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PREFACE 

This compilation consists of papers presented at a conference on Powered- 
Lift Aerodynamics and Acoustics held at the NASA Langley Research Center on 
h y  24-26, 1976. L.e presentations were made in sessions subdivided according 
t o  subject matter as follows: I - High-Lift Aerodynamics, I1 - High-Speed and 

The purpose of the conference was to provide an in-depth review of powered- 
lift technology generated by in-house and NASA sponsored research over the last 
several years. Papers were presented by members of NASA Centers, Universities, 
and Industry. 
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OVERVIEW OF POWERED-LIFT TECHNOLOGY 

John P. Campbell 
The George Washington Univers i ty ,  

J o i n t  I n s t f t u t e  f o r  Acoust ics  and F l i g h t  Sciences  

- 1 SUMMARY l i 
i l  

Th i s  introduc:ory paper is intended t o  s e t  t h e  s t a g e  f o r  t h e  conference  by ! 

reviewing progress  t o  d a t e  i n  t h e  powered- l i f t ' f i e ld .  The concept and app l i ca -  
t i o n  of powered l i f t  and t h e  e f f e c t s  of some fundamental des ign v a r i a b l e s  a r e  
d iscussed.  A b r i e f  chronology of s i g n i f i c a n t  developments i n  t h e  f i e l d  is a l s o  

, i 
presented and t h e  d i r e c t i o n  of r e sea rch  e f f o r t s  i n  r e c e n t  y e a r s  is i n d i c a t e d .  
A l l  powered-l if t  concepts a r e  included,  bu t  emphasis is on t h e  two e x t e r n a l l y  ! 

blown schemes which involve  blowing e i t h e r  above o r  below t h e  wing and which 1 

a r e  now being u t i l i z e d  i n  t h e  YC-14 and YC-15 a i r p l a n e s .  'This review d e a l s  / 
p r i m a r i l y  w i t h  aerodynamics and v e h i c l e  des ign ,  and only touches b r i e f l y  on t h e  i 

I 
a r e a s  of a c o u s t i c s ,  propuls ion,  and loads .  I 

INTRODUCTION 

It i s  perhaps a p p r o p r i a t e  t o  s t a r t  t h i s  review with a b i t  of h i s t o r i c a l  
backg-ound which i l l u s t r a t e s  one of t h e  f a c t o r s  t h a t  spurred i n t e r e s t  i n  powered 
l i f t  back i n  t h e  1950's. Richard E. Kuhn brought ou t  t h i s  po in t  very w e l l  by 
t h e  use  of f i g u r e  1 which is  a h i s t o r y  of maximum l i f t  development from t h e  
Wright Brothers  t o  t h e  p resen t  day. The upper s o l i d  l i n e  shows t h a t  wi th  t h e  
i n t r o d u c t i o n  of t r a i l ing-edge  f l a p s  and wi th  t h e  con t inu ing  refinement and 
s o p h i s t i c a t i o n  of these  f l a p s ,  t h e  maximum l i f t  c o e f f i c i e n t  C L , ~ ~ ~  obta ined 
i n  wind-tunnel t e s t s  increased a t  a  r a p i d  r a t e  up u n t i l  t h e  1940's  but  a t  a  
much more modest r a t e  af terward.  Of course ,  t h e  values  of CL,,,, a t t a i n e d  
wi th  o p e r a t i o n a l  a i r c r a f t  lagged w e l l  behind t h e  wind-tunnel p rogress  a t  f i r s t ,  
but  i t  l a t e r  became apparent  t h a t  a i r p l a n e s  would soon be us ing up most of t h e  
mechanical-f lap h i z h - l i f t  technology developed i n  le winds tunne l .  Th i s  t r e n d  
was fo reseen  by resea rchers  i n  t h e  e a r l y  1950's  who recognized t h a t  t h e  c e i l i n g  
on CL,rnax ob ta inab le  wi th  mechanical f l a p s  could be bypassed by making f u l l  
use of t h e  energy of the  t u r b o j e t  propuls ion engines  t o  augment wing l i f t ,  a s  
i n d i c a t e d  by t h e  dashed l i n e .  Explora tory  resea rch  on t h e  j e t - f l a p  p r i n c i p l e  
was t h e r e f o r e  s t a r t e d  i n  an e f f o r t  t o  r e a l i z e  t h i s  p o t e n t i a l .  

I n  t h i s  j e t - f l a p  concept,  a  h igh-veloci ty  j e t  shee t  i s  turned downward by 
a t r a i l ing-edge  f l a p  and e f f e c t i v e l y  i n c r e a s e s  t h e  chord of t h e  f l a p  t o  produce 
h igher  l i f t .  The t o t a l  l i f t  produced is  made up of t h e  t h r e e  compone,lts shown 
i n  f i g u r e  2: t h e  power-off l i f t  produced by t h e  wing and f l a p ,  t h e  l i f t  due t o  
t h r u s t  d e f l e c t i o n  ( t h a t  i s ,  t h e  v e r t i c a l  component of t h e  t h r u s t ) ,  and powered 



c i r1 :u la t lon  l i f t  which is t h e  a d d i t i o n a l  c i r c u l a t i o n  l i f t  induced on t h e  wing 
;;it\l hv t h e  p re sence  of t h e  j e t  s h e e t .  The p r o p o r t i o n s  of t h e  t l ~ r e e  corn- 
! : k x , 1  L I ? + +  :, ~ r t  v a r y  q u i t e  a  b i t ,  depending  on t h e  t y p e  o f  f l a p  and t h e  p a r t i c u l a r  
pof.t, l . c . , \ - l  l f t  concept  used.  

POWERED-LIFT CHRONOLOGY 

'i k ~ u n b ~ r  of d i f f e r e n t  concep t s  have been s t u d i e d  a s  i n d i c a t e d  by t h e  
~ ? i ~ ; ~ t ~ r ~ i l - l i f t  ch ro~ lo logy  p r e s e n t e d  i n  f i g u r e  3. Dates  a r e  shown f o r  t h e  f i r s t  
: iA: . t  :.irc!l conducted on a  g i v e n  concept  an3  For t h e  f i r s t  f l i g h t  of an a i r p l a n e  
i n c o r p o r a t i n g  t h e  concep t .  

The blowing boundary- layer -cont ro l  (BLC) scheme i l l u s t r n t e d  a t  t h e  t o p  is 
n o t  u s u a l l y  cons ide red  a  t r u e  powered- l i f t  concept  s i n c e  i t  o n l y  x s e s  eng ine  
b l eed  a i r  and hence does  no t  make f u l l  u se  of  t h e  a v a i l a b l e  e n g i n e  t h r u s t .  I t  
is inc luded  h e r e ,  however, b e c a u s e ' o f  i ts  b a s i c  s i m i l a r i t y  t o  t h e  j e t  f l a p  and 
because  some of  t h e  work on  blowing BLC provided  u s e f u l  i n f o r m a t i o n  i n  t h e  1 

devclopmtmt of  t h e  j e t  f l a p .  Exp lo ra to ry  s t u d i e s  o f  blowing BLC were c a r r i e d  
o u t  as c a r l y  iis t h e  1920 ' s  bu t  i t  was n o t  u n t i l  t h e  1940 ' s  and 1950 ' s  t h a t  sy s -  
t e m a t i c  r e s e a r c h  was condr~c ted  t h a t  l e a d  t o  a p p l i c a t i o n  o f  t h e  concep t .  Some 
of  t h e  most impres s ive  work was dons on t h e  Navy's F9F-5 a i r p l a n e  i n  t h e  e a r l y  
1950 ' s  under t h e  d i r e c t i o c  o f  John A t t i n e l l o  ( r e f .  1 ) .  A number o f  o t h e r  a i r -  
c r a f t  w i th  blowing BLC have been f lown,  i n c l u d i n g  t h e  Boeing 367-30 a i r p l a n e  
which was used by NASA f o r  low-speed f l i g h t  r e s e a r c h  i n  t h e  e a r l y  1960 ' s .  (See 

The p r i n c i p l e  of  t h e  j e t  f l a p  was proposed and v e r i f i e d  by Schubauer  i n  
1932,  b u t  very  l i t t l e  a t t e n t i o n  was g iven  t o  t h e  c.otlct3pt u n t i l  20 y e a r s  l a t e r  
when A t t i n e l l o ' s  s t u d i e s  i n  t h e  Uni ted  S t a t e s  ( r e f .  1 )  and Davidson's  s t u d i e s  
i n  England ( r e f .  2 )  showed g r e a t  promise f o r  t h e  j e t  f l a p .  T h i s  work l e d  t o  
e x t e n s i v e  r e s e a r c h  programs on t h e  concept  i n  England, France ,  and t h e  United 
S t a t e s .  (For  example, s e e  r e f s .  1 t o  4 . )  The Hunting j e t  f l a p  r e s e a r c h  a i r -  
p l a n e  ( f i g .  5 )  was b u i l t  i n  t h e  e a r l y  1960 ' s  t o  s t u d y  t h e  f l i g h t  c h a r a c t e r i s t i c s  
a s s o c i a t e d  w i t h  t h e  j e t  f l a p .  (See r e f .  5.)  Unfo r tuun to ly ,  t h e  a i r p l a n e  had a  
number of  d e f i c i e n c i e s  which l i m i t e d  i t s  u s e f u l n e s s  as a r e s e a r c h  a i r c r a f t .  

I n  t h e  l a t e  1950 ' s  De Hav i l l and  of Canada i n i t i a t e d  r e s e a r c h  on a v a r i a t i o n  . , 

o f  t h e  j e t  f l a p  c a l l e d  t h e  augmentor wing. T h i s  concept  i n c o r p o r a t e s  a shroud 
assembly over  t h e  f l a p  t o  c r e a t e  an  e j e c t o r  sys tem which augments t h e  t h r u s t  o f  
t h e  n o z z l e  by e n t r a i n i n g  a d d i t i o n a l  a i r .  The augmentor wing was t h e  s u b j e c t  of 
a  comprrhensive r e s e ~ r c h  program c a r r i e d  ou t  j o i n t l y  by NASA and t h e  Canadian 
governmrnt s t a r t i n g  i n  1965. T h i s  program culmina ted  i n  t h e  d e s i g n  and con- 
s t r u c t i o n  of  t h e  C-8 augmentor wing r e s e a r c h  a i r p l a n e  by Boeing and De Havi l land .  
(See f i g .  6 . )  The a i r c r a f t  was f i r s t  flown i n  1972  and s i n c e  th.it  t ime has  been 
used  i n  n j o i n t  NASA-Ames and Canadian f l i g h t  r e s e a r c h  frogram. (See r e f .  6 . )  

Both t r ~ ?  augmentor wing and t h e  jet f l a p  proved t o  bc very  e f f i c i e n t  ae ro -  
dynamica l ly  i n  t h a t  t hey  produced a large i n c r e a s e  i n  wing l i f t  w i th  a givc?n 
amount of engL~le t h r u s t .  But t bcy  a r e  i n t c r n o l l y  blown sys tems and hence s u f f e r  
t h e  disadvnnti lge of r e q u i r i n g  i u t e r n a l  d u c t i n g  which adds t o  t h e  weight ,  cot i t ,  
and complexi ty  of t h e  wing s t r u c t u r c .  



I n  an e f f o r t  t o  e l i m i n a t e  i n t e r n a l  d u c t i n g  and t o  p r o v i d e  much s i m p l e r  
powered- l i f t  sys tems,  NASA Langley Research  Cen te r  s t a r t e d  work i n  t h e  1950 ' s  
on t h e  s o - c a l l e d  " e x t e r n a l l y  blown systems" - t h e  e x t e r n a l l y  blown f l a p  rlsed 
w i t h  conven t iona l  pod-mounted e n g i n e s ,  and t h e  uppci- s u r f a c e  blown f l a p .  
Exp lo ra to ry  r e s e a r c h  w a s  f i r s t  c a r r i e d  o u t  on t h e  e x t e r n a l l y  blown f l a p  i n  195b 
( r e f .  7 ) ;  r e s e a r c h  on t h e  upper  s u r f a c e  blown f l a p  s t a r t e d  about  a  y e a r  l a t e r  
( r e f .  8). I n i t i a l  r e s u l t s  appeared  t o  be promis ing  f o r  bo th  concep t s .  A f a i r l y  
e x t e n s i v e  r e s e a r c h  program was c a r r i e d  o u t  t o  deve lop  t h e  technology f o r  t h e  
e x t e r n a l l y  blown f l a p ;  bu t  t h e r e  were no i n d i c a t i o n s  of s e r i o u s  i n t ~ e r e s t  by t h e  
i n d u s t r y  i n  a p p l y i n g  t h e  concept  u n t i l  Boeing i n c o r p o r a t e d  i t  i n  i t s  p roposa l  
f o r  t h e  C-5 compe t i t i on .  Although Boeing ' s  e n t r y  d i d  no t  win,  t h i s  show of  
i n t e r e s t  a c c e l e r a t e d  t h e  r e s e a r c h  011 t h e  e x t e r n a l l y  blown f l a n  and l e d  t o  an 
e a r l i e r  bu i ld-up  o f  t h e  technology b a s e  r e q u i r e d  f o r  a p p l i c a t i o n  o f  t h e  concep t .  
The cu lmina t ion  of  a l l  t h i s  r e s e a r c h  is ,  o f  c o u r s e ,  t h e  McDL>nnell-Douglas YC-15 
AMST ( f i g .  7 )  which h i s  been f l y i n g  s i n c e  August 1975. 

