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ABSTRALT 

Many proposed advanced a i r c r a f t  - b u t  espe- 
c i a l  l y  t i l t - n a c e l  le, subsonic-cruise, VlSTOL a i r -  
c r a f t  - r e q u i r e  nace l les  t h a t  opera te  over  a wide 
range o f  aerodynamic cond i t i ons .  The optimum 
design o f  such n a c e l l e s  and t h e i r  i n l e t s  i s  de- 
scribed, i n c l u d i n g  how t h e  i n l e t  low-speed design 
c o n d i t i o n s  a r e  selected,  t h e  c o o d i t i o n s  f o r  which 

f t h e  va r ious  regions o f  t h e  i n l e t  a r e  designed, 
and appropr ia te  c r i t e r i a  o f  mer i t .  For  lor-speed 
o p e r a t i o n  t h e  optimum i n t e r n a l  su r face  v e l o c i t y  
d i s t r i b u t i o n s  and s k i n  f r i c t i o n  d i s t r i b u t i o n s  a r e  
descr ibed f o r  t h r e e  ca tegor ies  o f  i n l e t s :  those 
wi thout  boundary-layer c o n t r o l  (BLL), those w i t h  
BLC, and those w i t h  b low- in  door  s l o t s  and r e -  
t r a c t a b l e  s la ts .  Experimental r e s u l t s  a r e  p re -  
sented t h a t  show t h e  performance o f  the  va r ious  
types o f  i n l e t s .  At c r u i s e  speed t h e  e f f e c t  o f  
f a c t o r s  t h a t  reduce t h e  n a c e l l e  e x t e r n a l  sur face 
area and t h e  l o c a l  s k i n  f r i c t i o n  i s  i l l u s t r a t e d .  
These f a c t o r s  a re  c r u i s e  Mach number, i n l e t  
t h r o a t  size, fan- face Mach number, and n a c e l l e  
contour. The i n t e r r e l a t i o n  o f  these cruise-speed 
f a c t o r s  w i t h  t h e  design requi rements f o r  good 
low-speed performance i s  discussed. F i n a l l y  an 
i n l e t  design w i thou t  BLL and an op t im ized  i n l e t  
design w i t h  s l o t s  and s l a t s  a r e  compared t o  
i l l u s t r a t e  t h e  p o s s i b l e  reduc t ions  i n  n a c e l l e  
s ize.  

Many proposed advanced a i r c r a f t ,  e s p e c i a l l y  
subsonic VlSTOL a i r c r a f t ,  r e q u i r e  p r o p u l s i o n  sys- 
tems t h a t  operate over a wide range o f  aero- 
dynamic c o n d i t i o n s  ( f i g .  1). The engine nacel le .  
and p a r t i c u l a r l y  t h e  i n l e t ,  which must accomno- 
d a t e  t h i s  wide range o f  c o n d i t i o n s  e f f e c t i v e l y  
and e f f i c i e n t l y ,  i s  t h e  sub jec t  o f  t h i s  repor t .  
The n a c e l l e  i s  more important  f o r  VTOL t h a n  f o r  
LTOL a i r c r a f t  because t h e  n a c e l l e  i s  r e l a t i v e l y  
larger ,  because t h e  engine t h r u s t  must be some- 
what g rea te r  than the  a i r p l a n e  weight, and be- 
cause t h e  range o f  r e q u i r e d  opera t ing  c o n d i t i o n s  
i s  ext remely wide. 

At low speeds t h e  i n l e t  lower l i p  sees h i g h  
a n g l f s  o f  a t tack  t h a t  may be due t o  such f a c t o r s  
as r h i g h  a i r p l a n e  angle of a t tack ,  h igh  wing 
upwash due t o  a h igh  wing l i f t  c o e f f i c i e n t ,  o r  
( f o r  a t i l t - n a c e l l e  a i r p l a n e )  a l a r g e  n a c e l l e  
t i l t  angle. The s i d e  l i p  i s  sub jec t  t o  c ross  
winds f rom very  la rge  yaw angles. The t o p  l i p .  
which i s  not  taxed by these o t h e r  opera t ing  con- 
d i t  ions, must s t  i 11 per fo rm we1 1 a t  s t a t  i c  condi -  
t i ons ,  e s p e c i a l l y  f o r  a VTOL a i r c r a f t  i n  the  ver- 
t i c a l  mode. 

I n  t h e  f a c ?  o f  these adverse low-speed 
opera t ing  cond i t i ons  t h e  i n l e t  must p rov ide  a i r  
t o  t h e  engine a t  a h i g h  pressure recovery and low 
d i s t o r t i o n .  That i s ,  t h e  i n l e t  i n t e r n a l  f l o w  
should n o t  separate. 

At c r u i s e  c o n d i t i o n s  a low drag i s  d e s i r -  
able. Th is  suggests a n a c e l l e  w i t h  a smal l  sur-  
face area (i.e., a  shor t ,  t h i n  n a c e l l e )  and low 
s k i n  f r i c t i o n  c o e f f i c i e n t s .  The bes t  o v e r a l l  
a i r p l a n e  performance w i l l  r e s u l t  f o r  a l i g h t - .  
weight nace l le ,  o r  again, a shor t ,  t h i n  nacv l le .  
The cha l lenge  then  i s  t o  des ign  a n a c e l l e  t h a t  
meets a l l  t h e  requi rements and y i e l d s  t h e  bes t  
p o s s i b l e  a i r p l a n e  performance. 

I n  r x e n t  years  sever 1 V STOL i n l e t s  w i t h -  
ou t  boundary-layer con t ro l f l , l j  have been de- 
signed, p r i m a r i l y  t o  meet t h e  low-speed requ i re -  
ments. I n  t h e  same t i m e  p e r i o d  t h e r e  have been 
a r t i c l e s  d e a l i n g  w i t h  advanced concepts f o r  i n -  
l e t s  w i t h  good t r a n s o n i c  maneuver c a p a b i l l t  (3 )  
and f o r  wings a t  h i g h  l i f t   coefficient^.(^,^) 
Some o f  these concepts seem a p p l i c a b l e  t o  sub- 
sonic i n l e t s  a t  h i g h  angles o f  a t tack .  
80 l e d 6 )  presents some e x p e r i ~ n e n t a l l y  observed 
d i f f u s i o n  f l o w  l i m i t s  f o r  i n l e t s .  W i t h  these 
l i m i t s  as background, ~ u i d e n s ( ? )  presents an 
approach t o  o p t i m a l l y  des ign ing  an i n l e t  w i thou t  
boundary-layer c o n t r o l  t h a t  meets t h e  low-speed 
requirements. 

