Because 
the axial component of the sound wave is generally less than the speed of the 
sound, a throat Mach number (the ratio of the flow velocity to the speed of 
sound) less than unity will choke off the propagation of the sound wave out of 
the inlet. (b) Even for throat Mach nuube:s significantly less =ban one, the 
local Pach nrmnbers near the wall can approach or exceed one as illustrated by 
the throat Mach number profile in figure 9. This profile fs due to the wall 
curvature In the lip and throat regions. Again, because the noise is concen- 
trated near t!re wall and has ac axial velocity less than the speed of sound, 
these high local Mach numbers can be very effective in reducing the noise. 

As was seen in figure 7, the choking weight flow limit is less than that 
zorresponding to an averagc throat Hach number of unity. The nonunifom 
velocity profile across the throat plane shown in figure 9 is the reason for 
this. An average throat Mach ncmber of unity can occur only for a uniform 
throat vclocity profile. 

Inlet acoustic ~e~formance: The acoustir. performance of two inlets is 
shown in figure 10. Although the data of figure 10 are new, some of the re- 
sults are similar to those that may bz found-in references 15 to 22. The plot 
shows the reduction in sound pressure level (SPL) of the source noise in the 
one-third octave band, containing the blade-passage frequency (BPF). This is 
plotted versus the average throat Mach number. The lower curve is for a hard 
wall or untreated inlet. Noise suppression starts at a throat Mach number of 
about 0.60. The suppression then increases rapidly with increasing throat Mach 
number. The suppression starts at such a low throat Mach number because of the 
source noise charecteristics and throat Mach number profile previously de- 
scribed. If the noise source had been a simple plane wave normal to the inlet 
axis and if the throat velocity profile had been flat, little or no suppression 
would have occurred until the average throat Mach number was unity, and at that 
condition the noise would have been choked off abruptly. 

The upper curve is for an inlet with the same geometry as the hard wall 
inlet but with the walls acoustically treated with honeycomb covered by a per- 
forated plate as illustrated in figure 9. The honeycomb has a backing de~th h 



of 1.5 percent  o f  t h e  f a n  diameter,  and t h e  -ace p l a t e  has  a 6.2 percent open 
area. An 8- t o  9-dB suppress ion r e s u l t s  a t  t h e  lower t h r o a t  Mach numbers. The 
Incremental  suppress ion con t r ibu ted  by t h e  t r e a t e d  w a l l  dec reases  when t h e  
t h r o a t  Mach numbers become high enough t o  a l s -  cause  suppression.  The reduced 
effectiveness of t h e  t reatment  may be due t o  t h e  h igher  v e l o c i t i e s  over  its 
sur face .  This  is a n  area as y e t  not  f u l l y  understood. Acoustic r e s u l t s  simi- 
l a r  t~ those  shown have a l s o  been obta ined a t  s t a t i c  cond i t ions  f o r  a model of 
t h e  QCSEE i n l e t .  

. . Shown on t h e  o r d i n a t e  a r e  t h e  QCSEE i n l e t  suppress ion requirements,  i n  . - , 
d e c i b e l s ,  of perceived n o i s e  l e v e l ,  PNdB. The APhdB and ASPL a r e  about t h e  
same i f  t h e  source  n o i s e  has a dominant f a n  tone as is t h e  c a s e  here.  The 
approach n o i s e  -;uppression of 8 PNdB, which is required a t  t h e  lovrcr t h r o a t  i 
h c h  numbers th.-.t w i l l  uccur dur ing t h i s  maneuver, can be achieved by t h e  wa l l  1 
t reatment d o n e .  The 1 3  PNdB required f o r  takeoff  can be achieved a t  a high 1 t h r o a t  Mash number f o r  t h e  hard wal l  i n l e t ,  o r  by t h e  t r e a t e d  wal l  i n l e t  a t  a 
s l i g h t l v  lower t h r o a t  Mach number. I 

1 . - 

I n l e t  aerodynamic performance. - The pressure  recovery f o r  t h e  same two f 
i n l e t s  is shown versus  t h e  average t h r o a t  Mach number i n  f i g u r e  11. I n  genera l ,  i i ,: 
t h e  p ressure  recovery decreases  wi th  inc reas ing  t h r c a t  Mach number. For Mach 
numbers below 0.7 t h i s  is pr imar i ly  a f r i c t i o n  l o s s  as suggested by t h e  f a c t  
t h a t  t h e  dashed curve,  r e p r e s e n t i n g  a cons tan t  to ta l -p ressure  l o s s  c o e f f i c i e n t  