As po in t ed  o u t  e a r l i e r ,  t h e  i n i t i a l  r e s u l t s  o b t a i n e d  on t h e  concept  f o r  t h e  
upper  s u r f a c e  blown f l a p  i n  1957 appeared t o  be prom!\-ing. The aerodynamic per -  
formance was comparable w i th  t h a t  of  t h e  e x t e r n a l l y  blown f  l a p ,  and preli1:linary 
n o i s e  s t u d i e s  showed i t  t o  be a  p o t e n t i a l l y  q u i e t e r  concept  beca:lse of  t h e  
s h i e l d i n g  e f f e c t  of  t h e  wing. (See r e f .  9 . )  However, s i n c e  t h e  upper  s u r f a c e  
blowing arrangement  i nvo lved  a change i n  e n g i n e  l o c a t i o n  away from t h e  g e n e r a l l y  
accep ted  unders lung  pods and s i n c e  t h e r e  was a t  t h a t  time no s p e c i a l  concern  
w i t h  t h e  n o i s e  problem, r e s e a r c h  on t h e  upper  s u r f a c e  blown f l a p  was dropped 
a f t e r  t h e  i n i t i s i  s t u d i e s .  Research was resumed i n  t h e  e a r l y  70's when i t  was 
becoming apparenL t h a t  t h e  e x t e r n a l l y  blown f l a p  might have d i f f i c u l t y  meeti, lg 
i n c r e a s i n g l y  st r i r l2er  r noise  r equ i r emen t s .  S ince  t h a t  t ime ,  of c o u r s e ,  r e s e a r c h  
on t h e  upper s u r f a c e  blown f l a p  has  been c a r r i e d  o u t  a t  an  a c c e l e r a t e d  pace;  
t h i s  r e s e a r c h  l ead  t o  che  Boeing YC-14 AMST ( f i g .  8) wh ch w i l l  make i t s  i i r s t  
f l i g h t  w i t h i n  a few months and t o  t h e  NASA q u i e t  s h o r t  h a u l  r e s e a r c h  a i r c r a f t  
( f i g .  9 )  which should  be  f l y i n g  i n  about  3 y e a r s .  

As t h e  con fe rence  p rocePds ,  you w i l l  n o t e  t h a t  t h e r e  is s p e c i a l  emphasis  on 
t h e  upper  s u r f a c e  blown f l a p ,  f o r  t h i s  is  t h e  concept  which h a s  been r e sea rched  
most e x t e n s i v e l y  s i n c e  t h e  l a s t  NASA powered - l i f t  con fe rence  he ld  i n  1972, 

PERFORMANCE 

Now, l e t  us  t u r n  t o  some g e n e r a l  performance c o n s i d e r a t i o n s  f o r  powered- 
l i f t  a i r c r a f t .  The l a n d i n g  performance w i l l  be cons ide red  s i n c e  i t  i s  g e n e r a l l y  
more c r i t i c a l  than  take-of f  performance f o r  t h e s e  a i r c r a f t .  Some o f  t h e  f a c t o r s  
irivolved i n  l a n d i n g - f i e l d  l e n g t h  a r e  illustrates i n  f i g u r e  10. On t h i s  p l o t  o f  
wing l o a d i n g  a g a i n s t  appmach  speed  and t h e  co r r e spond ing  operational f i e l d  
l e n g t h ,  t h e r e  is a  f ami ly  of c u r v e s  r e p r e s e n t i n g  d i f f e r e n t  approach l i f t  c o e f f i -  
c i e n t s .  The band o f  v a l d e s  f o r  1 . 5  t o  1.8 is  f o r  conven t iona l  a i r p l a n e s  w i t h  
mechanical f l a p s .  Note t h a t  t h e s e  v a l u e s  a r e  approach l i f t  c o c f i i c i e n t s  which 
a r e  cons ide rab ly  lower t han  maximum l i f t  c o e f f i c i e n t s  because  of t h e  v a r i o u s  
ang le -o f - a t t ack  an3 speed margins r e q u i r e d  f o r  s a f e t y  of  cp t , r a t i on .  The ha t ched  
a r e a  r e p r e s e n t s  t y p i c a l  powered - l i f t  c o n d i t i o n s  i n  t h e  higl:,rr wing l o a d i n g  range  
and ex t ends  from f i e l d  l e n g t h s  of about  609.6 m (2000 f t )  t t ~   bout 1371.6 m 



(4500 f t ) .  A i r c r a f t  which u s e  t h e  s h o r t e r  f i c l d  l e n g t h s ,  609.6 m (2000 f t )  to  
about  1066.8 m (3500 f t ) ,  are u s u a l l y  c l a s a i f 1 , s d  as STOI, or  s h o r t  t ake-of f   an^ 

l a n d i n g  a i r c r a f t ;  whereas  hose usl.ng t h e  1066 8- t o  1371.6-m (3500- t o  4500. . )  
f i e l d  l e n g t h s  are termed RTOL, or  reduced take-of f  and Landing a i r c r a f t .  Tht 
approach l i f t  c o e f f i c i e n t s  can v a r y  from v a l u e s  as low as 2 f o r  t h e  RTOL to  
v a l u e s  o f  4  o r  5 f o r  t h e  STOL. O f  c o u r s e ,  lower wing l o a d i n g s  can  be  used  
r a t h e r  t h a n  h i g h e r  l i f t  c o e f f i c i e n t s  t o  o b t a i n  t h e  s h o r t e r  f i e l d  l e n g t h s ,  b u t  
t h i s  usage  c a n  l e a d  t o  u n d e s i r a b l e  r e d u c t i o n s  In c r u i s e  performance and r i d e  

Now, c o n s i d e r  t h e  a d d i t i o n a l  power which must be  i n s t a l l e d  i n  t h e  a i r p l a n e  
t o  o b t a i n  powered l i f t .  F igu re  11 shows t h e  a j r p l a n e  th rus t -we igh t  r a t i o s  
r e q u i r e d  t o  produce c e r t a i n  v a l u e s  of  CL,,,, and approach  liit c o e f f i c i e n t s  
f o r  an  e x t e r n a l l y  blown concept .  A s  an  example o f  a  high-perfo-mance STOL c a s e ,  
l e t  us  t a k e  an  approach  CL of  4 which g i v e s  a  l a n d i n g  f i e l d  l e n g t h  of about  
609.6 m (2000 i t )  w i t h  a  wing l o a d i n g  of 3830 ~ / m ?  (80 l b / f t 2 ) .  The t h r u a t -  
weight  r a t i o  r e q u i r e d  i n  t h i s  c a s e  is  about  0.5 o r  abou t  tw ice  t h e  i n s t a l l e d  
thrus t -weight  r a t i o  f o r  c o n v e n t i o n a l  jet  t r a n s p o r t s .  Of c o u r s e ,  i f  t h e  lower  
approach l i f ,  r e q u i r e d  f o r  RTOL a i r c  f t  is used ,  t h e  t h rus t -we igh t  r a t i o s  
r e q u i r e d  a r e  w ~ c h  smaller. As h a s  been i n d i c a t e d ,  t h e s e  c u r v e s  a r e  f o r  e x t e r -  
n a l l y  blown f l , \ p s .  The more e f f i c i e n t  i n t e r n a l l y  blown f l a p s  r e q u i r e  l e s s  
t h rus t -we igh t  r , a t i o ,  a s  i n d i c a t e d  i n  f i g u r e  12 ( d a t a  from r e f .  10 ) .  

F igu re  12 stlows t h e  s t a t i c  t h rus t -we igh t  r a t i o  r e q u t r e d  a s  a  f u n c t i o n  o f  
approach CL f o r  i n t e r n ~ i l l y  and e x t e r n a l l y  blown f l a p s .  The lower  t h r u s t  
requi rement  f o r  t h e  i n t e r n a l l y  blown f l a p s  i s  a p p a r e n t .  However, i n  o r d e r  t o  
o b t a i n  a meaningfu l  comparison o f  t h e  power r equ i r emen t s  f o r  t h e  i n t e r n a l l y  and 
e x t e r n a l l y  blown f l a p s ,  i t  is n e c e s s a r y  t o  c o n s i d e r  t h e  c h a r a c t e r i s t i c s  of  t h e  
e n g i n e s  used w i t h  t h e  two f l a p  sys tems.  T h i s  p o i n t  is i l l u s t r a t e d  i n  f i g u r e  1 3  
by combining t h e  d:lta of  f i g u r e  12 w i t h  some e n g i n e  i n f o r m a t i c n .  The cu rve  a t  
t h e  right: i l l u s t r a t e s  t h e  v a r i a t i o n  w i t h  eng ine  f a n  p r e s s u r e  r a t i o  ' t h e  s t a t i c  
t h rus t -we lgh t  r a t i o  a v a i l a b l e  w i th  a g iven  d e s i g n  c r u i s e  t h r u s t .  Trte e n g i n e s  
a p p r o p r i a t e  f o r  u s e  w i th  e x t e r n a l l y  blown f l a p s  have a  r e l a t i v e l y  low f a n  p re s -  
s u r e  r a t i o  and, hence ,  p rov ide  m?~ch more s t a t i c  t h r u s t  t han  t h e  e n g i n e s  f o r  
i n t e r n a l l y  blown f l a p s  des igned  f o r  t h e  some c r u i s e  t h r u s t .  The d a s h r i  l i n e s  
w i th  a r rows  i n d i c a t e  t h a t  t h i s  d i f f e r e n c e  i n  e n g i n e  c h a r a c t e r i s t i c s  a lmost  
b a l a n c ? ~  o u t  t h e  d i f f e r e n c e  i n  f l a p  e f f i c i e n c y  s o  t h a t  t h e  o v e r a l l  performance,  
a s  i n d i c a t e d  by t h e  approach  CL o b t a i n e d  wi th  a  g iven  c r u i s e  t h r u s t ,  is no t  
g r r ~ t l y  d i f f e r e n t  f o r  t h e  two f l a p  s y s t t  3 .  

Another  impor tan t  f a c t o r  a f f e c t i n g  t h e  performance of  t h e  e x t e r n a l l y  blown 
sys tems is t h e  re1 i t i o n s h i p  o f  t h e  e n g i n e  exhaus t  t o  t h e  f l a p .  I n  t h e  c a s e  o f  
t h e  e x t e r n a l l y  blown f l a p  (EBF), i t  h a s  been found t h a t  t h e  amount o f  powered 
l i f t  o b t a i n e d  depends on h o ~  well t h e  f l a p  "captures"  t h e  e n g i n e  exhaus t  and 
t u r n s  i t  downward. 

T h i s  p o i n t  is i l l u s t r a t e d  i n  f i g u r e  1 4  ( d a t a  i r o n  r e f .  11)  which shows 
powered- l i f t  increment as  a f u n c t i o n  o f  s l i p s t r e a m  c a p t u r e  t a t i o ,  z/D, where 
z/D is d e f i n e d  by t h e  s k e t c h .  The l i f t  increment  appears t o  va ry  d i r e c t l y  as 
t h e  p r o p o r t i o n  of  t h e  slipstream capr  . : e d  ~ n d  a c t u a l l y  c o n t i n u e s  t o  i n c r e a s e  
LLbyond n z/D of  1 where t h e  bot tom u.' t h e  eng ine  exhaus t  would t h e o r e t i c a l l y  



. . . .  

co inc ide  wi th  t h e  bottom of t h e  f l a p .  It h a s  been found t h a t  t h i s  r e l a t i v e l y  
simple f a c t o r  Z / D  can satisfactorily account f o r  chenges i n  geometric des ign 
f e a t u r e s  such a s  l o n g i t u d i n a l  and v e r t i c a l  p o s i t i o n  of  t h e  n a c e l l e ,  t h e  i n c i -  
dence of  t h e  n a c e l l e ,  and t h e  r e l a t i v e  s i z e  of t h e  f l a p  and engine  nozzle .  A 
paper by D. R. Hoad ( r e f .  12) i n  t h i s  conference w i l l  g ive  more informat ion O,I 

t h i s  sub jec t .  