The present  paper extends t h e  approach t o  
optimum i n l e t  design presented by ~ u i d e n s (  7,  t o  
i n c l u d e  t h e  o p t i o n s  f o r  a c t i v e  and pass ive  con- 
t r o l  o f  t h e  boundary l a y e r  and expands t h e  p c ' n t  
o f  view t o  i n c l u d e  t h e  complete n a c e l l e  and t h e  
requirements f o r  good c r u i s e  performance. The 
paper presents t h e  concepts f o r  optimum n a c e l l e  
design and a l s o  some exper imenta l  r e s u l t s  t o  sup- 
p o r t  these ideas. 

F i n a l l y ,  an example i s  g i v e n  o f  t h e  b e n e f i t s  
gained f rom a boundary- layer-contro l  led, o p t  i- 
m a l l y  designed nacel le .  A l though t h e  present  
paper i s  p a r t  i c u l a r l y  p e r t i n e n t  t o  V/STOL a i r -  
c r a f t ,  which c r u i s e  a t  subsonic speeds, t h e  over-  
a l l  approach t o  i n l e t  and n a c e l l e  o p r i m i z a t i o n  i s  
g e n e r a l l y  appl icable.  

SYMBOLS 

f l o w  area 
area d e f i n e d  by f a n  b lade t i p  
l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  (shear  

s t r e s s  over  l o c a l  dynamic pressure)  
c o n t r a c t i o n  r a t i o ,  ( r h / r t ) 2  
Mach number 
r a d i u s  
surf ace area 
surface d is tance  
v e l o c i t y  
boundary-layer-contro 1 pump power 
i n l e t  f l o w  angle o f  at tack,  deg 
n a c e l l e  angle o f  a t tack ,  deg 
boundary-layer th i ckness  
c i r c u m f e r e n t i a l  p o s i t i o n  f rom windward 

mer id ian,  aeg 



a t  the boundary-layer-control locat  ion  
d i f f u s e r  e x i t  ( f a n  face) 
edge o f  boundary layer 
f an  
h igh l i gh t  
blowing j e t  
~ax imun  value on surface 
r.,in cowl 
It throat  
t r a i l i n g  edge o f  s l a t  
f ree  stream 

DEFlNlTlON OF PROBLEM 

The general object tve i s  t o  design a nace l le  
t h a t  w i l l  r esu l t  i n  an a i r c r a f t  design t h a t  w i l l  
meet a l l  the performance and mission requirements 
and y i e l d  m extremum i n  some a i r c r a f t  c r l t e r f o n  
o f  merit, such as minimum gross weight. For the  
nacel le t h i s  involves several steps: (1) deter- 
mining the  operating condi t ions t ha t  set the de- 
s ign  of each region o f  the nacelle, (2)  specify- 
ing  the const ra in ts  the  nace l le  design must meet, 
(3)  select ing the  design operat i n g  condit ions, 
and (4)  select ing a nacel le-related opt imizat ion  
c r i t e r i o n  f o r  choosing the best nacel le design. 
Each of these steps i s  discussed b r i e f l y .  

Nace l;;rz;yf 
s i n c t  low-speed f l ow  condi t ions 

t ha t  cont ro l  t he  design o f  three circumferent ia l  
regions o f  the nacel le i n l e t  are shown i n  f i g -  
u re  2. The most severe combinat i on  o f  approach 
ve loc i t y  and f low angle o f  at tack occurs f o r  t h e  
bottom o f  the i n l e t .  The f l ow  at lgular i ty m y  be 
generated by airplane angle o f  attack, wing up- 
wash, o r  ( f o r  a t i l t - n a c e l l e  airplane) by the 
nacel le angle. For a t i l t nace l le  a t yp i ca l  
d i f f i c u l t  f low condit.ion i s  a W f l ow  angle a t  
120 knots. The next most d i f f i c u l t  aerodynamic 
s i t ua t i on  occurs on the s ide o f  the  i n l e t ,  which 
m s t  t o l e ra te  crosswinds o f  35 knots a t  any yaw 
angle. The most d i f f i c u l t  angle i s  about 
1200. The top o f  the  i n l e t  i s  not a problem a t  
the previous1 mentioned condit ions. The i n l e t  
top  i s  not su i jec t  t o  downward f l ow  angular i ty,  
but i t  s t i  11 must perform we l l  a t  s t a t i c  
conditions. 

Cruise condi t ions inf luence the  design o f  
t he  i n l e t  and o f  the  e n t i r e  external  nacel l e  sur- 
face ( f i g .  2) .  p a r t i c u l a r l y  by t he  requirement o f  
low cru ise  drag. 

I n  general, the design condi t ions are d i f -  
f e ren t  f o r  the top  and the bottom of  the i n l e t ,  
and so asymnetric designs can be anticipated. 
Because the bottom o f  the i n l e t  has the  most 
d i f f i c u l t  requirements, the most a t t en t i on  w i l l  
be given t o  it. 

Design C ~ n s t r a i n t s  
There are some engine performance require- 

ments ?bat have lnp l ica t ions  f o r  the  i n l e t ,  such 
as { r )  high engine th rus t  and e f f i c iency ;  (2) low 
b l rde stresses; and (3) smooth, continuous th rus t  
w)dulation. These const ra in ts  requ i re  high pres- 
sure recovery and low d is tor t ion ,  which i n  t u r n  
imply attached flow. 

i n i t i a l  Ocsi n-Point Select ion 
t i  l t -nace l le  VMOL a i r c r a f  t con- 

cepts hcve very severe i n l e t  design co t?d i t l on~ ,  
which w i l l  be used i n  t b s  fo l lowi i tg  discussions. 
However, t he  procedures described are  &pplicable 
t o  other types o f  a l r c r n f  t. 

The wide range o f  f l i g h t  condi t ions t h a t  can 
be encountered by a t i  I t -nace l le  a i r c r a f t  i s  
i l l u s t r a t e d  i n  f lgure  1. F l i g h t  Mach number can 
vary from about 0.8 a t  c ru i se  t o  zero a t  land- 

:%* I n l e t  angles o f  a t tack  can be as h igh as 
and  he r a q e  af engine t h r o t t l e  se t t i ngs  

r e s u l t s  i n  a wtde range of t h roa t  ( o r  f an  f r ce )  
Mach numbers. A combination of f 1 i gh t  speed, 
nacel le angle, and throat  Mach number cons t i t u te  
an i n l e t  operat ing condit ion. i t  i s  not obvious 
from f igure 1 what the  worst. o r  design, condi- 
t i o n  is .  A r a t i o n a l  approach f o r  def in ing  the 
design cond i t ion  i s  shown i n  f i g u r e  3. 