I 

1 .  
AP/qt, f i t s  t h e  da ta .  The combination of t h e  phys ica l  roughness a s s o c i a t e d  wi th  , ;t 

i j. 
t h e  poros i ty  of t h e  t r e a t e d  w a l l  and t h e  "pumping" I n  and ou t  due t o  t h e  n o i s e  , .  1 :  
causes  t h e  e f f e c t i v e  wall f r i c t i o n  of t h e  t r e a t e d  w a l l  t o  be  about 8 percent  
more than t h e  hard wal l .  Large to ta l -p ressure  l o s s e s  occur p r e c i p i t o u s i y  near  t ' 
t h e  choking flow l i m i t .  These l a r g e  l o s s e s  occur a t  3 lower t h r o a t  Mach number 
f o r  t h e  t r e a t e d  i n l e t .  The i n l e t  is e n t e ~ i n g  s u p e r c r i t i c a l  opera t ion  here .  
The l o s s e s  a r e  a s s o c i a t e d  wi th  t h e  occurrence of a region of l o c a l  supersonic  
flow and weak shocks which produce a rap id  growth i n  t h e  boundary-layer th ick-  
ness.  The measured boundary-layer p r o f i l e s ,  however, i n d i c a t e  t h a t  flow sepa- 
r a t i o n  has  no t  y e t  occurred f o r  any of t h e  d a t a  p o i n t s  i n  t h e  f i g u r e .  

The curves  a r e  l abe led  t o  show where 'L3-dB suppress ion is obta ined.  The 
t r e a t e d  i n l e t  shows a small advantage i n  p ressure  recovery over t h e  hard wal l  
i n l e t  t o  achieve t h e  required suppress ion.  The h igher  p r e s s u r e  recovery is  
0.990. I f  no no i se  suppress ion had been required,  a hard w a l l  i n l e t  could have 
been designed wi th  a t h r o a t  %ch number of perhaps Q.6, where t h e  p ressure  re- 
covery i s  0.993. Thus, 0.3 percent  p ressure  recovery l o s s  is  chargeable  t o  
achieving t h e  required i n l e t  n o i s e  suppress ion  ling a high t h r o a t  Mach number 
i n l e t  wi th  a c o u s t i c  w a l l  t rea tment .  This  corresponds t o  less than  1 .0  pe rcen t  
l o s s  i n  takeoff  t h r u s t  f o r  an engine l i k e  QCSEE with a 1.27 f a n  p ressure  r a t i o  
a t  tflkeoff. 

The r e s u l t s  shown are f o r  ze ro  angle  of a t t a c k .  The e f f e c t  of ang le  of 
a t t a c k  on t h e  ae roacous t i c  performance of t r e a t e d  wal l  i n l e t s  remain t o  be  
determined. 

Thus f a r  we've discussed t h e  procedure f o r  s e l e c t i ~ g  an  i n l e t  des ign t o  
avoid s e p a r a t i o n  and t o  achieve t h e  d e s i r e d  n o i s e  suppre&sion.  We t u r n  f i n a l l y  
t o  cons idera t ions  of t h e  i n l e t  drag.  



I n l e t  Drag 

Cruise  drag.  - A s  shown i n  f i g u r e  12,  t h e r e  a r e  t h r e e  p o t e n t i a l  sources  of 
drag t o  be  considered:  a d d i t i v e  drag,  p r e s s u r e  drag,  and f r i c t i o n  drag.  The 
a d d i t i v e  drag on t h e  s t r e a m l i n e  approaching t h e  i n l e t  w i l l  be cance l l ed  by t h e  
l i p  s u c t i o n  t h r u s t  i f  t h e  e x t e r n a l  f r o n t a l  a r e a  of the  i n l e t  %, - Ah is a n  
a p p r o p r i a t e  f r a c t i o n  o f  t h e  s p i l l a g e  f r o n t a l  a r e a  Ah - A0 a s  d i scussed  i n  r e f -  
erence 23, f o r  example. P ressure  d rag  can be  reduced by shaping t h e  e x t e r n a l  
contour t o  avoid  shock-boundary l a y e r  i n t e r a c t i o n  a t  c r u i s e  speed. I n  t h e  c a s e  
of QCSEE t h e  c r u i s e  Mach number i s  0.72. A t  t h i s  Mach number t h e  a d d i t i v e  and 
p ressure  drags  can be made e s s e n t i a l l y  ze ro  by proper  des ign.  