I n  t h e  c a s e  of t h e  upper s u r f a c e  blown £ l a ?  (USB), t h e r e  a r e  some o t h e r  
c r i t i c a l  f a c t o r s  involved i n  t h e  t u r n i n g  of t h e  j e t  exhaust  a s  i n d i c a t e d  by 
f i g u r e  15  (taken from r e f .  13) .  On t h i s  p l o t  of engine  f a n  p r e s s u r e  r a t i o  
a g a i n s t  t h e  r a t i o  of jet th ickness  t o  f l a p  t u r n i n g  r a d i u s ,  a boundary f o r  good 
t u r n i n g  is shown. The boundary i n d i c a t e s  t h a t  r educ t ions  i n  p r e s s u r e  r a t i o  
permit t h i c k e r  j e t s  t o  be used, bu t  i t  has  been found t h a t  even w i t h  low-fan- 
p ressure - ra t io  engines ,  some s p e c i a l  f e a t u r e s  a r e  r equ i red  f o r  s a t i s f a c t o r y  
turning.  These s p e c i a l  f e a t u r e s  inc lude  extreme f l a t t e n i n g  of t h e  exhaust  
nozzle,  a downward d e f l e c t i o n  of t h e  nozzle ,  and t h e  use  of some f l o v  c o n t r o l  
device  such a s  boundary-layer c o n t r o l  o r  v o r t e x  genera to r s  a t  t h e  knee of :he 
f l a p .  The YC-14 AMST makes use  of vor tex  g e n e r a t o r s  a long w i t h  a  smal l  nozz le  
d e f l e c t i o n  angle  t o  o b t a i n  good tu rn ing .  An i l l u s t r a t i o n  of t h e  improvement i n  
tu rn ing  obta ined wi th  rlozzle d e f l e c t i o n  ang le  is shown i n  f i g u r e  16. Note t h e  
favorable  s h i f t  i n  t h e  boundary wi th  t h e  d e f l e c t e d  nozzle .  The ske tches  i n  

t 
! I  

f i g u r e  17 ( taken from r e f .  13) i l l u s t r a t e  how t h e  d e f l e c t e d  nozzle  f l a t t e n s  t h e  
I 

j e t  shee t  t o  produce b e t t e r  turning.  Since  t h e  j e t  s h e e t  a l s o  2preads o u t ,  i t  
covers a  g r e a t e r  T a r t  of t h e  f l a p  span and r e s u l t s  i n  improved : f t  performance. 1 

! 

It should be poinLed ou t  t h a t  t h e  nozzle  d e f l e c t i o n  angle  i ' l u s t r a t e d  i n  
f i g u r e s  16 and 17 m y  be r e f e r r e d  t o  i n  l a t e r  papers i n  t h e  conference a s  
l e f l e c t o r  angle ,  kickdown ang le ,  o r  nozzle  roof ,agle.  D ~ f i n i t ! ~ o n  of t h e s e  
ang les  may d i f f e r  i n  d e t a i l  bu t  they a l l  r e f e r  t o  a  dow~ward d e f l e c t i o n  of t h e  
exhaust  over t h e  top of t h e  wing t o  f l a t t e n  t h e  j e t  shee t  and make i t  t u r n  

STABILITY AND CONTROJ. 

Now l e t  us  t u r n  from performance t o  s t a b i l i t y  and c o n t r o l  c o n s i d e r a ~ i o n s .  
A c r i t i c a l  problem i n  t h i s  a r e a  f c r  both  e x t e r n a l l y  blown concepts  is  maintain- / :  ; 
ing  l a t e r a l  t r i m  wi th  an engine ou t .  Of course ,  an a t tempt  is  made i n  t h e  b a s i c  I! /; 
design of t h e  a i r c r a f t  t o  minimize t h e  problen by l o c a t i n g  t h e  engines  a s  f a r  
inboard on t h e  wing a s  p o s s i b l e ;  but  s p e c i a l  p rov i s ions  a r e  s t i l l  required t o  
o b t a i n  l a t e r a l  t r i m  wi thout  p r o h i b i t i v e  l o s s e s  i n  l i f t .  Typ ica l  e ~ g i n e - o u t  
r o l l i n g  monents measured on EBF and USB models ( r e f s .  13  and 14) a r e  presented 
i n  f i g u r e  1 8  a s  a  func t ion  of t h e  engine-out l i f t  l o s s .  The s o l i d  l i n e  repre-  
s e n t s  t h e  r o l l i n g  moments obta ined by mul t ip ly ing  t h e  l o s s  i n  l i f t  by t h e  d i s -  
tance  o u t  t o  t h e  dead engine ( y l b ) ,  whereas t h e  d a t a  p o i n t s  s h ~ i  t h e  measured 
r o l l i n g  moments, For both models, t h e  f a c t  t h a t  t h e  measured moments a r e  
smal le r  than t h e  calculates moments i n d i c a t e s  t h a t  t h e  c e n t e r  of  l!f t  induced 
by an engine  is somewhat inboard of t h e  engine.  These measured mome.ts, how- 
ever ,  a r e  s t i l l  very l a r g e  and r e q u i r e  s p e c i a l  a t t e n t i o n  on t h e  p a r t  of t a e  

i i : 
1 ,  

, I 
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9 n e  s a t i s f a c t o r y  s o l u t i o n  t o  t h e  p rob lem f o r  t h e  e x t e r n a l l y  b l o b n  f l a p  
is i l l u s t r a t e d  i n  f i g u r e  1 9  ( t a k e n  f rom ref .  1 4 ) .  Shown on a p l o t  o f  r o l l i n g -  
moment c o e f f i c i e n t  a g a i n s t  l i f t  c o e f f i c i e n t  are t h e  b a s i c  4 -eng ine  CL,max 
c o n d i t i o n ,  t h e  e n g i n e - o u t  c o n d i t i o n  w i t h  n o  l a te ra l  tr!!., and t h e  trimmed con- 
d i t i o n s  o b t a i n e d  w i t h  midspan d i f f e r e n t i a l  fJ .aps  and s p o i l e r s .  With b o t h  t h e  
s p o i l e r s  and f l a p s  d e f l e c l e d ,  t h e  r o l l i n g  moment i s  Inore t h a n  a d e q u a t e  f u r  
la teral  trim; t h e r e f o r e ,  much o f  t h e  s p o i l e r  e f f e c t i v e n e s s  Ls a v a i l a b l e  f o r  
maneuver ing  i n  r o l l .  

T h i s  s o l u t i o n  t o  t h e  e n g i n e - o u t  l a te ra l  trim prob lem d i d  n o t  work f o r  t h e  
u p p e r  s u r f a c e  blown f l a p  b e c a u s e  o f  a  b a s i c  d i f f e r e n c e  i n  t h e  f l o w  p a t t e r n s  o v e r  1 ;- 
t h e  wing  and  f l a p ,  as i l l u s t r a t e d  i n  f i g u r e  20 ( t a k e n  f r o ~  r e f .  1 3 ) .  For  t h e  L 

f 
e x t e r n a l l y  blown f l a p ,  t h e  f l o w  i m p i n g e s  on t h e  b o t t o m  s u r f a c e  o f  t h ~  f l . p s  and f 
s p r e a d s  o u t  s p a n w i s e  t h r o a g h  t h e  f l a p  s l o t s  s o  t h a t  t h c  p o w e r e d - l i f t  e f f e c t  I 
e x t e n d s  w e l l  o u t b o a r d  o f  t h e  e n g i n e s .  For  t h e  u p p e r  s u r f a c e  blown f l a p ,  t h e  ! 

jet e x h a u s t  t e n d s  t o  r o l l  up and  c o r . t r a c t ,  and t h u s  p u l l s  t h e  lower  v e l o c i t v  1 ;. f r e e - s t r e a m  f l o w  inward a l o n g  t h e  mid.;pan. The midspan f l , l p  segment  is t h e r e -  
f o r e  n o t  v e r y  e f f e c t i v e  f o r  p r o v i d i n g  r o l l  t r i m .  A much more e f f e c t i v e  r o l l  
trim f o r  t h e  USB c o n f i g u r ~ t i o n  was found t o  b e  t h e  u s e  o f  a s y m m e t r i c a l  boundary-  ! 
l a y e r  c o n t r o l ;  t h a t  is, t h e  u s e  of  BLC on  t h e  l e a d i n g  edge  a ~ d  a i l e r o n  o f  t h e  I 

w ing  w i t h  t h e  e n g i n e  o u t  b u t  n o t  on t h ?  c ) t h ? r  wing.  F i g u r e  '71 shows some l a t e r a l  1 
trim d a t a  o b t a i n e d  w i t h  t h i s  method ( r r f .  1 3 )  which  l o o k  v e r y  s i m i l a r  t o  t h e  
r e s u l t s  o b t a i n e d  c n  t h e  LBF model w i t h  t h e  midspan d i f f e r e n t i a l  f l a p  and s p o l l e r .  
T h i s  p o i n t  w i l l  be  c o v e r e d  i n  more d e c l i l  by A.  E .  P t l e lps  111 and J .  L .  J o h n s o n  i ' 

Y ,  
( r e f .  1 5 ) .  

, 
Another  c r i t i c a l  s t a b i l i t y  and , ~ n t r o l  p rob lem a r e a  f o r  p o w e r e d - l i f t  a i r -  ! _ 

c r a f t  Ls t h e  d e s i g n  o f  t h e  h o r i z o n t a l  t a i l  f o r  a d e q u a t e  l o n g i t u d i n a l  trim and , . 

: i  I :  

s t a b i l i t y .  L o n g i t u d i n a l  trim is a  p rob lem b e c a u s e  o f  t h e  l a r g e  nose-down p i t c h -  
i n g  moments p roduced  by p o w e r e d - l i f t  f l a p s  a t  h i g h  r h r u s t  s e t t i n g s .  The p rob lem 

8 .  

is i l l u s t r a t e d  i n  f i g u r e  22  ( d a t a  f rom r e f .  1 3 )  which shows t h e  h o r i z o n t a l - t a i l  
s i z e  r e q u i r e d  'c trim o u t  t h e s e  nose-down moments a t  v a r i o u s  l i f t  c o e f f i c i e n t s .  

t , -  Curves  a r e  shok , f o r  a 27O swept  wing cind a n  un:,wept wing h a v i n g  U S B  f l a p s .  
I 

( S i m i l a r  r e s u l t s  vrould b e  e x p e c t e d  w i t h  t h e  EBF c o n c e p t  . )  A t a i l  arm ( 1  t a i l / c )  
o f  fo i l r  wing  c h o r d s  and a t a i l  l i f t  c o e f f i c i e n t  ( i L , t a j l )  o f  two have  bccn $ 

assumed i n  c a l c u l a t i n g  t h e  c u r v e s .  I t  is a p p . i r e n t  t h a t  v e r y  l a r g e  h o r i z o n t a l  
t a i l s  a r e  r e q u i r e d  f o r  trim a t '  t h e  h i g h e r  l i f t  c o e r f i c i c n t s  obt.-iined w i t h  pow- 
e r e d  l i f t ,  e s p e c i a l l y  f o r  t h e  unswept wing .  The trim r e q u i r e m e n t s  a r e  s m a l l e r  
i ~ r  t h e  swept  winy b e c a u s e  w i t h  t h e  e n g i n e s  l o c a t e d  i n b o a r d ,  t h e  p o w e r e d - l i f t  
l o a d s  are a c t i n g  f u r t h e r  f o r w a r d  w i t h  r e s p e c t  t o  t h e  c e n t e r  o f  g r a v i t y  and t h e r e -  
f o r e  p roduce  s m a l l e r  nose-down moments. Even f o r  t h e  s w e p t  wjng ,  however ,  t h e  
t a i l  s i z e s  r e q u i r e d  a t  t h e  h i g h e r  l i f t  c o e f f i c i e n t s  a r e  much l a r g e r  t h a n  t h e  + 

4 

;irl-?.;l o f  a b o u t  20 p e r c e n t  u s u a l l y  r e q u i r e d  f o r  c o n v e n t i o n a l  t r a n s p o r t s .  f 

1 T h i s  l a r g e  h o r i z o n t a l  t a i l  must a l s o  b e  p o s i t i o n e d  p l o p e r l y  on t h e  a i r -  
c r a f t  t o  g i v e  s a t i s f a c t o r y  l o n g i t r l d i n a l  ? t a b i l i t y ,  a s  i l l u s t r a t t ? :  , . I  f i g u r e  2 3  4 1 : :  
( t a k e n  f rom r e f .  1 4 ) .  T h e s e  pi tching-moment  d a t a ,  f g r  a  powered-l  i f t  a p p r o a c h  1 ;  ' ,  , 
c o n d i t i o n ,  shcw t h e  u n s t a b l e  t a i l - o f f  c j r v e  w i t h  t h e  l a r g e  nose-down ~noments  1 : and two t a i l - o n  c u r v e s .  With t h e  h i g h  r e a r w a r d  t a i l  l o c a t i o n ,  t h e  model is 
l o n g i t u d i n a l l y  uns t ; ab le .  Moving t h e  t a i l  :orward i n  t h e  h i g h  p o s i t i o n  makes 1 : 

1 I t h e  model s t a b l e ,  a t  least o u t  t o  a n  a n g l e  o f  a t t a c k  o f  15". F i g u r e  24 ( t a k e n  
, 1 '  

I /  I 
i i t :  

+ , # i  L -  . 



from r e f .  14) shows why moving t h e  r a i l  forvard helped t h e  s t a b i l i t y .  The trail- 
ing  v o r t i c e s  o r i g i n a t i n g  a t  t h e  wing t i p  o r  outboard end of t h e  f l a p  move inward 
s o  t h a t  a reaward- located t a i l  tends  t o  move i n t o  a region of d e s t a b i l i z i n g  
downwash as angle  of a t t a c k  is increased.  Loca t fcg  t h e  t a i l  f a r t h e r  f c w a r d  
g e t s  it f a r t h e r  away from t h e  v o r t i c e s  and i n t o  a region of l e s s  d e s t a b i l i z i n g  
downwash. It is apparent from t h i s  ske tch  and t h e  two preceding d a t a  f i g u r e s  
t h a t  s i z i n g  and l o c a t i n g  t h e  h o r i z o n t a l  t a i l  f o r  s a t i s f a c t o r y  t r i m  and s t a b i l i t y  
can be a c r i t i c a l  des ign problem For powered-lif t a i r c r a f t  . 