Figure 3(a) considers the  s t t u a t  ion  a t  a 
f l i g h t  number o f  O.lr). The operat ing region i s  
between 00 and 6@ a l e  o f  at tack f o r  e q i n e  
t h r o t t l e  se t t ings  t h z  y i e l d  th roat  Mach ntnnbers 
between 0.7 ( f u l l  t h r o t t l e )  and 0.35 (pars 
t h r o t t l e ) .  I n  t h i s  region, which i s  *blocked 
out* i n  the f igure,  attached f l ow  i s  required. 
An i n l e t  design should s a t i f y  t he  requ i ra~ l cn t  f o r  
attached f low i n  the  operat tng region; a re- 
presentat ive i n l e t  separation bound i s  shown by 
the upper curve. The f l ow  i s  attached everywhere 
below the curve. The po in t  where the operat ing 
region and the i n l e t  separation bound meet i s  t he  
c r i t i c a l ,  o r  design, condit ion. I n  t h i s  case the 
design cond i t ion  i s  i n  the  low subsonic r e  ion, 
where c a p r e s s i b i  l i t y  e f f e c t s  are negllgib!e. 
Therefore ve loc i t y  r a t i o s  can be used instead o f  
Mach numbers, as i s  done i n  f i g u r e  3(b). 

Figure 3(b) now considers the s i t u a t i o n  a l l  
along the  f l i g h t  path i n  terms of angle o f  at tack 
as a func t ion  of throat-to-free-stream ve loc i t y  
r a t i o  vt lvo.  The area labeled *operating 
regionu now enconpasses areas such as those from 
f igure 3(a) f o r  a l l  free-stream Mach numbers. 
The i n l e t  separation characteristic f o r  a given 
subsonic i n l e t  f low w i th  Mt < 0.6 general ly i s  
normalized by the  parameters o f  f i g u r e  3(b). The 
tangent po in t  o f  the i n l e t  operating region w i t h  
the  i n l e t  separation bound curve i s  again the  
c r i t i c a l ,  o r  design, condit ion, bu t  t h i s  t ime f o r  
the  whole f l i g h t  path. The example shown i s  f o r  
the  case where po in t  A i s  the  same po in t  I n  both 
f igures 3(a) and (b). 

The design process i s  ac tua l l y  an i t e r a t i v e  
one. A f te r  an i n l e t  i s  designed, i t  must be 
determined i f  the design po in t  has chaqed. This 
process i s  discussed i n  t h e  sect ion Review o f  I n l e t  
Design-Point Select ion. 

C r i t e r i a  o f  Mer i t  
The general ob jec t ive  i s  t o  achieve a low 

airplane takeoff  gross weight f o r  a speci f ied 
mission. The c r i i e r i o n  to-meet t h i s  ob jec t ive  i s  
a l ightweight and low-crui se-dra i n l e t ,  t h a t  is. 
a th in,  short i n l e t .  Note t ha t  b c ru i se  drag 
means low f r i c t i o n  drag, avoidance o f  external  
shock losses, avoidance o f  external  f l o w  separa- 
t ion ,  and recovery o f  add i t i ve  drag by i n l e t  l i p  
thrust .  



INLET OPTIMIZATION F@t LOU SPEEDS 

This section discusses the optimm design o f  
three categories o f  inlets, n m l y ,  (1) those 
without boundary-layer control  (BLC), (2) those 
with BLC and (3  those wi th  boundary-layer man- I agccunt t a u ) .  hen some expertlacntal resul ts  
f o r  these i n l e t  categories are presented. 

Designs Without Boundary-Layer Control 
The discussion covers optimun f low d i s t r i  bu- 

t ions i n  inlets, t m i r i c a l  f low l imits.  and i n l e t  

Opttmm Flow Dis t r ibut ion - Flow d i s t r i  bu- 
tions, tnat rs, surface veloci't ies and skin f r i c -  
t i o n  coeff  icients, f o r  an-pptimun ln le t  design 
are described by ~uidens(  7, and are shown i n -  
f igure 4. The ve loc i ty  ( f i g .  4(a)) ncreases 
from zero a t  the stagnation point t o  a maximun 
f la t - top value on the l i p  and then decelerates i n  
the d i f fuser  t o  the value required a t  the fan 
face o r  the d i f fuser  exit .  

The maxtmun velocity i s  as high as i s  dllow- 
able. The correspomling low s ta t t c  pressure act- 
ing on the l i p  surface area provides the suction 
f o ~ e  required t o  tu rn  the high-angle-of-attack 
flow i n t o  the in le t .  The lower the surface pres- 
sure, the shorter the l i p  surface dlstance can 
be. Both the f l a t  top and the high level o f  
velocity contribute t o  a shorter surface distance 
and hence a thinner l i p .  After the l i p  the 
velocity decelerates i n  the manner prescribed fo r  
a short, e f f i c ien t  diffuser. 

The skin f r i c t i o n  coef f ic ient  d is t r ibut ion 
cornspondin t o  the velocity d is t r ibu t ion  o f  
f igure 4(a) 7s shown i n  f igure 4(b). The bound- 
ary layer i s  i n i t i a l l y  laminar (e) ,  and i t  
transit ions ( t r )  t o  turbulent f low ( t )  by the end 
of the f la t - top region and before i t  i s  subject 
t o  the rapid di f fusion. Mod!fying the f la t - top 
velocity t o  a s l i  h t l y  decreasing velocity w i l l  
encourage the desired transit ion. I n  an ideal 
optimun d i f fuser  the skin f r i c t i o n  coef f ic ient  
drops t o  zero t o  achieve the shortest, lowest 
loss dtffusion. I n  a pract ica l  optimum di f fuser  
a f r i c t i o n  coeff ic fent  margin would be specif ied 
s t  the end o f  the diffusion, and a ne attve 
f r i c t i o n  coeff lcien? slope ( f i g .  4(b)q would be 
specified t o  ensure that. i f  separation d id  in- 
advertently occur, i t  would occur at the end of 
the di f fuser and not a t  the middle o r  beginning 
of the di f fuser. 

Empirical Flow Limits - I n  general, a most 
Inportant factor i n  determining the i n l e t  l i p  
thickness i s  the peak velocity allowable OR the 
l ip .  Two parameters that l i m i t  the maximum 
allowabl l i p  velocity are ident i f ied by f Boles.(6 Both parameters define the onset of 
flow separation. They are cal led the Mach number 
l i m i t  and the d i f fus ion l i m i t .  The Mach numher 
l i m i t  i s  associated with an extremely rapid i n i t -  
i a l  surf ace velocity deceleration or shock- 
boundary-layer interact ion which causes separa- 
t i o n  near the beginning of the di f fuser. The 
d i f fus ion l i m t t  i s  related t o  the surface veloc- 
i t y  deceleration from the peak velocity t o  the 
diffuser e x i t  velocity Vma /vde. Separat ion 
s tar ts  near the d i f fuser  ex j t .  I f  the separation 
I s  unstable, i t  then travels Imnediately t o  the 
l ip .  These two l i m i t s  were determined enpir i -  

c a l l y  by p l o t t i n q  t h e i r  txper inrnta l  values j u s t  
beford separation against the throat-to-fro+ 
s t r e w  Mach nunrkr rat io, as shown f n  f l pu re  5. 
Data are shown f o r  several i n l e t s  rnd r range o f  
operat ing condlt tons. 