The f r i c t i o n  d rag  is unavoidable and depends on t h e  i n l e t  wet ted  a r e a  and 
hence its l e n g t h  and diameter.  For powered-l if t  i n l e t s  t h a t  r e q u i r e  a  h igh  
degree of suppress ion l i k e  t h e  QCSEE i n l e t ,  a  s i g n i f i c a n t  f a c t o r  i n  determining 
the  i n l e t  l e n g t h  is t h e  l eng th  of a c o u s t i ~ :  t rea tment  r equ i red .  Also,  t h i s  
treatment must be i n  a  region of l o c a l  Mach number low enough t o  be a c o u s t i c a l l y  
e f f e c t i v e .  The l i p  and t h r o a t  region then add t o  t h e  l eng th .  The requ i red  
treatment l e n g t h  makes t h e  d i f f u s e r  wa l l  ang les  smal l  enough t o  prevent  d i f f u s e r  
separa t ion  due t o  a high Qma, f r o n  being a  problem. For t h e  QCSEE i n l e t ,  
the  t o t a l  l eng th  t o  f a n  diameter r a t i o  t u r n s  o u t  t o  be about one. 

The maximum diameter of t h e  i n l e t  is determined by a sequence of f a c t o r s  
t h a t  a r e  only  b r i e f l y  reviewed here :  t h e  fan  annulus  a r e a ,  the  f low r a t e  
through t h e  fan  ( t h e  f a n  f a c e  Mach number), t h e  t h r o a t  Mach number f o r  n o i s e  
suppress ion,  t h e  c o n t r a c t i o n  r a t i o  f o r  t h e  50° upwash, and t h e  e e r n a l  l i p  
th ickness  determined t o  avoid a d d i t i v e  drag.  

For t h e  QCSEE i n l e t  i t  was found t h a t  t h e  l i p  shape s e l e c t e d  t o  meat t h e  
most d i f f i c u l t  f low cond i t ion ,  i . e . ,  an  80-knot, 50' upwash a t  f l i g h t  i d l e ,  
could be app l i ed  a l l  around t h e  i n l e t  and s t i l l  r e s u l t  i n  a n a c e l l e  th ickness  
over t h e  fan  t h a t  i s  only  10  percent  of the  fan  r a d i u s .  Th i s  th ickness  is  a l s o  
about t h e  minimum requ i red  f o r  the  n a c e l i e  s t r u c t u r e .  With a  c i r c u m f e r e n t i a l l y  
uniform l i p  t h e  e n t i r e  i n l e t  can be b u i l t  axisymmetr ica l ly .  Th i s  has  t h e  
advantage of  s f m p l i c i t y .  Because t h e  l i p  was designed f o r  t h e  most d i f f i c u l t  
flow cond i t ion ,  t h e  less d i f f i c u l t  c o n d i t i o n s ,  l i k e  t h e  crosswind requirements ,  
a r e  au tomat ica l iy  s a t i s f i e d .  An i n l e t  l i k e  t h e  one shown is  t h u s  a low-cruise- 
drag i n l e t  t h a t  meets a l l  t h e  n o i s e  and f l i g h t  requirements t h a t  have been 
s p e c i f i e d .  

An important  o v s r a l l  obse rva t ion  is t h a t  t h e  high t h r o a t  PIach number de- 
s i r e d  f o r  no i se  suppress ion i s  c o n s i s t e n t  wi th  t h e  t h i c k  l i p  t h a t  is d e s i r e d  
f o r  high upwash ang le  t o l e r a n c e  and a t h i n  n a c e l l e  t h i c k r e s s  over  t h e  f a n  f o r  
low c r u i s e  drag.  I n  c o n t r a s t ,  an i n l e t  designed f o r  a  t h r o a t  Mach number of 
0.6 would have had a l a r g e r  maximum diameter  and would no t  have met t h e  n o i s e  
suppress ion requirements.  