Another important s t a b i l i t y  and c o n t r o l  c o n s i d e r a t i c n  f o r  pow: red- l i f t  air- 
c r a f t  i s  t h e  s t a b i l i t y  of :'-- Dutch ro l l  c s c i l l a t i o n ,  as i l h s t r a t e d  i n  f i g c r e  25 
(taken from r e f s .  1 3  and 14) .  Calcula ted Dutch r o l l  c h a r a c t e r i s t i c s  f o r  USB and 
EBF conf igurat ions  wi th  swept a l ~ d  unmept  wings a r e  shorn w2th boundaries taken 
from an AGARD pub l ica t ion  o a t l i n i n g  STOL handling c r i t e r i a  ( r e f .  16) .  Tht: p l o t  
on the  l e f t  shows t h a t  wi th  t h e  swept wing, both t h e  USB and EBF a i r c r a f t  had 
unsa t i s fac to ry  Dutch r o l l  s t a b i l i t y  when t h e  l i f t  coef f i c j . en t  was increased from 
1.5 t o  5.0. S a t i s f a c t o r y  dampiag could be obta ined by doubling t h e  b a s i c  r o l l  

.'%*<7=:: and yaw damping of t h e  EBF a i r c r a f t  and t r i p l i n g  t h e  r o l l  and yaw damping of t h e  .2 
USB a i r c r a f t .  I n  c o n t r a s t ,  t h e  p l o t  on t h e  r i g h t  f o r  t h e  unswept wing shows t h a t  :.<' 
inc reas ing  t h e  l i f t  c o e f f i c i e n t  from 1.5 t o  5.0 makes t h e  Dutch r o l l  s t c b i l i t y  
s a t i s f a c t o r y  even wi th  t h e  b a s i c  r o l l  and yaw damping. The feet t h a t  t h e  unswept . - + I  

. .I 

wing looks s o  good from t h e  s t andpoin t  of Dutch r o l l ,  whi le  t h e  swept wing was 
shown t o  requ i re  a much smal ler  h o r i z o n t a l  t a i i  f o r  l o n g i t u d i n a l  t r i m  ( f i g .  22) 

ACOUSTICS AND LOWS t ..': 
.: I - ;  

f ..:4 
The a r e a s  of powered-lift a c o u s t i c s  and ioads  w i l l  r.:w be  considered.  A good 

i i l u s t r a t i o n  of t h e  s e v e r i t y  of t h e  n o i s e  problem f o r  powered-lif t  STOL a i r c r a f t  1 . I' ~2 

is shown i n  f i g u r e  26 (from r e f .  17) which compares t h e  n o i s e  requirements f o r  '.-.I 
STOL and CTOL (conventional take-off and landing)  a i r c r a f t .  F i r s t ,  t h e  b a r s  a t  t:...: ! 

/-<-:j 
t h e  l e f t  show t h e  present  and proposed Federal  Aviation Adminis t ra t ion (FAA) I -:.,a 

s i d e l i n e  no i se  c o n s t r a i n t s  (103 t o  98 EPNdB) f o r  a s i d e l i n e  d i s t a n c e  of 0.56 !cm 
(0.35 mile) o r  643 m (2100 f t ) .  I f  t h e s e  va lues  a r e  converted t o  a s i d e l i n e  
d i s tance  of 151 m (500 f t )  they become 124 and 119 EPNdB. The b a r  a t  t h e  
r i g h t  shows t h a t  t h s  t e n t a t i v e  STOL n o i s e  goal f o r  t h i s  same 151-m (500-ft) 
s i d e l i n e  d i s tance  is 95 EPNdB, which means t h e  STOL must be 24 t o  29 EPNdB 
q u i e t e r  than , conventional a i r p l a n e .  This  s t r i n g e n t  requirement. cf course ,  
sterns from the  f a c t  t h a t  STOL a i r c t a f t  a r e  intended t o  o p e r a t e  from a i r p o r t s  
which a r e  c l o s e r  t o  populated a reas .  

Although t h e  STOL is required t o  be  much q u i e t e r  than a CTOL, i t  is  a c t u a l l y  
p o t e n t i a l l y  n o i s i e r  because i t  has  a much h igher  i t i s t a l l e d  t h r u s t  and opera tes  
a t  high khrust va lues  dur ing approach and 1andiv.g. The s o l u t i o n  t o  t h i s  problem 
is obviously the  use of a very q u i e t  eng i re ;  and pronlising resea rch  and develop- 
ment have been going on i n  t h i s  a rea .  Unfortunately,  t h e  e x t e r n a l l y  blown f l a p  
produces a d d i t i o n a l  noise  which cqmpounds t h e  problem, as i l l u s t r a t e d  i n  f i g -  
ure  27 (from r e f .  18). Noise r a d i a t i o n  p a t t e r n s  a r e  shown f o r  engine a lone ,  f o r  

7 I 
r 



f l a p s  r e t r a c t e d ,  and f o r  a  take-off  f l a p  d e f l e c t i o n .  There is a small i n c r e a s e  
i n  n o i s e  l e v e l  even wi th  f l a p  r e t r a c t e d ,  and a  very l a r g e  i n c r e a s e  when t h e  f l a p s  
a r e  extended down i n t o  t h e  jet exhaust .  

As  i n d i c a t e d  e a r l i e r ,  i t  was t h e  s e v e r i t y  of  t h i s  f l a p  impingement n o i s e  
w i t h  t h e  EBF which r e s u l t e d  i n  renewed i n t e r e s t  i n  upper s u r f a c e  blowing. The 
b e n e f i t  t o  be  gained by having t h e  exhaust  flow above t h e  wing t o  t a k e  advantage 
of t h e  s h i e l d i n g  e f f e c t  of t h e  wing is i l l u s t r a t e d  i n  f i g u r e  28 (from r e f .  18)  
which compares r o i s e  r a d i a t i o n  p a t t e r n s  and n o i s e  l e v e l s  f o r  EBF and USB f l a p  
systems wi th  a  l and ing  f l a p  d e f l e c t i o n .  The p l o t  a t  t h e  l e f t  shows t h a t  t h e  USB 
produces more no i se  above the  wing but produces much l e s s  n o i s e  below t h e  wing, 
which is, of course ,  t h e  important  d i r e c t i o n .  The p l o t  a t  t h e  r i g h t  shows t h e  
v a r i a t i o n  of no i se  wi th  nozzle  exhaust  v e l o c i t y  f o r  t h e  two concepts.  A sub- 
s t a n t i s l  r educ t ion  i n  exhaust  v e l o c i t y  is required wi t11  t h e  EBF t o  g ive  compa- 
r a b l e  no i se  l e v e l s  wi th  t h e  USB; t o  o b t a i n  t h i s  lower exhaust  v e l o c i t y ,  an  
engine  wi th  a lower fan  p ressure  r a t i o  is required wi th  t h e  EBF. Recent 2zvelap- 

i ments which i n d i c a t e  s o l u t i o n s  t o  the  n o i s e  problems of both  t h e s e  concepts  a r e  
covcred i n  l a t e r  s e s s i o n s  of t h e  conference.  

I n  t h e  a r e a  c f  aerodynamic loads ,  one of t h e  problems inheren t  i n  t h e  
e x t e r n a l l y  blown concepts is t h e  lame s t a t i c  loads  produced on t h e  f l a p s  a s  
i l l u s t r a t e d  i n  f i g u r e  29 ( taken from r e f .  1 9 ) .  On t h i s  p l o t  of t h e  spanwise 
v a r i a t i o n - o f  f l a p  normal f o r c e  on t h e  t h r e e . f l a p  segments, t h e  peak loads  a r e  
obta ined d i r e c t l y  behind each engine.  These r e s u l t s  were obta ined on an 
EBF model; but  s i m i l a r  peak va lues  behind t h e  engines  0ccr.r f o r  USB conf igura-  
t i o n s  a s  w i l l  be seen i n  a subsequent paper by B. Perry  III and M. R. Mendenhall 
( r e f .  20). Another loads  problem f o r  both  of t h e s e  cortcepts is h i g h - i n t e n s i t y  
f l u c t u a t i n g  loads  which can induce high v i b r a t i o n  l e v e l s  and son ic  f a t i g u e .  
Figure  30 ( taken from r e f .  21) i l l u s t r a t e s  t h e  p r i n c i p a l  sources  of t u r b u l e n t  
p ressure  f l u c t u a t i o n s  f o r  hoth e x t e r n a l l y  blown ccncepts .  These p ressure  f l u c -  
t u a t i o ~ ~ s  can be generated wi th in  t h e  engine  by combustion, i n  t h e  mixing region 
of the  core  o r  bypass exhaust  j e t ,  o r  i n  the  flow impingement region by boundary 
l a y e r s  o r  separa ted  flow. The s i g n i f i c a n c e  of t h e  dynamic loads  induced by 
these  p ressure  f l u c t u s t i o n s  is  i l l u s t r a t e d  i n  f i g u r e  31 ( taken from r e f .  22). 
The sound p ressure  l e v e l s  of s e v e r a l  sources  of a c o u s t i c  loading on a i r c r a f t  
are  compared i n  b a r  graph form. For sound :bressure l e v e l s  ;above about 130 dd,  
son ic  f a t i g u e  f a i l u r e s  of l i g h t  secondary : . . ruc tu res  have become a  problem with  
the  top f o a r  sources  shown. I t  is t h e r e f o r e  expncted t h a t  blown f l a p s  (both  
EBF and US&) w i l l  a l s o  be sub jec t  t o  s o n i c  f a t t p u e  and t h a t  s p e c i a l  a t t e n t i o n  
must be given t o  t h i s  problem i n  t h e  detk ed des ign of t h e  powered-l if t  system. 

OTHER POWERED-LIFT CONCEPTS 

Some o t h e r  powered-l if t  concepts  which have r e c e n t l y  bren r e c e i v i n g ' a t t e n -  
t i o n  a r c  i l l u s t r a t e d  i n  f i g u r c  32. F i r s t ,  a t  the  top of t h e  f i g u r e  i~ t h e  over- 
the-wing blowing arrangement which has p o t e n t i a l  a p p l i c a t i o n  t o  convent ional  
subsonic t r a n s p o r t s  and supersonic  t r a n s p o r t s .  This  c o n ~ * ~ > p t  d i f f e r s  f ron upper 
s u r f a c e  blowing i n  t h a t  t h e  engine exhaust  i n  c r u i s i n g  f l i g h t  does not  touch 
t h e  upper s u r f a c e  of t h e  wing. Thus, scrubbing d r a g  LS avoided and i t  might be 



possible to position the engine so that the 2xhaust produces a favorable rather 
than a detrimental interference drag. For low-speed flight, tail-pipe deflectors 
turn the exhaust downward against the top of the wing. Research results on this 
concept will be given in a rubsequent paper by P. L. Coe and P. G. Fournier 

Another concept, illustrated at the lower left, is spanwise blowing, a 
technique in w!:' -11 a jet of air is blown out along the upper surface of the 
wing in a direction essentially parallel to the leading edge in order to enhance 
the leading-edge vortex and thereby delay vortex breakdown and wing stall to 
higher angles of attack. (See ref. 24.) This concept appears to be promising 
as a means of increasing the maneuverability of fight~r aircraft. Another 
means of increasing fighter maneuverabi!ity, which has also been studied 
recently, is the use of powered-lift maneuvering flaps su~,, .is illustrated at 
the lower right of figure 32. Flaps of this type can provide the substantial 
increase in lift desired for better maneuvering capability. 