I n  f i  u r t  5(a) i t  can be seen that, as the 
throat-to-!me-strerm ~ u h  n w r  r r t i o  
It17 Increases, the peak Mach number in- 
crea es and then levels o f f  a t  about M - 1.5, 
Thus M I 1.5 i s  taken as the Mwh n u n k r  l i m i t ,  
and flow separation can be expected f o r  local 
surface Mach numbers greater than 1.5. 

I n  f igure S(b) the s w  data are replotted 
by using the d t f fus ion  r a t i o  vmu/Vde as 
the ordinabe. Now as HtlHo decreases, the 
d i f fus ion  r a t i o  increases t o  8 l i m i t  and then 
decreases s l ight ly .  This l i m i t  i s  r funct ion o f  
contraction r a t i o  and Reynolds number but i n  gen- 
era l  f a l l s  i n  a band indicated as the d i f fus lon  
l i m i t  i n  f i ure 5(b). For s i n p l i c i t y  a constant 
value o f  2 .9  w i l l  be taken as the d i f fus ion  
l imi t ,  and f low reparatlo an be expected f o r  
higher values. S t r a t f o r d b j  has predicted a 
theoret ical l im i t i ng  d i f fus ion  r a t i o  of about 
3.2, which i s  consistent with these experimental 
results. 

The values o f  h, , 1.5 and 
v ax/vd = 2.5 w i l l  be used i n  the fol lowing 
dyscussfon. I n  a refined analysis the secondary 
effects evident i n  the experimental data could be 
accounted f o r  i n  an i te ra t i ve  procedure s tsr t lng 
with values we have selected. 

l n l e t  Geometr - The shortest, thinnest 
inlet- a ac e i n l e t  f low w i l l  resul t  when 
the i n l e t  geometry i s  designed f o r  the optimum 
surface velocity and skin f r i c t i o n  d is t r ibut ions 
and designed t o  the f low l i m i t s  of d i f fus ion 
velocity and Mach number j u s t  discussed. Appro- 
pr ia te allowances may be made f o r  a safety margin 
and sepsrat ion stabi l i t y .  

The approach i s  then t o  f ind the l i p  shape 
and thickness and the dif fuser shape and length 
that y i e l d  the requtred flow d is t r ibut ions and 
l imits.  This can be done by systematic geometric 
changes(9 using the potent ia l  and vt 
cslculat ional procedures of Stockman. ff8Ys I"" 

If  each circunferent ial  region o f  the l n l e t  
i s  designed t o  meet only i t s  requirement. then 
betause the requirements vary around the c i r c u m  
ference o f  the l ip ,  the design w i l l  also vary 
around the circumference. So, i n  eneral, a s p  
metric geometries result .  Figure ! shows two 
asynmetric i n l e t  designs. 

Thick Lower Lt  - The i n l e t  shown I n  f igure 
6(a) d d  by an i n l e t  highl ight plane 
normal t o  the i n l e t  axis. The i n l e t  l i p  thick- 
ness varies around the circumference i n  order t o  
sat isfy the angle-of-attack requirement on the 
bottom, the cross-wind requirement on the side, 
and the s ta t i c  performance requirement on the 
top. The re la t i ve  d i f f i c u l t y  of these require- 
ments i s  ref lected i n  the l i p  thickness. Clearly 
the lower l i p  has the most d i f f  i c u l t  requirement. 

Protruding Lower L i  - Another approach t o  
meeting the lower l i p  re$uirement, besides thick- 
ening it, i s  t o  extend i t  as shown i n  f igure 



6(b). At low speeds and zero angle o f  attack, 
the protruding l o w r  l i p  causes the i n l e t  t o  draw 
i t s  a i r  general ly froin above the i n l e t  u i s .  
W a r a d  wi th  a conventional i t r l e t  t h i s  increases 
the peak surface v e l o c i t  on t hd  upper l i p  and 
reduces i t  on the lower l i p .  The e f f e c t  o f  angle 
o f  at tack i s  t o  increase the peak surface veloc- 
i t y  on the l o w r  l i p  (and decrease it on the 
upper l i p ) .  Because the lower l i p  ve loc i t y  a t  
zero angle o f  at tack i s  low, the  i n l e t  can go t o  
a high angle o f  at tack before the  peak lower l i p  
ve loc i t y  causes the  d i f f us ion  ve loc i t y  r a t i o  
1 i m i t  t o  be exceeded. 

The s t a t i c  and c ru i se  condi t ions require 
special a t t en t i on  f o r  t h i s  i n l e t .  

Designs wi th  Boundary-Layer Control 

The opt imun surface ve loc i t y  d i s t r i bu t i ons  
and the experimentally observed f l ow  l i m i t s  with- 
out boundary-layer cont ro l  (BLC) have been d is -  
cussed. Consider next the surface ve loc i t y  dis-  
t r i b u t i o n  w i th  BLC. The object  ~f using BLC i s  
t o  achteve a th inner i n l e t  f o r  speci f  led operat- 
i ng  condi t ions by increasing the permissible m x -  
imun veloci ty.  

0 timun f low D is t r i bu t i on  - Three ve loc i t y  
d i s t r ~ h t l o n s  are presenteo i n  f i g u r e  7. Figure 
7(a) i s  the optimum d i s t r i b u t i o n  without BLC. the 
case previously discussed, and i t  has a maximun 
ve loc i t y  r a t i o  v x e  c f  1.5. For the 
5e lU ted  design f ow condi t ions t h i s  y i e l ds  a 
t h i ck  l i p ,  as shown by the sketch under t he  
ve loc i ty  p ro f i l e .  Figcre 7(b) presents the 
optimun ve loc i t y  d i s t r i b u t i o n  f o r  the optimun 
locat ion  of a po in t  app l ica t ion  o f  BLC. The max- 
imun ve loc i ty  r a t i o  vmax/Vde i s  now 6.25 
(2.52), as explained la ter .  The f low accej- 
erates from the stagnation point ,  v - 0, t o  the 
f lat- top ve loc i t y  r a t t o  o f  b.25. A f te r  the  f l a t  
top  i t  decelerates through a ve loc i t y  r a t i o  
vm l v b l  o f  2.5, tha t  is, from vmax/vde - 
6.!! t o  vb]/vde - 2.5. Here, the  boundary 
layer i s  on the verge of separation. I t  i s  now 
e i t he r  completely removed o r  completely re- 
energized so tha t  i t  can j u s t  d i f fuse through the 
relnaining ve loc i t y  r a t i o  o f  vb l lvd  - 2.5, 
tha t  is, t o  V / V ~  1.0 a t  the d i f h s e r  ex i t .  
This high peak v e f o i i t y  resu l t s  i n  a very t h i n  
l ip ,  as shown by the sketch under t h i s  ve loc i t y  
p ro f i l e .  The f low i s  on the verge o f  separation 
a t  the  BLC s i t e  and at  the d i f fuser  ex i t .  