Engine-out drag.  - I t  is  d e s i r a b l e  t o  main ta in  a  low engine  drag i n  event 
of an engine  f a i l u r e  dur ing  climbout fo l lowing t akeof f  because t h i s  h e l p s  
maintaL2 a  s a f e  climb ang le  and minimizes undes i rab le  r o l l i n g  and yawing mo- 
ments. The f a n ,  when i t  i s  powered, sucks  a i r  i n t o  t h e  i n l e t  so t h a t  c a p t u r e  



s t reem tube a t  climbout is  l a r g e r  than t h e  engine i n l e t .  But, i f  t h e  f a n  is 
unpowered due t o  engine f a i l u r e ,  t h e  f a n  o f f e r s  a  r e s i s t a n c e  t o  t h e  flow of a i r  
through t h e  n a c e l l e  so  some of t h e  a i r  s p i l l s  around t h e  i n l e t .  The s t reaml ine  
p a t t e r n  then becomes similar t o  t h a t  shown f o r  c r u i s e ,  and t h e  p o t e n t i a l  f o r  
i n l e t  drag e x i s t s  i n  t h e  a d d i t i v e  drag on t h e  approaching s t reaml ine .  The 
a d d i t i v e  drag can be low i f  t h e  s p i l l a g e  is low. A high t h r o a t  Mach number in- 
le t  tends  t o  reduce t h e  i n l e t  h i g h l i g h t  a r e a  and t h i s  is i n  t h e  d i r e c t i o n  of 
reducing t h e  s p i l l a g e .  Furthermore, t h e  high l i p  th ickness ,  which w a s  s e l e c t e d  
t o  achieve a  h igh upwash angle  t o l e r a n c e ,  p r e s e n t s  a l a r g e  l i p  f r o n t a l  a r e a  on 
which t o  genera te  l ead ing  edge t h r u s t  t o  o f f s e t  t h e  a d d i t i v e  drag.  Thus t h e  
high t h r o a t  Mach number i n l e t  desc r ibed  should have a low engine-out drag,  

I With regard t o  t h e  a i r  s p i l l a g e ,  f e a t h e r i n g  t h e  f a n  blades ,  a s  can be done 
wi th  a  v a r i a b l e  p i t c h  f a n ,  produces lower r e s i s t a n c e  t o  i n t e r n a l  f low than a  
f i x e d  p i t c h  f a n  and thus  reduces t h e  a i r f l o w  s p i l l a g e  around t i -  i n l e t  l i p .  
Thus, from t h e  po in t  of view of achieving a  low engine-out i n l e t  drag,  t h e  
v a r i a b l e  p i t c h  f a n  may have an advantage over t h e  f ixed  p i t c h  fan.  1 

1 
An i n t e r e s t i n g  aspec t  of high t h r o a t  Mach number i n l e t s  no t  d iscussed i n  1 i 

t h i s  paper is t h r o a t  Mach number c o n t r o l  t o  mainta in  suppressj7n.  Th is  t o p i c  E 

i s  discussed i n  re fe rence  24. 
s 
f 
: 

CONCLUDING REMARKS i 
Some of t h e  concepts,  a n a l y t i c a l  t o o l s ,  and experinrental d a t a  a v a i l e b l e  

f o r  des ignino i n l e t s  f o r  powered-lif t  a i r c r a f t  have been discussed.  I t  has 
been shown t h a t  i n l e t s  can be designed t h a t  meet t h e  n o i s e ,  d i s t o r t i o n ,  and 
c r u i s e  drag requirements a t  t h e  f l i g h t  and engine opera t ing  cond i t ions  t h a t  
occur fc. a powered-lif t  a i r p l a n e .  The pena l ty  i n  p ressure  recovery f o r  achiev- 
in& t h e  requ i red  n o i s e  suppression was 0.3 percen t .  

The e f f e c t  of high flow v e l o c i t i e s  on wal l  t rea tment  on n o i s e  suppress ion 
is  one a r e a  t h a t  can use more d e t a i l e d  s tudy.  

There a r e  a l s o  some i n l e t  c h a r a c t e r i s t i c s  t h a t  remain t o  be explored such I .  . I 

1 a s  (1) t h e  e f f e c t  of t h e  nanaxisymmetric i n t e r n a l  boundary l a y e r  due t o  t h e  
I i n l e t  upwash ang le  on t h e  f a n  source  n o i s e  and on t h e  suppress ion charac te r -  ; L 

I i s t i c s  of wa l l  t rea tment  and (2) t h e  e f f e c t  of t h e  i n l e t  upwash ang le  on the $ 

I I : 
d i r e c t i v i t y  of t h e  n o i s e  propagating from t h e  i n l e t .  i 

I t ' s  expected t h a t  some of t h e  a c o u s t i c  technology t h a t  has been developed 
! '  