CONCLUDING REMARKS 

In thi~ overview of powered-lilt technology, an attempt has been made to 
present in a very condensed form, an objective view of both the potential and 
the problems of powered lift. The papers to be presented during the remainder 
of the conference will complete the picture and will cover some of the latest 
developments in the field. 
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Figure 15 . -  S t a t i c  turnicg.  
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Figure 16.-  Effect  of nozzle d e f l e c t i o n  angle .  
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Figure 17.- Flow characteristics behind nacelles. 
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Figure 18.- Engine-out rolling moments. 
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Figure 19.-  Engine-out l a t e r a l  trim. Fzternal ly  blown f l a p .  

Figure 20.- Comparison of f l ~ w  patterns for 
EBF and USB models. 
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Figure 2 1 . -  Engine-out la tera l  trim. 
Upper surface blown f lap.  
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Figure 23.- Longitudinal stability. 

Figure 24.- Wing vortex flow. 
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Figure 25.- Dutch roll characteristics. 
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Figure 26.- CTOL and STOL noise requirements. 
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k'igure 27.- EBF noise radiation patterns. 
30.4 m (100 f t) from noise source. 
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Figure 28.- Comparison of EBF and USB n o i s e .  
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Figure 29.- Spanwise variation of flap normal force. 4-engine EBF, 
landing flaps (15°/150/550) ; a = 16'; C,, = 4.0. 
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Figure 30.- Sources of fluctuating pressure on blown flaps. 
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UPPER-SURFACE-BLOWING FLOW-TURNING PERFORMANCE 

William C. Sleeman, Jr. 
NASA Langley Research Center 

Arthur E. Phelps 111 
Langley Directorate, U. S. Army Air Mobility R&D Laboratory 

SUMMARY 

Jet-exhaust flow-turning characteristics were determined for systematic 
variations in USE (upper-surface blowing) exhaust nozzles and trailing-edge 
flap conf iguration variables from experimental wind-of f (static) flow studies. 
For conditions with parallel flow exhausting from the nozzle, jet height (as 
indicated by nozzle exit height) and flap radius were found to be the most 
important parameters relating to flow turning. Nonparallel flow from the 
nozzle, as obtained from an internal roof angle andlor side spread angle, 
had a large favorable effect on flow turning. 

Comparisons made between static turning results and wind-tunnel aero- 
dynamic studies of identical configurations indicated that static flou- 
turning results can be indicative of wind-on powered-lift performance for both 
good and poor nozzle-flap combinations but, for aarginal designs, can lead to 
overly optimistic assessment of powered-lift potential. 

INTRODUCTIO-i 

The need for systematic study of upper-surf ace-blowing (USB) nozzle and 

USB nozzle and flap design variables were undertaken to fulfill this need for 
basic USB des~.gn information, as well as to improve understanding of the flow 
phenomena associated with generation of powered lift. ' I  

[ !  . .; 

Static flow-turning studies offer a relatively simple and inexpensive I l i  
' . /  

means of evaluating the high-lift performance potential of a range of USB I . ;  

configuration vari6bles. It is recognized that other factors, such as thrust ' 1  t 
I . 

recovery efficiency, are important to powered-lift performance; however, with- : 
out good flow turning, a configuration has little chance of developing . 

acceptable powered-lift characteristics. Static flow-turning d a t ~  for a broad 
range of configurations can identify promising nozzle-flap configurations for 
subsequent powered-lif t evaluation with forva speed effects in wind-tunnel , 
tests. Past experience generally has shown that configurations with good I 

static flow turning also provide appreciable lift increments due to power, ' I  



whereas conf igura t ions  t h a t  showed poor flow tu rn ing  a t  s t a t i c  cond i t ions  I 

a l s o  had very l i t t l e  gain  i n  l i f t  due t o  power. One of t h e  o b j e c , ~ v e s  of t h e  
work presented here in  was t o  determine e f f e c t s  of a broad range of nozzle-f lap  
conf igura t ions  on s t a t i c  flow-turning angles .  The second o b j e c t i v e  was t o  
determine how w e l l  t h e  wind-on l i f t  c h a r a c t e r i s t i c s  of USB conf igura t ions  
could be i n f e r r e d  from s t a t i c  f l o w - t u n i n g  c h a r a c t e r i s t i c s .  

S t a t i c  tests were conducted on a USB nozzle-flap model t h a t  provided 
f o r  sys temat ic  v a r i a t i o n s  of b a s i c  des ign parameters over a nozzle-pressure- 
r a t i o  range from about 1 t o  3. Eight  values ,of  nozzle  h e i g h t ,  seven va lues  
of f l a p  r a d i u s ,  and f i v e  va lues  of run l eng th  ahead of t h e  f l a p  were i n v e s t i -  
gated f o r  p a r a l l e l  flow from the  exhaust  nozzle.  The b a s i c  nozzle  was 
modified i n t e r n a l l y  t o  provide f o u r  i n t e r n a l  roof ang les  and two s i d e  spread 
angles  i n  a d d i t i o n  t o  t h e  b a s i c  p a r a l l e l  f low (0') angles .  Both s t a t i c  d a t a  
and wind-on tests i n  t h e  Lmgley  V/STOL wind tunne l  of a few complete models 
wi th  rec tangu la r  exhaust  nozzles  and wi th  full.-span leading-edge blowing pro- 
vided comparative information f o r  a s s e s s i n g  t h e  a p p l i c a b i l i t y  of s t a t i c  flow- 
tu rn ing  r e s u l t s .  

SYMBOLS 

L i f t  1lft pnc=Clelant - 
Thrust  t h r u s t  c o e f f i c i e n t  , - 

q s  

H nozzle  h e i g h t ,  he igh t  of nozzle  roof above nozzle f l o o r  a t  e x i t  

9 t e s t  dynamic p ressure  I I  I 
1 : I  ; 

USB 

Notation: 

Run leng th  

f l a p  rad ius ,  e f i ~ c t i v e  tu rn ing  rad ius  of USB f l a p  a t  tangent  
po in t  t o  upper s u r f a c e  of wing a i r f o i l  

reference,  w L . 6  a r e a  

angle  of a t t a c k  of wing chord l i n e  

f l a p  d e f l e c t i o n ,  angle  of f l a p  chord l i n e  a t  t r a i l i n g  edge wi th  
r e s p e c t  t o  wing chord l i n e  

upper-surface blowing 

l eng th  of s t r a i g h t  flow run downstream of nozzle e x i t  t o  
beginnicg of f l a p  curva tu re  



Flow-turning angle e f f e c t i v e  s t a t i c  turning angle of j e t  flow a f t e r  

fo rce  measurements, Axial force 

Nozzle pressure r a t i o  r a t i o  of t o t a l  pressure i n  exhaust nozzle t o  
ambient t o t a l  pressure 

Nozzie roof angle i n t e r n a l  angle of nozzle roof with respect  t o  
nozzle f l o o r  

Nozzle spread angle i n t e r n a l  spread angle of nozzle s i d e s  measured from 
nozzle center l i n e  (s lanted t o  spread exhaust 
flow . l a t e r a l l y  over wing and f l ap )  

STATIC TESTS OF NOZZLE-FLAP VARIABLES 

Model Description 

A photograph of the  s t a t i c  t e s t  model f.s shown i n  f i gu re  1 with ha l f  of 

ir-supply hookup. 

h t  ranging from 

or a l l  smaller 
hat  formed the  

The width of t he  exhaust nozzle remained constant while other  nozzle 
parameters such as spread angle and nozzle height  were var ied.  The span of 
the f l a p  was s u f f i c i e n t l y  l a rge  t o  cor.rain the flow f o r  a l l  conditions of 
the  exhaust nozzle inves t iga ted  ( f i g .  2 ) .  A l l  t e s t s  of the model were con- 
ducted over a range of nozzle pressure r a t i o s  which var ied from about 1.1 t o  
3.1 f o r  nozzle heights  equal t o  o r  l e s s  than 2.54 cm (nozzle aspect  r a t i o  of 
7) ; fo r  the l a rges t  nozzle height  of 5.08 cm (nozzle aspect r a t i o  of 3.5) , 



the  maximum pressure  r a t i o  t h a t  could be obta ined was l i m i t e d  t o  about 1.6 
because of mass-flow and to ta l -p ressure  l i m i t a t i o n s  of t h e  a i r -supply  system. 

E f f e c t  of P ressure  Ra t io  on Flow Turning 

The f l a p  and nozzle  v a r i a b l e s  i n v e s t i g a t e d  i n  t h e  p r e s e n t  s tudy  provided 
over 300 d i f f e r e n t  conf igura t ions  which were t e s t e d  over  a  range of nozzle  
p ressure  r a t i o s .  Th i s  paper p r e s e n t s  only  s e l e c t e d  p o r t i o n s  of t h e  v a s t  
amount of d a t a  obta ined,  t o  i l l u s t r a t e  t h e  p r i n c i p a l  f i n d i n g s  and t o  summarize 
the  r e s u l t s .  

Data showing e f f e c t s  of nozz le  p r e s s u r e  r a t i o  on flow t u r n i n g  for v a r i c u s  
nozzle  a spec t  r a t i o s  a r e  presented i n  f i g u r e  3. Flap r a d i u s ,  f l a p  t u r n i n g  
angle  (90°), and run l eng th  were h e l d  cons tan t .  The j e t  flow tu rn ing  a s  
i l l u s t r a t e d  i n  f i g u r e  3 is the  angle  of t h e  j e t  flow a f t e r  i t  passes  over t h e  
wing and f l a p .  The t e s t  r e s u l t s  show tu rn ing  ang les  t h a t  extended t o  about 
so0, which i n d i c a t e s  t h a t  t h e  j e t  flow dfd n o t  adhere t o  t.he 90' f l a p  a l l  
a long t h e  f l a p  but  separa ted  a t  some po in t  ahead of t h e  t r a i l i n g  edge. 

The nozzle  a s p e c t  r a t i o  was changed by varying t h e  j e t  e x i t  h e i g h t ,  and 
a  decrease  in the  nozzle  a s p e c t  r a t i o  was accompanied by an i n c r e a s e  in the 
h e i g h t  and a t t e n d a n t  flow thickness .  The r e s u l t s  of f;gure 3 shoy an ex- 
pected reduc t ion  i n  f low tu rn ing  as the  j e t  thickened (decreased nozzle  a spec t  
r a t i o ) .  Also, a s  the  j e t  he igh t  inc reased ,  cond i t ions  were reached where the  
flow :auld no longer n e g o t i a t e  t h e  t u r n  over t h e  f l a p  a t  h igher  p r e s s u r e  r a t i o s  
and t h e  abrupt  l o s s  i n  £ lob t u r n i n g  sliown f o r  sorce cur\lcs i n d i c a t e s  sudden 
detachmer.t of the  flow. P a s t  exper ience  has  shown tb,qt such sudde ;~  detachment 

I 1 ! 
can occur i f  the  corner  is too  sha rp  (smal l  tu rn ing  r a d i u s ) ,  t h e  j e t  i s  too I I , 
t h i c k ,  o r  the  p ressure  r a t i o  is too high.  i l l  

E f f e c t s  of p ressure  r a t i o  on flow t u r n i n g  f o r  a range of f l a p  r ~ d i . 2 ~  I r e  1 i i :  

shown i n  f i g u r e  4 ,  where f l a p  r a d i u s  is  expressed nondimensionally a s  a  func t ion  
1 1 , .  

of nozz le  he igh t .  For t h e s e  t e s t s ,  t h e  nozz le  a spec t  r a t i o  (and nozz le  
height)  was held cons tan t ,  a s  was t h e  f l a p  ang le  of 90°. Pas t  exper ience  would I 8 

lead one t o  expect inc renses  i n  f low t u r n i n g  wi th  i n c r e a s i n g  t u r n i n g  r a d i u s  
( r e f .  1)  ; however, t h e  d a t a  of f i g u r e  4 show p r o g r e d b i v ~  decreases  i n  tu rn ing  j with  inc reas ing  r a d i u s  a t  p r e s s u r e  r ~ t i o s  up t o  2.2. A s  mentioned p rev ious ly ,  . . 
the smal les t  r a d i u s  was too sha rp  f o r  flow tu rn ing  a t  h igh p ressure  r a t i o s ,  I I 

and abrcpt  detachment was shown f o r  p ressure  r a t i o s  above 2.2. Addi t ional  
d e t a i l s  on e f f e c t s  of f l a p  r a d i u s ,  p a r t i c u l a r l y  i n  t h e  lower range,  w i l l  be 
discussed l a t e r .  

The t e s t  r e s u l t s  over a range o i  p ressure  r a t i o  presented i n  f i g u r e s  3  1 1 I ;  
and 4 a r e  f a i r l y  t y p i c a l  of tllc na tu re  of t h e  c h a r a c t e r i s t i c s  obta ined f o r  a  j I 1 -  

I ! -  wide range of nozzles  and f l a p  geometry, and most of the  d a t a  showed only 
minor v a r i a t i o n s  i n  tu rn ing  ang1.e wi th  p ressure  rat!.o a t  low and moderate 
pressure  r a t i o s .  The t e s t  r e s u l t s  a t  low va lues  (c1.5) of nozzle  p ressure  



r a t i o  were found t o  be  i n d i c a t i v e  of t h e  maximum flow tu rn ing  t o  b e  expected 
from a given conf igura t ion .  A nozz le  p ressure  r a t i o  of 1.4 h a s  been s e l e c t e d  
a s  r e p r e s e n t a t i v e  of a  q u i e t ,  high-bypass-rat io propuls ion system m d  w i l l  be  
u t i l i z e d  f o r  t h e  remaining d i scuss ion  of t h e  s t a t i c  tetlts of nozz ie - t l ap  
v a r i a b l e s .  