An intermediate case i s  shown i n  f i gu re  
I ( c ) .  The f l a t - t o p  ve loc i t y  r a t i o  i s  taken as 
bmax/vde - 5.0. Now there are two l i m i t i n g  
choices. The f low can be d i f fused from the peak 
through a ve loc i t y  r a t i o  o f  L.5 t o  po in t  A, and 
BLC applied. The remaining d i f f u s i o n  r a t i o  i s  a 
conservative value o f  L,O. Or the f low can be 
d i f fused from the p r - . i  through a conservative 
ve loc i t y  r a t i o  o f  L.0 t o  po in t  B, and BLC ap- 
p l ied .  The remaining d i f f u s i o n  i s  now at the 
l i m i t i n g  value o f  2 . 5 .  Actually, the BLC can be 
appl fed anywhere between po in ts  A and B and the 
f low w i l l  be w i t h i n  the d i f f u s i o n  l i m i t .  The l i p  
thickness f o r  t h i s  case i s  intermediate between 
those o f  the two preceding cases. 

I f  the design cond i t ion  i s  inadvertent ly 
exceeded and f low separation occurs. i t  would be 
preferable f o r  the separation t o  occur at  the 

d i f f u s e r  e x i t  ra ther  than a t  the  BLC s i te .  From 
t h i s  po in t  o f  view a 8LC s i t e  a t  B i s  preferable. 
Thus far, the type of BLC has not  been spect- 
fled. Next, three k inds o f  BLC are consldemd: 
suction, b;owing, and s e l f  pumping. 

Suction. - An Ide r l i zed  suct ion ( 8 1 ~ 0  c a l l e d  
bleed-C system together wt th  i t s  noncn- 
c l a t u r e  i s  shown i n  f igure  $(a). The f i g u m  
shows the boundary layer, the  suc t ion  surface, 
and the punping system requlred t o  punp the bleed 
a i r  back t o  free-strean cond i t  ions. 

The i n l e t  f low s t a r t s  from the stagnat ion 
point ,  f i r s t  accelerat ing and then d i f fus ing,  and 
before reparat ton proceeds t o  a dOWStreuA po in t  
bl, where the suct ion  s tar ts .  The suct ion  s y s t m  
r e w v t s  the minimum poss ib le  amount o f  the  bound- 
ary  layer consistent w i t h  keeping the  f l ow  at-  
tached. Conceptually, the suct lon can be d ls -  
t r i bu ted  downstream o f  s ta t i on  b l  o r  concentrated 
a t  t h a t  stat ion.  Of course, the  d i f f u s i o n  con- 
t i nues  from s t a t i o n  b l  t o  t he  d i f f use r  ex i t ,  
S ta t ion  de. 

There are two important streamlines: One I S  
th rou h t he  edge o f  the boundary layer a t  S ta t ion  
Dl. !he other i s  the d l v l r l n g  streamline, 
labeled dlv, which d iv ides  tkc. f l o w  t h a t  4s re- 
m v e d  from the r e s t  o f  the  f low. The f l ow  not  
removed must undergo the required d i f f u s i o n  f ron 
Vbl t o  vde. The boundary layer removed i s  
assumed t o  be drawn i n t o  a plenum chamber whose 
s t a t i c  pressure i s  equal t o  t h a t  a t  t he  beginntng 
o f  t he  suct ion region and t o  have no residual  
ve loc i t y  head. From there i t  i s  sent through a 
pump t o  ra ise  the pressure back t o  free-stream 
t o t a l  pressure and ducted overboard t o  ambient 
pressure and i n  the downstream direct ion,  re- 
s u l t i n g  i n  no th rus t  o r  drag. 

The power t o  d r i ve  the  pump, which i s  d is -  
cussed short ly,  i s  a func t ion  o f  the d i f f u s e r  
ex i t  Mach number, the  d i f f u s i o n  ve loc i t y  r a t i o  
from the s t a r t  o f  the suc t ion  t o  the d i f f u s e r  
e x i t  vbl/Vde, and the boundary-layer p ro f  i le.  

Blowin . - An ideal ized blowing boundary- 
layer+ -con r o l  system together w i t h  i t s  nmen- 
c l a t u r e  i s  shcwn i n  f i gu re  8(b) and i s  qu i t e  
s im i l a r  t o  the suct ion case j u s t  discussed ( f i g .  
8 (a) ) .  Uhereas i n  the  suct ion case t h a t  po r t i on  
of the boundery-layer f low t h a t  does not have 
su f f i c i en t  momentum t o  negot i a t f  $be subsequent 
diffusion i s  removed, i n  the blowing case i t  i s  
reenergized by the  blowing j e t .  I n  t h i s  case the 
d i v i d i ng  streamline d iv ides  the boundary-layer 
f l ow  t h a t  i s  reenergized from t h a t  whlch i s  not. 
I t  i s  assumed tha t  the blowing j e t  and t h a t  por- 
t ion of the boundary layer t o  be reenergized mix 
imnediately t o  produce a uni form ve loc i t y  (s ta-  
t i o n  b l  a f t e r  mixing) t ha t  i s  j u s t  s u f f i c i e n t  t o  
d i f fuse t o  zero ve loc i t y  at  t he  d i f fuser  e x i t  
( s t a t i o n  de). 

The power t o  d r i ve  the blowing system pump 
depends on the same parameters as the power f o r  
the  suct ion system, p lus  the  add i t iona l  parameter 
of the jet-to-boundary-layer-edge ve loc i t y  r a t i o  
v j /Vb l .  

The r e l a t i v e  power required by t he  pumps f o r  
BLC i s  shown i n  f i gu re  9 as a funct ion of the 
r a t i o  o f  the ve loc i t y  a t  the BLC s i t e  t o  t h a t  a t  



the di f fuSW e x i t  v l/Vde. This r a t i o  de- 
f i nes  the location o? the BLC, with larger values 
cormwonding t o  more upstream locat tons. T h r  
m a l y s i s  i s  l imi ted to, and the curves tetmlnate 
at, the d i f fus ion l im i t ,  Vbl/V . 2.5. The 
to l lowin conditions ware $pU?!ied f o r  f igure 
9: a d,?furr  e x i t  ~ a c h  number ~d~ of 0.1 
and r 1 1 7 - p o ~ r  boundary-layer velocity prof i le .  