/ car' be app l ied  t o  q u i e t i n g  c u r r e n t  convent ional  a i r p l a n e s  and t h a t  some of t h e  
1 i n l e t  flow a n a l y s i s  methods and d a t a  can be app l ied  t o  t h e  des ign of high angle  

i ' 
of a t t a c k  i n l e t s  f o r  VTOL a i r p l a n e s  such a s  t h e  i n l e t  f o r  a  t ilt  n a c e l l e  and 
the  i n l e t  f o r  a  f a n  i n  wing o r  pod. i i 

! i 



- 7 

REFERENCES 

1. Loeffler, Irvin J.; Smith, Fdward B.; and Sowers, Harry D.: Acoustic Design 
of the QCSEE Propulsion Systems. Powered-Lif t Aerodynamics and Acc)ustics, 
NASA SP-406, 1976. (Paper no. 21 of this compilation.) i 

6 
2. Albers, James A. ; and Miller, Brent A. : Effect of Subsonic Inlet Lip Geom- ! 

etry on Predicted Surface and Flow Mach Number Distributions. NASA TN '1 i 
D-7446, 1973. - 4 

3. Stockman, N, 0 , :  Potential Flow Solutions for Inlets of VTOL Lift Fans and 
4 ?  

Engines. Analytical Methods in Aircraft Aerodynamics. NASA SP-228, 1970, 1 
pp. 659-681. 1 i 

, , 

4. Stockman, Norbert 0.; and Button, Susan L.: Computer Programs for Calcu- , 

lsting Potential Flow in Propulsion System Inlets. NASA TM X-68278, 1973. i 
(See also NASA Tech Brief B75-10018,) \ 

" - \ , ' .  \ ;  5. hlbers, James A.; Stockman, Norbert 0.; and Hirn, John J.: Aerodynamic - \ :  , :  
! . ,  Analysis of Several High Throat Mach N~mber Inlets for the Quiet Clean I 

._ i ! 
. \ i d  i Short-Haul Experimental Engine. NASA TM X-3183, 1975. 

? \ 

6. Albers, James A . ;  and Grepg, John L.: A Computer Program to Calculate ! 

Laminar, Transitional, and Turbulent Boundary Layers for C~mpressible , 
Axismetric Flow. NASA TN D-7521, 1974. (See also NASA Tech Brief 1 ' 

I 
B74-10129. ) i 

7. Albers, J. A.;  and Stockman, N. 0,: Calculation Procedures for Potential 
and Viscous F ~ O W  Solutions for Engine Inlets. Eng. Power, vol. 97, 
ser. A, no. 1, Jan. 1975, pp. 1-13. 

8. Stockman, N. 0.: Potential and Viscous Flow in VTOL, STOL, or CTOL Propul- I '\ 1 
sion System Inlets. AIAA Paper 75-1186, Sept. 1975. ' \  

9. Felderman, E. John; and Albers, James A . :  Comparison of Xxperimental and 
Theoretical Boundary-Layer Separation for Inlets at Incidence Angle at 
Low-Speed Conditions. NASA TM X-3194, 1975. 

\ \ 
I i ; i  1 

10. Povinelli, L. A.: An Experimental and Analytical Investigation of Axisym- i i 
metric Diffusers. AIAA Paper 75-1 1. 1 1  . I  

i !  
11. Tyler, R. A . ;  and Williamson, R. G.: An Experimental Investigation of .i 

Inclined Compressor Inflow. AIM Paper 65-707, Oct. 1965. 1 i . -.; 

12. Lullens, Roger W. ; and Abbott, John M. : Incidence Angie Bounds for Lip 
Flow Separation of Three 13.97-Centimeter-Diameter Inlets, NASA TM 
X-3351, 1976. 

13. Miller, Brent A.; Dastoli, Benjamin J.; and Wesoky, Howard L.: Effect of 
Entry-Lip Design on Aerodynamics and Acoustics of High Throat-Mach-Number 
Inlets for the Quiet, Clean, Short-Haul Experimental Engine. NASA 
TM X-3222, 1975. 

14. Jakubowski, A. K.; and Luidens, R. W.: Internal Cowl-Separation at High 
Incidence Angles. AIAA Paper 75-64, Jan. 1975. 