E f f e c t  of Flap Radius on Fl.ow Turning 

Data which show e f f e c t s  of f l a p  r a d i u s  on flow tur i .1  g  f o r  smal l  inc re -  
.mts over a  broad rnnge of nozzle  a spec t  r a t i o s  a r e  presented i n  f i g u r e  5. 

These r e s u l t s  a r e  f o r  a  nozzle  p ressure  r a t i o  o I  1.4 and a  cons tan t  run 
length.  The f l a p  r a d i u s  is nondimensionalized by the  nozz le  he igh t .  

While radius-height  r a t i o s  up t o  32 were included i r  t h e  r e s u l t s  of 
f i g u r e  4 ,  the  r e s u l t s  of f i g u r e  5 a r e  concerned only w i t k  t h e  lower end of 
the  r a d i u s  range ( t o  va lues  of about 8). 

The r e s u l t s  of f i g u r e  5 show t h e  expected i n c r e a s e  i n  f l ~ w  t c m i n g  k i t h  
i n c r e a s i n g  r a d i ~ s  a t  very low va lues  of radius-height r a t i o ,  b u t  a  breakaway 
po in t  is ev iden t  beyond which l i t t l e  o r  no i n c r e a s e  iil t ~ . r n i n g  cccurs  as the  
rad ius  inci-eases ( f o r  each nozzle  a spec t  r a t i o ) .  Each nozz le  a spec t  r a t i o  
had i t s  own breakaway p o i n t  except  poss ib ly  f o r  t h e  asper:t-ratio-28 nozz le ,  
f o r  which d a t a  were lacking.  l h e s e  t e s t  r e s u l t s  a l s o  s b ~ w  t h a t  t h e r e  i s  some 
upper l i m i t  t o  t h e  flow-turning angle  t h a t  c ~ l l  be obta ined wi th  a  p a r t i c u l a r  
p a r a l l e l - f  low nozzle'/ f  l a p  combination. 

The d a t a  of f igur,? 5 were g e n e r a l l y  r e p r e s e n t a t i v e  of d a t a  obta ined a t  
o t h e r  p ressure  r a t i o s  and run lengths .  Inc reas ing  t h e  nozzle  p ressure  r a t i o  
from the  1.4 value  used f o r  f i g u r e  5 t o  a  value  of 2.0 callsed only a  s l i g h t  
reduct ion i n  f low tu rn ing ,  whi le  v a r i a t i o n s  i n  flow tu rn ing  wi th  run l eng ths  
g r e a t e r  t h v l  z e r c  werr r e l a t i v e l y  smal l .  Most of the  dat.a a v a i l a b l e  from 
t h i s  i n v e s ~ i g a t i o n  weze used t o  develop the  Following f i g u r e  ( f i g .  6)  which 
accounts f o r  second-order s f f e c t s  by shaded a r e a s  whicli replaced t h e  d i s c r e t e  
l i n e s  of f i g u r e  5. Breakaway p o i n t s  f o r  s e v e r a l  nozzle  aspect  r a t i o s  a r e  
i n d i c a t e d  by the  numbers shown on t h e  r i s i n g  shaded band i n  f i g u r e  6 .  This  

; ing shart.;-4 band s e p a r a t e s  the  region where flow tu rn ing  i s  a v a i l a b l e  from 
, , ~ e  region viis:r-6 flow tu rn ing  is no'- a v a i l a b l e  with p a r a l l e l  f l3w nozz les  and . 

90' f l a p s .  The r i s i n g  b a l d  extends  t o  about 60' flow tu rn ing  f o r  a  f l a p  r a d i u s  
r a t i o  of around 4 ,  bu t  t h i s  good t u r n i n g  is  obta ined only wi th  a  very  l a r g e  
nozzle  a spec t  r a t i o .  

Experience with USB nozzle-f lap  conf igura t ions  i n  o t h e r  s t u d i e s  has  / 
I I 

0 
demonstrated t h a t  f  low-turning ang les  equa l  t o  c r  b e t t e r  than the  60 shown 
i n  f i g u r e  6  have been obta ined on models wi th  r e l a t i v e l y  low-aspect - ra t io  1 ! 1 ;  : nozzles .  The ques t ion  n a t u r a l l y  a r i s e s  a s  t o  why these  low-aspect-razio I ! :  
nozz les  were a b l e  t o  provide such high turning.  Since the  h igh-aspec t - ra t io  I I 

< .  

I 
nozzle  of t h e  p resen t  s tudy provides  a very t h i n  j e t ,  t h e  e f f e c t i v e  j e t  he igh t  

. . ' i  a t  the  s t a r t  of t u r n i n g  is  perhaps of more fundamental importance than nozzle  
' .! 
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h e i g h t .  L o r a s p e c t - r a t i o  n o z z l e s  can  turn f low i f  t h e r e  is  some means of 
t h i n n i n g  and s p r e a d i n g  t h e  flow. S e v e r a l  means f o r  c a u s i n g  t h e  e x i t  f low t o  
t h i n  a f t e r  l e a v i n g  t h e  n o z z l e  habe been used s u c c e s s f u l l y  and i c c l u d e  t h e  u se  
of e x t e r n a l  d e f l e c t o r s ,  a  l a r g e  i n t e r n a l  roof  a n g l e ,  and a p p r e c i a b l e  nozz l e  
s i d e  f l a r e .  

EEfec ts  of  Nozzle I n t e r n a l  Angles 

The p r e s e n t  nozz le- f  l ~ p  s t u d y  i n c l u d e d  s y s t e m a t i c  v a r i a t i o n s  i n  i . * t e rna l  
roof a n g l e  and s i d e  sp read  a n g l e  a s  shown s c h e m a t i c a l l y  i n  t he  s k e t c h e s  i n  
f i g u r e  7. F l ap  r a d i u s  and run  l e n g t h  were varied-blAL t h e  n o z z l e  a s p e c t  r a t i o  
of 7.0 was h e l d  c o n s t a n t .  T y p i c a l  t u r r i n g - a n g l e  rest-ts a r e  a l s c  p r ~ s e n t e d  i n  
f i g u r e  7  a s  a  f u n c t i o n  of i n t e r n a l  roof  a n a l e  f o r  t h r e e  v a l u e s  of sp read  ang le .  
These t e s t  r e s u l t s  a r e  f o r  c nozz l e  a s p e c t  r a t i o  of 7 ard J r ad ius , -hc igh r  r a t i o  
of 4. For p a r a l l e l  e x i t  f low ( s e e  f i g .  6 ) .  t h e  f low t u r n i n g  a t  t t iese v a l u e s  
of a s p e c t  r a t i o  and r a d i u s  would b e  25' t o  30°, which i s  c o n s i s t e n t  w i t h  t h e  
f l ow  t c r n i n g  shown i n  f i g u r e  7 a t  0' roof  a n g l e  and 0" sp read  a n g l e s .  .+!:tat*- 
ment o f  60° t u r n i n g  can be  o b t a i n e d  e i t h e r  by i n c r e a s i n g  on iy  t h e  roof s n g l e  
t o  30' o r  by u s i n g  20' of s p r ~ a d  a n g l e  and O0 roof a n g l e  & f i g .  7 ) .  Combina- 
: i ~ n s  of  roof a n g l e  and s p r  a n g l e  can p rok ide  up t a  80 of f low t u r n i n g .  
The t r a d e - o f f s  i n  roof and sp read  a n g l e ,  a s  i l l u s t r a t e d  i n  f i g u r e  , ,  prov ide  
t h e  d e s i g n e r  w i t h  some freedom of s e l e c t i o c  t o  mi-lmiee probl.cms such  a s  h igh  
c r u i s e  d rag  a s s o c i a t e d  w i t h  h igh  boa t t a i ' . / r oo f  a n g l e s .  

dIE\'D-T11NNEI. TESTS OF CS)E!PLETE 1'SB \!t;DELS 

The p reced ing  d i s c u s s i o n  has  been concerned w i t h  w i a u - a . ~  - - a t i ,  t u r n i n g  
and d e s i g n  v a r i a b l e s  t h a t  i n f l u e n c e  f low t u r n i n g  f o r  r e c t a n g u l a r  n o z i  l e s .  7t1e 
second p a r t  of t h i s  paper  d e a l s  w i th  forward speed e f f e c t s  f o r  complste  Ca.3 
model c o n f i g u r a t i o n s  i n  wind-tunnel  t e s t s .  Emphasis is  g iven  t o  t h e  d e t e m i n a -  
t i o n  of how w e l l  t h e  wind-on l i f t  cha rac t e r i s t i c : :  can be i n f e r r e d  i r o n  t!;* 
s t a t i c  f  low-turning c h a r a c t e r i s t i c s .  

Four-Engine Elodel With Radius F l aps  

A photograph of t h e  four -engine  LlSB c o n f i g u r a t i o n  i n  t h e  L ~ n g l e y  V/STOL 
t unne l  is shown i n  f i g c ~ r e  8. The wing h.ld s u p e r c r i t i c a l  a i r f o i i  s e c t i o n s  w i th  
a  maximum t h i c k n e s s  af  9 .3  pe rcen t  cho rd ,  a  nominal quarter-clir-rd sweep iillgle 
of 30°, an a s p e c t  r a t i o  of 7 .48 ,  and a  t a p e r  r a t i o  o f  0.147. T e s t  r e s u l t s  
a  de t aF led  d e s c r i p t i o n  of t h i J  model a r e  g iven  i n  r e f e r e n c e  2 .  Thi s  r l > d e l  
p rov ides  a  v e r y  good t i e - i n  w i th  t h e  n o z z l e - f l a p  s t u d y  j u s t  d i s c u s s e d  inasmuch 
a s  i t  used a s p e c t - r a t i o - 6  r e c t a n g u l a r  exhaus t  n o z z l e s  and a 90° r , idius i i a p .  
.It shoi*,ld be  no ted  t h a t  bo th  t h e  chord and a r e a  of t h e  f l a p  decre,isc?d .is t h e  
d e f l e c t  ion  decreased  from 90"; t h e  a r c  l e n g t h  was p ro :~o r t  i ~ ~ n a l  t o  f l a p  d e i l e c -  
t i o n  a n g l e  ( i . e . ,  t h e  a r c  l e n g t h  o t  t h e  450 f l a p  was h a l f  o f  t h a t  f o r  t he  90' 
f l a p ) .  
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0 - . . Both s t a t i c  flow-turning and companion forward speed test r e s u l t s  a t  0 , . 
angle of a t t a c k  a r e  given i n  f i g u r e  9 f o r  a range of f l a p  d e f l e c t i o n s  from , 

45O t o  90°. S t a t i c  t e s t  r e s u l t s  presented i n  f i g u r e  9 show c o n s i s t e n t  in- 
creases  i n  f low tu rn ing  wi th  inc reas ing  f l a p  d e f l e c t i o n ,  and t h e  tu rn ing  
angle:: were e s s e n t i a l l y  i n v a r i a n t  wi th  t h r u s t .  The l e v e l  of flow turnin;  w a s  
f a i r l y  good; t h a t  is,  t h e  nozzl2-flap conf igura t i cn  turned t h e  flow about 
two-thirds of t h e  f l a p  daf l e c t i o n  (60' t u r n i n g  f o r  90' f l a p ) .  C h a r a c t e r i s t i c s  
of t h e  wind-on l i f t  t h a t  could be  i n f e r r e d  from these  f a i r l y  good s t a t i c  flow- 
turning d a t a  a r e  t h a t  l i f t  should i n c r e a s e  i n  a saooth  and s teady  manner wi th  
increased t h r u s t ,  and t h a t  l i f t  should i n c r e a s e  f o r  a given t h r u s t ,  proportion- 
a t e  t o  changes i n  f l a p  de f lec t ion .  These c h a r a c t e r i s t i c s  a r e  c e r t a i n l y  
evident  i n  t h e  wind-on d a t a  of f i g u r e  9 ,  and t h e  s t a t i c  t u r a i n g  d a t a  can be 
considered i n d i c a t i v e  of t h e  wind-on l i f t  c h a r a c t e r i s t i c s  t o  be ex2ected. 