For the present flow models, suction n- 
quires nore p o n r  than blowing. The mason f o r  
t h i s  i s  IS% i:Iated wi th  the loss of the boundary- 
layer laowntm removed through the suction sur- 
f e e .  I n  general, BLC requires the least power 
i f  it i s  done at  the lowest ve loc i ty  v 1 tha t  
+s, t o r  exwlple, a t  po int  A i n  f igure 7 1 ~ ~ .   he 
disadvantage o f  t h i s  locat ion as sug ested ear- 
l i e r  i s  that, should the design cond!tion be in-  
advertently exceeded, separation wt 11 f i r s t  occur 
about mrdway up the d i f fuser  at  po int  A and t h i s  
resul ts  i n  an undesirable large separation region 
ahcad o f  the fan. A more tolerable location f o r  
i n i t l a l  separation i s  near the d i f fuser  exit .  
Thts c m  h achieved by moving the BLC u p s t n m  
t o  point B, where vb l  i s  higher. However, 
now the p w  sower i s  also highcr. I n  general, a 
safety marpin i s  achieved a t  the expense of power. 

Self  P w i n  - The preceding analysis dealt 
wl th  d - t a n  f o r  which the a i r  removed 
was p w d  back up t o  free-stream t o t a l  pressure 
and then exhausted overboard. I n  that case the 
p o w r  t o  dr ive the pump i s  s ign i f icant  and i s  a 
measure of the penalty associated with the sys- 
tem. The sketch i n  f i g  10 shows a se l f -  ?If) punping suction system. . 

Recall that separation occurs cn the wind- 
ward side o f  the l n l e t  and usually i n  the d i f -  
fuser. The suction s lo t  i s  located i n  t h i s  re- 
gion and has, f o r  example, a circunferent ial  ex- 
tent 0 of '450 about the windward, or 00, 
meridian. fi re in ject ion holes are located on 
the l i p  and are displaced circumferential1 from 
the suction s lo t  i n  order t o  avoid reclrcufat ion 
3f the boundary layer from tne re in ject ion holes 
t o  the suction slot.  For example, the reinjec- 
t i o n  holes extend, on each side of the ln le t ,  
between 450 and 600. The suct ion s lo t  and the 
re in ject ion holes are connected by a circumferen- 
t i a l  plenum. 

The locations of the suction s lo t  and rein- 

j ection holes are based on the theoret ical sur- 
ace static-pressure d l  s t r ibut ion shown i n  f igure 

10 for an i n l e t  a t  high angle o f  attack. I n  gen- 
eral, f o r  a given value of 0 ,  the pressures are 
lowest on the l i p  and increase thmugh the d i f -  
fuser t o  the fan face. Also, f o r  a given axtal 
location the pressures are lowest a t  a o of 
00 and increase with incrers l  0. The large 
prtssure difference from the 8 p  t o  the di f fuser 
e x i t  at 00 is, of course, what makes 00 
c r t t  fcal with respect t o  flow separation. Thus 
the boundary-layer-control s lo t  i s  centered 
about - 00. For t h i s  bleed systern t o  work, 
the stat i c  pressure must be lower at  the reinjec- 
t i o n  holes than a t  the suction slot.  Thus i t  i s  
helpful  t o  have the ax ia l  location c f  the suction 
s lo t  w e l l  i n t o  the d i f fus ion region, where the 
s ta t i c  pressures are higher. As mentioned pre- 
viously, t o  avoid rec i rcu lat ion in to  the suction 
slot, the reinject ion holes must be displaced 
circunferenttdl ly from the suction slot,  f o r  t h i s  

exmple at  0 > 450. To be a t  a loner surface 
Stat ic pressure the n l n j e c t l o n  holes u s t  k 
upstrem of the suction slot. Thr c i r c m f m n -  
t i a l  e l ten t  of the re in jec t ion  holes i s  l im i ted  
by the increase i n  s t a t i c  p r r s s u n  with Inereas- 
in9 and the related reduction of the s tat ic-  
pressure gradient k t m e n  the suction s lo t  and 
the retn ject ion holes. 

The mintmm pressure c t  n f n j u t l o n  holes 
below a 0 of 900 dure rser  with increrstng 
angle of attack, cnd corretpondingly the suction 
at  the suction s lo t  Increases, This tends t o  
make t h  ystem self-act ivat ing and controll ing. 
* i l l e r ( f i !  shows that t h i s  bleed system can 
indeed be made t o  work. Thts system avoids the 
need f o r  an external source o f  power o r  air .  

DcSi~ns with Boundary-Layer M a n a ~ w n t  

The preceding section dealt with methods t o  
reenergize o r  remove a boundary layer that I s  not 
cwable of fur ther  dtffusion. Another wry o f  
acco~pl ish ing the desired fur ther  d i f fus ion i s  
Start ing a new boundary layer, f o r  exmple, by 
means of a slat. This s tar t ing of a new boundary 
layer, ca l led boundary-layer management (W), i s  
dicussed i n  t h i s  Section. 

Optinwm Flow Dis t r ibut ion - The i n l e t  pone- 
try,  surrace v e i o c ~ t y  a l s t r i ~ u t  ions, and 
boundary-layer ve loc j ty  prof l les f o r  t h i s  case 
are shown i n  f igure 11. The basic g e m t r y  con- 
s i s ts  of a main cowl and a s la t  that can be 
formed by the t rans l r t l on  forward o f  a por t ion o f  
the main cowl o r  by blow-in doors that open 4 
passage (cal led a s lo t )  between the s l a t  and the 
main cowl. The goal i s  t o  achieve a very high 
f lat- top velocity d ts t r lbut ion (e.g., a d i f fus ion  
r a t i o  o f  6.25) and t o  avoid separation. This i s  
accompl ished by designing for a diffusion r a t i o  
o f  2.5 on the s la t  and then another d i f f u  ion 1 r a t i o  of 2.5 on the main cowl (6.25 1 2.5 ). 
I n  t h i s  type of design three types of f low break- 
down must be avoided: (1) separation of the 
boundary l a  e r  on the slat,  (2) flow reversal i n  
the s la t  waie downstrrun of the s la t ,  and (3)  
separation o f  the main-cowl boundary layer. Each 
o f  these i s  considered i n  t h i s  section. 