15. Miller, Brent A.; and Abbott, John M.: Aerodynalilic and Acoustic Perfor- 
mance of W o  Choked-Flow Inlets Under Static Condition. NASA TM X-2629, 

It.. Yil. L !  . r , 3!-~!!nr A. ; and Abbott , John M. : Low-Speed Wind-Tunnel Investigation 
c : F!. r P il: i\dynamic and Acoustic Performance of a ~ranslating-Centerbody 
CtLtL:.!J .f:ii\:s Inlet. NASA TM X-2773, 1973. 

17. Klujber, F'.: Results of an Experimental Program for the Development of 
S ~ ; i ~ i t :  X:LS.E~CS for Turbofan Engines. AIAA Paper 73-222, Jan. 1973. 

1 8 ,  Klufber ,  !>.; Boc,ch, J. C.; Demetrick, R. W.; and Robb, W. L.: Investiga- 1 . - 1  . 
i 

t i n n  of Noise Suppression by Sonic Inlets far Turbofan Engines. Vol. I: 
Program Suuunary. (D6-40855, Boeing Coxnercial Airplane Co.; NAS3-15574) 
NASA CR-121126, 1973. 

' j ;  
1 1 -. 

19. Abbott , John M. ; Miller, Brent A. ; and G~lladay, Richard L. : Low-Speed 
Wind-Tunnel Investigation of the Aerodynamic and Acoustic Performance of 
a Translating-Grid Choked-Flow Inlet. NASA TM-X2966, 1974. 

20. Groth, H. W.: Sonic Inlet Noise Attenuation and Performance with a J-85 
Turbojet Engine as a Noise Source. AIAA Paper 74-91, Jan. 1974. 

I ' I .  
21. Abbott, J. M.: Aeroacoustic Performance of Scale Model Sonic Inlets. AIAA 

! Zaper 75-202, Jan. 1975. 1 ,  : , c 

L !  8 

I 22. Hickcox, T. E.; Lawrence, R. L.; Syberp, J.; and Wiley. D. R.: Low Speed 
I and Angle of Attack Effects on Soilic and Near-Sonic Inlets. 06-42392, 

Boeing Commercial Airplane Co.; NAS3-18035) NASA CR-134778, 1975. 
I 

23. Hancock, J. P.; and Hinson, B. L.: Inlet Development for the L-500. AIAA, 
June 1969. I ! r  , . 

I 24. Miller, B. A. : Experimentally Determined Aeroacoustic Performance and 
Control of Several Sonic Inlets. AT& Paper 75-1184, Seyt.-Oct. 1975. 



FLOW CONDITIONS: 

DESIGN REQUIREMENTS: 

LOW Dl STORTION 

STATIC -., --. 
HIGH PRESSURE RECOVERY 

NOISE SUPPRESSION 

CROSSWIND: \ 
Yo = 30 kn, 1 = 90' 

. . 
/ UPWASH: -'- LOW DRAG: 

V o  ' 8 0  kn, a =50° CRUISE 
ENGINE - OUT CLIMB 

Figure 1.- QCSEE inlet requirements. 
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Figure 2.- Kinds of separation. 



GEOMETRIC FI OW 
ah a 

Figure 3.- Separation ,~rameters. 
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Figure 4.- Boundary-layer an,.:jsis of inlet separation. 

Vo = 80 kn; I = 0.50. 
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Figure 5 . -  The var ia t ion  of i n l e t  total-pressure l o s s  wi th  separation locat ion .  
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Figure 6 . -  Lip separation bound, Mmax < 1 .  CR = 1 .30 .  
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Figure 7 .- Lip separation bound. CR = 1 . 4 6 ;  Vo = 80 kn. 
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Figure 9.- Thr effect of contraction r 'io on lip separation bounds. 
Vo = 80 ~ n .  



SUPPRESSION METHODS: FAN NOISE DISTRIBUTION: 
ACOUSTIC WALL TREATMENT RADIAL 
HIGH THROAT MACH NO. ANGULAR 
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BACKING 

Figure 9 . -  Inlet noise  suppression concepts. 
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Figure I.@.-. Inlet acoust ic  performance. CR = 1 . 3 4 ;  lapf = 0.83; 

u - 6.2%; h/df = 1.51; Vo = 80 kn; a = oO. 
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Figtire 11.- Inlet aerodynamic performance. CR -. I. 3 4 ;  \ a c t f  = 0.83: 
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Figut-1. 12 .- Inlet  dr:~g cc~ns idt .rnt  i o ~ ~ s .  