Four-Engine Model With Modtfied S l o t t e d  Flap 

Representa t ive  test r e s z l t s  on t h e  same b a s i c  model j u s t  d iscussed bu t  
wi th  d i f f e r e n t  h i g h - l i f t  f l a p s  a r e  given in f i g u r e  10. The modified f l a p  
system is  shown a t  t h r e e  d i f f e r e n t  d e f l e c t i o n s  i n  t h e  ske tches  a t  t h e  top  of 
f i g u r e  10. The f l a p  wzs o r i g i n a l l y  a double-s lot ted  f l a p  f o r  an  e x t e r n a l l y  
blown f l a p  n2del;  t h e  f l a p  was modified f o r  upper-surface blowing by f i l l i n g  
i n  t h e  gaps between f l a p  elements. The r e s u l t i n g  flap-radius-nozzle-height 
r a t i o s  shown i n  f i g u r e  10 a r e  judged t o  be t h e  approximate e f f e c t i v e  values .  

The s t a t i c  flow tu rn ing  a t  low and moderate t h r u s t  appears t o  be  f a c r l y  
good, i n  t h a t  the  f low angle  was about equa l  t o  t h e  f l a p  d e f l e c t i o n  and was 
re la tLvely  i n v a r i a n t  wi th  t h r u s t  except f o r  t h e  f i r s t  few d a t a  p o i n t s  a t  t h e  
lower Flap angles.  I n  t h e  middle-to-high t h r u s t  range,  however, abrupt  de- 
tachment of t h e  flow occurred f o r  t h e  h ighes t  f l a p  d e f l e c t i o n ,  a s  evidenced 
by t h e  l a r g e  ~ e c r e a s e  i n  flow turning.  It could be i n f e r r e d  from these  
s t a t i c  r e s u l t s  t h a t  t h e  wind-an l i f t  a t  low t h r u s t  would vary i n  p ropor t ion  
t o  t h e  f l a p  d e f l e c t i o n  but  a t  high t h r u s t  would s u f f e r  a l o s s  i n  l i f t  i n  
going t o  t h e  h i g h e s t  f l a p  de f lec t ion .  The a c t u a l  wind--on l i f t  d a t a ,  however, 
show t h a t  l i f t  c o e f f i c i e n t s  f o r  t z e  h ighes t  f l a p  d e f l e c t i o n  were always lower 
than those f o r  t h e  lower f l a p  d e f l e c t i o n s .  The s t a t i c  d a t a  t h e r e f o r e  a r e  
over ly  o p t i m i s t i c  and no t  d i r e c t l y  i n d i c a t i v e  of t h e  wind-on c h a r a c t e r i s t i c s  
obtained . 

Previous experienc-. wi th  upper-surface-blown conf igura t ions  hab i a d i c a t e d  
t h a t  poor wind-on powei-ed-lift c h a r a c t e r i s t i c s  almost always accompany poor 
s t e t i c  flow-turning c h a r a c t e r i s t i c s .  Likewise, gogd i n v a r i a n t  s t a t i c  f law 
turning genera l ly  can be taken t o  i n d i c a t e  correspondingly good wind-on l i f t  
c h a r a c t e r i s t i c s .  Considerable uncer ta in ty  can e x i s t  between these  extremes of 
very good and poor s t a t i c  turning;  however, where apprec iab le  v a r i a t i o n s  i n  
flow tu rn ing  wi th  s t a t i c  t h r u s t  occur,  anomalies i n  t h e  wind-on l i f t  can 
genera l ly  b e  expected. The sudden detachment of t h e  flow shown f o r  t h e  65' 
f l a p  d e f l e c t i o n  i n  f i g u r e  10 suggests  t h a t  t h e  flow a t  low t h r u s t  was only 



marginally attached, and the addi t ion  of more t h r ~ s t  and/or addi t ion of the  
free-stream ve loc i ty  caused the j e t  flow t o  detach. I n  t h i s  l a s t  example, 
s t a t i c  flow-turning r e s u l t s  gave some indica t ion  t h a t  the  j e t  flow was only 
marginally attached f o r  some configurations and, with forward speed, would 
be expected t o  detach. The question then a r i s e s  a s  t o  the  l ikel ihood of a 
s i t u a t i o n  &ere the s t a t i c  flow-turning da t a  gave no ind ica t ion  of marginal 
attachment, while i n  f a c t ,  forward speed e f f e c t s  would cause the flow t o  de- 
tach. The discuasion i n  the next sec t ion  dea l s  with such a s i t ua t ion .  

- 1 ,  
, . 
i - >  . 
! 1 . '  

USB Model With Full-Span Leading-Edge Blowing 1 i i 
. . A  

A photograph of the  leading-edge-blowing model is shown i n  f i gu re  11. The 
model had blowing over the upper surface of the wing from a small full-span 
s l o t  located near the wing leading edge. The model had a double-hinge p l a in  
f l a p  with a v e r j  small radius  on the forward element. A sketch of the model 
a i r f o i l ,  showing the blowing s l o t  a t  19 percent chord and the deflected f l a p ,  
is gixen a t  the top of f i gu re  12. The use of a double-hinged f l a p  allowed a 
matrix of f l a p  combinations t o  be invest igated by s e t t i n g  the r e a r  f l a p  and 
varying the def lec t ion  of the  forward elercent over a range of angles. I n  
order t o  cover more model configurations chan could be e a s i l y  handled by the 
da t a  presentat ion used with the previous f igu res ,  the da t a  of f i gu re  12 a r e  
presented a s  a function of t o t a l  f l a p  deflect ion.  

Flow-turning angles and wind-on l i f t  coe f f i c i en t s  a r e  presented i n  .I - 
f igure  1 2  a s  funct ions of t o t a l  f l a p  def lec t ion  f o r  Cp = 2.0 wizh the wind 
on and f o r  @ + - t i c  thrubt  corresponding t o  Cp = 2.0 with the wind o f f .  None 
of the basic  wind-off flow-turning data  showed unusual va r i a t i ons  with s t a t i c  
th rus t .  S t a t i c  t e s t  r e s u l t s  of f igure  12 show t h a t  flow ~ u r n i n g  increased a s  
the t o t a l  f l a p  def lec t ion  increased, and turning angles up t o  85' were obtained 
a t  t he  highest f l a p  deflect ion.  The wind-on l i f t  data  of f i gu re  12 show in- 
creases  i n  l i f t  with f l a p  def lec t ion  up t o  a point  and then a decrease i n  l i f t .  
It is in t e re s t ing  t o  observe t h a t  t he  l i f t  peak always occurred a t  45' def lec t ion  
of t he  f ront  f l a p  (45' f ront  + 0' r e a r  = 4S0, 45' !rant + 15' r e a r  = 60°, and 
45O f ron t  + 30' r e a r  = 75'). These r e s u l t s  ind ica te  t h a t  good s t a t i c  flow 
turning may not always be  i n u ~ c a t i v e  of correspondingly good power-on l i f t  
charac te r i s t ics .  An assessment of t he  l i f t  po t en t i a l  based on the  s t a t i c  turn- , ; . .I 

ing da t a  fo r  t h i s  leading-edge-blowing model would be opt imis t ic  f o r  flow- ; .  ! ...! , . 
turning angi s i n  excess of about 60'. a - .  , i ,  ' .  

. , .! 
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CONCLUDING REMARKS , . 

S t a t i c  t e s t  r e s u l t s  obtained i n  an inves t iga t ion  of parallel-exit-flow 
USE nozzle and f l a p  geometric var ia t ions  over a range of nozzle pressure r a t i o  
from about 1 t o  3 showed very l i t t l e  e f f e c t  of pressure r a t i o  on s t a t i c  flow 
turning f o r  configurations with well-established flow. Test r e s u l t s  obtained 
a t  low preasure r a t i o s  were ind ica t ive  of the maximum flow-turnicg performance 
to  be expected. Some gains i n  flow turning were even real ized by the use of a 



emall (2.54 cm) run length ahead of the f l a p ,  but  f u r t h e r  increases  i n  run 
length produced r e l a t i v e l y  amall changes i n  turning. Flow-turning angles  in- 
creased when the  j 2 t  height  decreased and increased with f l a p  rad ius  up t o  a  
po in t ,  beyond which l i t t l e  or  no increase  w a s  evident.  The j e t  he igh t ,  a s  
indicated by the  nozzle e x i t  he igh t ,  and the  f l a p  radius  were t he  most important 
parameters r e l a t i n g  t o  flow turning f o r  p a r a l l e l  flow from the  nozzle. Non- 
p a r a l l e l  flow from t h e  nozzle ,  a s  obtained from an i n t e r n a l  roof angle and/or 
s i d e  spread angles ,  had a  l a rge  favorable  e f f e c t  on flow-turning angles. 

S t a t i c  tests and wind-or? tests of complete USB models i n  a  wind tunnel 
indicated t h a t  the  s t a t i c  flow-turning r e s u l t s  can be i nd i ca t i ve  of wind-on 
powered-lift performance f o r  both good and poor conditions.  For marginal 
condi t ions,  t he  s t a t i c  r e s u l t s  can lead t o  an overly op t imi s t i c  assessment of 
wind-on powered-lift po ten t ia l .  
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Figlre 1.- Model used in static tes ts  of USB nozzle and f l a p  vsriables .  
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Figure 3.- Effect of pressure rat io  on flow turning for various 
nozzle aspect rat ios .  Constant f lap  radius. 
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Figure 4 . -  Effect of pressure rat io  on flow turning for a range of 
f lap  radius. Nozzle aspect rat io  of 28 .  
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' i gu re  5.- E f f e c t  of f l a p  r a d i u s  on f low tu rn ing  f o r  a  p ressu re  r a t i o  
of  1 . 4  and a cons tan t  run length .  

NOZZLE ASPECT RATIO 

60 r 

I 28 
NOT A V A  I LA BLE 

WITH B A S I C  NOZZLE 
(PARALLEL FLOW) 

14 

M A X  InilUM 
FLG\"I 

T U R N I h G  
ANGLE, deg r 7 

AVAILABLE 
W I T H  BAS I C  NOZZLE 

(PARALLEL FLOW1 

0 1 2 3 4 5 
FLAP RADIUSINOZZLE HEIGHT 

Figure 6 . -  E f f e c t  of f l a p  r a d i u s  on maximum flow t u r n i n g  f o r  a range 
of p ressu re  r a t i o  and run  l eng th .  
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Figure 7 . -  Effects of nuzzle roof angle and spread angle on flow turning. 

Figure 8. - Four-engPne USB model with modesate-radius f Laps in 
the L a n ~ l e y  V/STOL tunnel. 
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Figure 9 . -  Stat ic  turning and wind-on l i f t  for moderate-radius 
f lap.  a = 0'. 
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Figure 10.- Effect of f lap  radius and deflect ion on s t a t i c  turning 
and wind-on l i f t .  a = 0'. 
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Figure 11. - Full-span leading-edge-b lowing model with small-radius 
I f laps  in the Langley V/STOL tunnel. 
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RESULTS OF STATIC TESTS OF A  SCALE MODEL 

OF THE BOEING YC-14 POWERED-LIFT SYSTEM 1:: 
James L. H a s s e l l ,  Jr. 

NASA Langley Research Center 

SUMMARY 

One-quarter-scale s t a t i c  ground t e s t s  of t h e  Boeing YC-14 powered- l i f t  
system were conducted f o r  c o r r e l a t i o n  wi th  f u l l - s c a l e  t e s t  r e s u l t s .  The 1/4- 

f 

s c a l e  model u t i l i z e d  a JT-15D turbofan engine t o  r epresen t  the  CF6-50D engine  
employed on the  YC-14 advanced medium STOL t r a n s p o r t  prototype a i r c r a f t .  The 
t e s t s  included eva lua t ion  of s t a t i c  tu rn ing  performance, s t a t i c  s u r f a c e  
pressure  and temperature d i s t r i b u t i o n s ,  f l u c t u a t i n g  l o a d s ,  and a c c e l e r a t i o n s  
of por t ions  of t h e  wing, f l a p s ,  and fuselage .  Resu l t s  a r e  presented f o r  t h e  
landing f l a p  conf igura t ion  over  an appropr ia te  range of f an  p ressure  r a t i o  a s  
a f f e c t e d  by s e v e r a l  v a r i a b l e s  including ground he igh t  and vor tex  genera to r  
modif ica t ions .  S t a t i c  tu rn ing  ang les  of the  o rde r  of 60' were obtained.  The 
h ighes t  s u r f a c e  p ressures  and temperatures were concentra ted  over  t h e  upper 
s u r f a c e  of the  f l a p s  i n  t h e  region immediately a f t  of the  USB nozzle .  