A high f la t - top  ve loc i ty  p r o f i l e  on the s la t  
a t  the deslgn flow condftfons can be achieved by 
proper contouring of the slat.  A value of 
vmaxlv e - 6.25 i s  i l l us t ra ted  on the upper 
par t  of f i gu re  11. Since a di f fusion velocity 
r a t i o  of 2.5 i s  the maximun tolerable value, the 
s la t  terminates when vmaxlvt - 2.5. The 
d i f fus ion velocity r a t i o  remafning, vmc/vde, 
i s  also 2.5. The velocity r a t i o  of 

c l v  - 2.5 at the t r a i l i n g  edge o f  the 
:Tat (Is achieved by proper contouring of the main 
cowl as wel l  as by the contouring of the slat.  
Thus the s la t  i s  performing at i t s  l i m i t  with 
separation just  avoided. 

At the t r a i l i n g  edge of the s la t  the upper 
and l o m r  surface boundary layers mer e t o  fonn 6 
wake. The f low i n  t h i s  low-energy u r i c  could 
reverse (or  separate within I t s e l f )  if it i s  sub- 
jec t  t o  too st- an adverse pressure gradient. 
To allow distance f o r  the wake t o  mix wlth the 
surrounding high-energy a i r  before it i s  d i f -  
fused, a constant-velocity (and hence a constant 
s ta t i c  pressure) run i s  designed t o  occur dow* 



strevn of the s l r t  trri l i n g  l e, rs l l l u s t r r t e d  7 i n  f igure II.  The constrnt-ve oc i t y  run  I s  
achieved by c p p r ~ r i r t e  local contouring of tlw 
mttn cowl. The f low is, by def ini t ion, o p t l ~ l l y  
mixed whrn it can ust wlthsttnd the n w l n i n g  & d i f fus ion  (I.@., w n VM/vdr 2.5). 

Like the s l r t  w k e  the "newn boundary llyrr 
on the main cowl entering through the s lo t  i s  
also subject t o  the a u x i l m  to le r rb le  di f fuSlon 
r a t i o  of vlnc/Vde - 2.5. 

Two other general ru les should be applied t o  
the slat:  

(1) The gap should be large enough so t h r t  
the s la t  and main-cowl boundary layers do not 
merge. 

(2)  The s lo t  passage shculd converge t o  the 
s l r t  t r a t l t n g  edge ( je t . ,  the passa e minimum 
area should occur a t  the s la t  t r a i  l!ng edge). 

The preceding discussion has dealt wlth r 
dif fusiot+l ini ted design, that  is, Mde 5 0.24 
for vm I v  - 6.25. I f  Mde i s  greater 
than 0.% w i l l  be greater than the l r m l t  
o f  1.5 and the flow on the s la t  w i l l  separate 
from compresslbil lty effects. To avoid t h i s  type 
of separation, vmax on the s la t  must be 
lowered t o  achieve an krx of 1.5. Thus f o r  
Hde > 0.24, the s la t  i s  Mach number l t m i t t d  and 
the main cowl i s  s t i l l  di f fusion limited. 

I f  the d i f fu r lon  e x i t  Mach number Mde 
exceeds 0.6, the maximum Mach number on the main 
 COW^ W i l l  also exceed 1.5 fo r  VK/vde - 2.5, 
and the matn cowl w i l l  also become Mach number 
l imited. The surface Mach number d is t r ibut ton 
f o r  t h l s  last  case i s  shown by the inset i n  f ig-  
ure 11. 

The application of boundary-layer management 
i s  i l l us t ra ted  fo r  two in le ts  i n  f igure 12. 

Retractable Slat - The retractable-slat ap- 
proach t o  m i n l e t  design I s  shown i n  f i gu re  
lZ(a). The basic i n l e t  i s  taken t o  be axispme- 
t r t c .  The desired s la t  i s  achieved by moving a 
1X)o segment of the windward l i p  forward and 
Gown, as i l lus t rated.  This has a number of ben- 
f i c  la1 aerodynamic effects, some o f  which are 
(1) that i t  provides the boundary-layer- 
management function just  described, (2) that  i t 
increases the f ronta l  area or contraction r a t i o  
o f  the c r i t i c a l  lower l ip ,  and (3 )  tha t  i t  
creates some lower 1 i p  protruslon. The increase 
i n  f ron ta l  area i s  especially important f o r  in- 
l e t s  that are on the verge of separation because 
o f  the Mach number 1 imtt. 

This s la t  require; mechanical actuation and 
i s  analogous t o  a wing leading-edge f lap. 

Slotted l n l e t  - The slotted-lnlet approach 
i s  shown i n  f igure 12(b). The basic i n l e t  i s  
again axisynmetr~c. I n  t h i s  case the s la t  i s  
f txed re la t i ve  t o  ti:e main cowl tnd eKOmpaSKS 
the en t i re  circumference. The desired gap (s lo t )  
i s  formtd when the blow-tn door$ (dashed lines), 
which are hinged at t h e i r  downstrem edge, m v e  
inward. This arrangement yields two aerodyndmic 
benefits: (1) i t  provides the bvundary layer 
management, and (2) i t increases the inflow 

rrer.  The aerodynamic forces on the  lnlat m 
W b  tb4t th b h - i f t  rlOWS OQm WtQltk~)!~ d 
low fow;v I  rgleds rb close w t w t i c r l l y  a t  
high tprrds* 

Host o f  the i n l e t  concepts discussed h m l n  
have been tested, and the tes t  t w w l t s  m s u -  
mrrized i n  f i g u n  13. The rng le of r t t u k  a t  
which the i n l e t  f low f i r s t  seprrrtes i s  plot ted 
agatnst i n l e t  l i p  contr rc t ion r r t f o  CR, or l l p  
thickness. I n  t h i s  coordinrte System the l o s t  
deslrrble c h r r r c t a i s t i c s  rrr the lowest contrrc- 
t i o n  r a t i o  and the highest seprr r t ion rngle, thrt 
is, the upper l e f t  corner o f  the f lgutw. 

Consider f i r s t  the i n l e t  without bounerry- 
layer control. The s o l i d  l i n e  shows t h a t  in- 
creasing the l i p  thickness does indeed 
the angle of a t t ~ k  f o r  10 s e p r r r t i o n , l W V  
sketch A. b w v e r ,  t h i s  incrersed l i p  thickness 
I s  moving away from the stated g o r l  o f  short, 
t h i n  inlets. Protruding the l o w r  l i p  of r 
modest-contract ion-r r t  l o  1 s f a r  more e f f u -  119 t l v e  than thickening it,( sketch 9. The 
protruding-1 i p  I n l e t  h ts  s ta t i c  and cruise chrr- 
acter is t  ics  that need fur ther  study. 

Active boundary-layer control  rchieved by 
blowing near the throa f I i n l e t  clso gives 
excellent p t r f o ~ ~ e , I l g . J i '  sketch c. I)* 
data point shown was obtained with a blowing 
pressure r a t i o  of 1.4. Additional perfonnrnce 
gains are possible at  higher blowing pressure 
r a t  40s. 

Three boundary-layer-mnagcnrnt i n l e t s  WtW 
tested. A 1200 lower l i p  s l a t  was added t o  an 
i n l e t  with a modest contraction rat io, and r 
marked increase i n  separation angle was obtained. 
sketch C. Next a very s to r t  i n l e t  with r low 
contraction r a t i o  but wi th  a 3600 s l o t  was 
tested. I t gave the performance shown a t  sketch 
E. f i n a l l y  the s la t  used with configuration D 
was combined with configuration E t o  give the 
resul ts  a t  sketch f. This i s  the shortest, 
thinnest i n l e t  with high-angle-of-attrck caprbil- 
i t y  thus far  obtained. 

I n  general, applying advanced d o t g n  far -  
tures can markedly improve i n l e t  low-speed per- 
formance. These changes w i l l  also af fect  the 
i n l e t  separation bound and may consequent1 rf- 
fec t  the i n i t i a l  i n l e t  design condltton. {here- 
fo re  i n l e t  design-point selection w i l l  be re- 
viewed i n  the next sect ion. 

Review of l n l e t  Design-Point Select ion 

Recall that the i n i t i a l  process of selecting 
an i n l e t  design point ( f i g .  3) depended on know- 
ing or estimating an i n l e t  separation curve. The 
design point was found t o  be a low subwnic i n l e t  
flow condition. The preceding analysts and d r ta  
showed that boundary-layer control  o r  mna mnt 
schemes have a very s'rcng ef fect  on mduclng the 
i n l e t  l i p  thickness rrqui~.?d ?s avoid f low sepr- 
ration, resul t  tng I n  d i f ferent  separation bounds. 

The overal l  design process I s  m t te ra i  ive 
one, reputring tha t  the,new seprration bounds be 
conpared wlth i n l e t  operating nquircnants t o  
determine i f  the i n l e t  design point has changed. 





Irinrr t o  turbulent f low w i th  co rnapond in~ ly  
high turbulent f r i c t i o n  coeff ic ients. Tha dashed 
lims rn for r n ~ e l l e  contour w i th  r Mrch nu- 
kr d is t r ibu t ion  thrt ws w l r c t a d  t o  v i n t r i n  r 

lrinrr run rnd t o  give r #n r r p l d  d i f -  2X i n  t* t u h l e n t  m g i m  so r s  t o  ~ u c e  
the turbulant skin f r i c t i o n  c d f i c l r t t s .  Tha 
odif id o o l o u r  glmr a l o r *  f r i c t i o n  drag but  
h s  r 1- t o M r w t i o n  r r t l o .  This lam c o c  
t r u t i o n  r r t l o  i s  rccaptrble i f  the #C o r  sLn 
Wtmas discuswd e r r l i r  rn  rgpl ied i n  o r d r  t o  
irprove the i a e m r l  f low a t  low w e d s .  

The consequences o f  the prewnt  rnr lysls, i n  
t e r n  of y ie ld ing shorter, thinner nwelles, rn 
stmatized i n  f igure 17. The nacelle o f  f i gu re  
I t ( & )  wrs desipnod without boundrry-lqyer con tml  
o r  l l p  devices. To m e t  the high-r "Ye-@'- r t t u k ,  low-weed requ imrn ts ,  the o w r  l i p  i s  
w r y  thick, r contr rc t lon r r t i o  o f  1.7. The 
w e r  l i p  wcs designed f o r  good s t r t i c  perfor- 
wnce with r contr rc t lon r r t l o  of 1.3; the side 
l i p  has r c o n t r u t l o n  r a t i o  of 1.5 t o  net the 
crossuind n q u i n w n t s .  

The n u e l l e  o f  f igure 17(b) meets the s t r t i c  
rnd crosswind r e q u i m r n t s  with r lower contrrc- 
t i o n  r r t i o ,  CR w 1.2, by using r l i p  s l r t .  Tlw 
high-rngle-of-rttuk requirements on the l o w r  
l i p  r r e  rrt with r re t r rc t rb le  s l r t .  This satis- 
f i e s  the con f l i c t i ng  requirements f o r  r lr e l i p  
f r o n t r l  rnr a t  lo* speeds rnd r m a l l  f r o 2 8 1  
rrer rt cruise. 

The shorter d i f fuser  i s  rsroc i r ted wi th  the 
cruise design. The reduced length i s  possible 
k c r u u  o f  the l r rger  th ro r t  r r e r  and lower l i p  
c o n t r u t l o n  rat io. The highl ight r re rs  of the 
two desipns are essen t i r l l y  the same, so the 
additive drbgs are the s u r .  The externrl  
f ron ta l  r r e r  of both nrcel les was designed t o  
generate the required leading-edge thrust. 

I n  generrl, s ign i f  i c rn t  reductions i n  
nacelle size c m  be achieved by o p t i u m  boundrry- 
layer-:anbged o r  boundary-lrytr-controlled 
n u e l  l e  designs. The s m l l e r  n u e l l e  kc ruse  of 
i t s  lower w igh t ,  the reduced bending m e t  on 
the engine frunr, rnd the reduced cruise d r q  
w i l l  i n c r e r u  the prylobd of V/STOL r i r c r r f i ,  
A further consequence o f  thew s m l  l e r  n u e l l e s  
i s  t h r t  the optimum fan pressure r r t i o  for  V/STOL 
A i r e r d t  w i l l  tend t o  k l o ~ t .  y le ld lng fu r thW 
i rp rowmnts  i n  r i r p l r n  perfomrnce. 
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Figure 8 - Powered boundary-layercontrol systems. (Boundary-layer heights 
exaggerated 1 
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Figure 9. - Pumping p e r  requirements for boundary- 
layer control. vmaX/vde c6.25; Mde = 0.3; vj/vbl = 

2.4 117-power boundary-layer velocity profile. 
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Figure 10. - Self-pumping boundary-lapr-control system. 
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Figure 11. - Optimum inlet velocity distribution with 
boundary-layer management (Boundary-layer heights 
exaggerated. 
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Figure 12. - Inlets with boundary-layer management 
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Figure 13. - Summary d experimental results for highangle- 
d-attack inlets. Mg = 0.1% Mt - 0.45. 
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Figure 14 - Review af inlet design-point selection. 



- INCREASING THROAT SIZE 

Figure IS. - Effect of free-stream Mach number and inlet throat sizc on nacelle 
wetted area. 



L lM IT CONVENTIONAL --- LOHl DRAG 

Figure 16. - Nacelle profile for low drag. 

(a) ASYMMETRIC GEOMETRY WITHOUT BLC. 

(b) BOUNDARY-LAYER-MANAGED OPTIMUM. 

Figure 17. - Comparison of subsonic high-angle-d-attack 
nacelles. 
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