INTRODUCTION 

Pas t  NASA resea rch  on the  upper-surface blowing (USB) concept has  pro- 
gressed from t e s t s  of smal l -scale  powered models f o r  e v a l u a t i o n s  of low-speed 
powered-l if t  performance, s t a b i l i t y ,  and concrol  ( r e f s .  1 t o  4) t o  t e s t s  of 

1 ;  
large-scale  models powered by r e a l  turbofan engines  f o r  e v a l u a t i o n s  of the  
opera t ione l  environment produced on t h e  upper wirg and f l a p  s u r f a c e s  by the  ! I  i 
concept ( r e f s .  5 t o  7) .  The d a t a  base  provided by t h i s  r e sea rch  h a s  provided . : !  , ! 
a va luab le  foundation f o r  f u r t h e r  development of t h e  USB concept.  A s  a  r e s u l t  i ,  I 
of increased i n t e r e s t  i n  USB and t h e  performance p o t e n t i a l  i n d i c a t e d  f o r  such 1 ,  < ,  

a system, the  Boeing Company r e c e n t l y  incorporated the  USB concept i n  t h e  
J 

YC-14 advanced medium STOL t r a n s p o r t  prototype.  A s  i n d i c a t e d  i n  f i g u r e  1, t h e  
YC-14 u t i l i z e s  Coanda f l a p s  i n  conjunct ion wi th  USB nozz les  t o  provide low- , 
speed powered l i f t .  It w i l l  be noted,  however, t h a t  t h e  a i r p l a n e  uses  D- 
nozzles  t o  provide e f f i c i e n t  performance during low speed opera t ions  and a t  
c ru i se .  The D-nozzle, which has  a s e m i e l l i p t i c a l  e x i t  shape,  r e p r e s e n t s  a 
marked change i n  design from the  high-aspect-rat io,  r ec tangu la r  nozz les  pre- 
v iovsly  s tud ied  by NASA i n  large-scale  t e s t s  ( r e f s .  5 and 6 ) .  

The development program f o r  t h e  YC-14 included f u l l - s c a l e  s t a t i c  t e s t s  
of the powered-lift system components shown i n  f i g u r e  2. These components 
included the  CF6-50D engine,  the  USB nczz le ,  a  s t u b  wing, t h e  USB f l a p s ,  ana 



I 

, . 
, . 

an ad jacen t  b o i l e r  p l a t e  s e c t i o n  of t h e  fuse lage .  Some uf t h e  r e s u l t s  of 
t h e s e  f u l l - s c a l e  t e s t s  a t  Boeing's T u l a l i p  t e s t  f a c i l i t y  a r e  presented i n  
r e fe rence  8. 

I 

Boeing's f u l l - s c a l e  s t a t i c  t e s t  of t h e  YC-14 ponvered- l i f t  system provided ! 

t h e  impetus f o r  reduced-scale t e s t s  a t  Lsngley us ing a smal l  turbofan engine - 
t h e  primary o b j e c t i v e  being t o  e v a l u a t e  s c a l i n g  r e l a t i o n s h i p s  f o r  the  va r ious  ! 

technologies  involved.  Other o b j e c t i v e s  were t o  conduct exp lo ra to ry  powered- 
l i f t  r e see rch  wi th  a cruise-conf igured nozzle  and t o  e v a l u a t e  a broader range I 

I 

of v a r i e b l e s  than p r a c t i c a l  a t  T u l a l i p  because of the  c o n s t r a i n t s  i n  time and 
COS t . 

Evaluat ion o i  t h e  s c a l i n g  r e l a t i o n s h i p s  w i l l  be accomplished l a t e r ;  the  
p resen t  paper is  l i m i t e d  t o  8 f!,scussion of some of the  1 /4-scale  t e s t  r e s u l t s .  

Asecondary 
geometric a r e a  of secondary ( fan  flow) duc t  a t  mixing p lane ,  

cm2 ( i n 2 )  

s u r f a c e  s t a t i c  p r e s s u r e  r a t i o .  
Incremental  l o c a l  s u r f a c e  s t a t i c  p ressure  

Ambient p ressure  

1 :-..I :: I 

a x i a l  f o r c e ,  11 ( l b f )  I ! 
. . F~ 

ambient temperature ,  "C (OF) 

nondimensi3nal spanwise l o c a t i o n ,  
Spanwise d i s t a n c e  from a i r p l a n e  c e n t e r  l i n e  

Airplane  wing semispan 

i I 
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I 

, 

I ! 
1 :  

.. . ". 

1 .  .. , 
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Distance  nol-ma1 to l o c a l  su r face  
nondimensional normal l o c a t i ~ n ,  Airplane  wing semispan 1 

normal f o r c e ,  N ( l b f )  F~ 

t 
h/b r a c i o  of he igh t  of wing upper s u r f a c e  a t  USB nozzle  e x i t  t o  

wing span 

F 
-1 N j e t  tu rn ing  ang le ,  t an  -, deg 

F~ 
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tangency angle  of t h e  upper s u r f  ace  of t h e  af  t f l a p  a t  t h e  
t r a i l i n g  edge measured wi th  r e s p e c t  t o  wing chord p lane ,  deg 

The Langlcy 1/4-scale  model of t h e  YC-14 powered-l if t  system and the  s t a t i c  
ground t e s t  appara tus  is  shown i n  f i g u r e  3.  The model i s  powered by a  JZ-15D 
turbofan engine r a t e d  st 9786 N (2200 l b f )  s t a t i c  t h r u s t  ( a s  cqnpared wi th  
222.4 kc (50 000 l b f )  t h r u s t  f o r  t h e  CF6-50D engine of t h e  f u l l - s c a l e  YC-14). 
The s i d e  door on the  USB nozzle  was t e s t e d  only  i n  the  "door open" conf igura-  
t i o n  corresponding t o  t h a t  used f o r  powered-l if t  opera t ion.  Th i s  door has two 
func t ions :  F i r s t ,  i t  provides the  necessary  nozzle  a r e a  v a r i a t i o n  t o  o b t a i n  
engine match cond i t ions  f o r  b c t h  take-off and c r u i s e ,  and second, i n  the  open 
p o s i t i o n  f o r  powered-l if t  o p e r a t i e n ,  i t  h e l p s  spread t h e  exh,:ust gas flow ovt- 
board over t h e  Coanda i l a p  span. E s s e n t i a l l y  a l l  geometric d e t a i l s  of t h e  
n o ~ z l e ,  wing, f l a p s ,  vor tex  g e n e r a t o r s ,  and fuse lage  a r e  sca led  from the  YC-14. 
I n  t h i s  view the  model is  vounted a t  a  sca led  he igh t  above the  graund corre-  
sponding t o  t h e  f u l l - s c a l e  t e s t  a t  T u l a l i p ;  the  upper s ~ r f a c e  of the  wing is  
1.45 m (4.75 f t )  above the  s u r f a c e ,  compared wi th  5.80 m (19 f t )  f o r  the  f u l l -  
s c a l e  conf igura t ion  a t  T u l a l i p .  

Figure 4 sbows how the  YC-14 USB nozzle was adapted t o  t h e  JT-15D eng ine ,  
which has  a  b y ~ s s s  r a t i o  of 3 . 3  and a  maximum fan p ressure  r a t i o  of 1.4. 
(The CF6-50D engine has a  bypass r a t i o  of 4.4 and a  maximum fan  p ressure  r a t i o  
of 1 .6 . )  Thc .e d i f f e r e n c e s  i n  engine c h a r a c t e r i s t i c s  fo rced  a  compromise i n  
the  114-scale nozzle des ign;  the  primary and secondary a r e a s  a t  t h e  n ix ing  
plane  were adjus ted  t o  the  va lues  shown i n  f i g u r e  4  r a t h e r  than being geo- 
m e t r i c a l l y  scaled.  B a s i c a l l y ,  t h i s  design f e a t u r e  of the  nozzle  was ccmpro- 
mised i n  order  t o  match s t a t i c  p ressures  from the  fan  and core  f lows.  A l l  
o the r  geometric d e t a i l s  of t h e  YC- 14 no-z le ,  such a s  the  skewed plug primary,  
were r e t a i n e d  i n  the  114-scale r ~ c l .  The purpose of the  skewed pldg primary 
is t o  d i r e c t  the  ho t  core  flow t o  the  top of the  mixed flow nozzle  a r d  thereby 
minimize thermal problems on t h e  wing and f l a p s .  

Some of the  c h a r a c t e r i s t i c s  of t h e  JT-15D engine a r e  compared wi th  the  
CF6-5013 engine i n  t a b l e  1. Aside from the  very l a r g e  d i f  forence  i n  t h r u s t ,  
t h e s e  two turbofan engines  have somt.ahat s i m i i a t  c h a r a ~ , . . e r i s t i c s .  With both  
engines  opera t ing  a t  a  f an  p ressure  r a t i o  of 1.4,  the  fan dnd core  v e l o c i t i e s  
of the  two engines  correspond f a i r l y  we l i .  This  opera t ing  condi t ion i s  abgut 
66 percent  maximum t h r u s t  f o r  t h e  CF6-50D engine ,  However, a s  a  r e s u l t  of the  
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DESCRIPTION OF MODEL 



A s k e t c h  oi t h e  i l 4 - s c a l e  a p p a r a t u s  is F -9sen:ed i n  f i g u r e  5 t o  p rov ide  a 
d e s c r i p t i o n  o r  t h e  f o r c e  measurement system. The e n t i r e  model, i n c l u 6 i n g  t h e  
be l lmouth  i r . l e t ,  e n g i n e ,  n o z z l e ,  wing,  f l . i p ,  and f u s e l a g e ,  Ls suppor t ed  on a  
f l o a t i n g  f r m e  which has s:i,in gages  fcn; ircr  ltld a f t  t o  measure normal  f o r c e  
and J s imp le  rod-r igged load  c e l l  t o  measure a x i a l  f o r c e .  These measurements 
p rov ide  t h e  magnitude and d i r e c t i o n  of t h e  r e s c l t a n t  f o r c e .  The r e s u l t a n t  
f o r c e  is t h e  t i r u s t  recovered ,  and t h e  d i r e c t i o n  of t h e  r e s u l t a n t  f o r c e  is  i h e  
j e t  t u r n i n g  a n g l e  6,. I n  o r d e r  t o  de t e rmine  t h r u s t ,  t h e  fo iward  eng ine  mounts 
a r e  p i v o t e d  i n  p i l l o w  b l o c k s  which a r e  i n s t rumen ted  w i t h  s t r a i n  gages  t o  measure 
e n g i n e  a x i a l  f o r c e .  The a f t  eng ine  mount is  suppor t ed  by an a d j u s t a t ? . e  ll.r,k 
w i th  rod end b e a r i n g s  a t  t h e  t o p  and battom. The USB nozz l e  i s  mounted t o  
t h e  eng ine  c a s e  b u t  does n o t  Eoucn t h e  wiilg, t h e  f u s e l a g e ,  o r  any o t h e r  p a r t  
of t h e  f l o a t i n g  frame s t r u c t u r e .  A rubbe r  s e a l  i s o l a t e s  t he  f a c e  of t h e  eng ine  
from t h e  bellmoutr: i n l e t .  The o u t p u t  uf t h e  e n g i n e  a x i a l - f o r c e  s t r a i n  gage 
was ca , i b r a t e d  a g a i n s t  measured t h r u s t  w i t h  t h e  wtng,  f l a p s ,  and f u s e l a g e  
reffioved, and t h e  c a l i b r a t i o n  ob ta ined  was used t o  de te rmine  measured t h r u s t  
dk- r ing  subsequel i t  t e s t i n g  wi th  t h e  wing,  f l a p s ,  and f u s e l a g e  i n  p l a c e .  Th rus t  
recovery  e f f i c i e n c y  r\ is then  c 'ef ined as t 1 - i ~  r a t i o  of  t h e  t h r u s t  r ecove red  
t o  t h e  measured t h r u s t .  

, I  : ' , 

\ ' . . I  , 
3' I , 

i b  
d i f i e r e n c e  i n  bypass  r a t i o s ,  t h e  exhaus t  £1. i n  t h e  l / 4 - s c a l e  t e s t s  i s  com- 

Sensor  l o c a t i o n s  f o r  o t h e r  t y p e s  of d a t a  a r e  shown i n  f i g u r e  6 .  S t a t i c  
p r c s s u r e  p o r t s  and thernocoup!es were d i s t r i b u t e d  uni formly  ove r  t h e  wings 
and f l a p s  and a l s o  q v e r  a p p r ~ p r i a t e  a r e a s  of t h e  f u s e l a g e .  Su r f ace  micto-  
phones and a c c e l e r o m e t e r s  wera a l s o  p o s j t i o n e d  or. t h e  wing,  f l a p s ,  end fu se l age ,  
and a r e  d e s c r i b e d  i n  r e f e r e n c e  9. 

i ' ! 

I 

I n  a d d i t i o n ,  p r e s s u r e  and tempera ture  r akes  were i n s t a l l e d  i n  bo th  t h e  
eng ine  f a n  d u c t s  and i n  t h e  primary n o z z l e ,  and t h e  bel lmouth i n l r  t was i n s t r u -  
mented t o  measure i n l e t  mass f low. Th i s  evg ine  i n s t t  m e n t a t i o n  provided f o r  
d e t e r m i n a t i o n  of i d e a l  t h r u s t  and ,  when r e l a t e d  t o  t h e  measured th rusL ,  
pe rmi t t ed  e v a l u a t i o n  of t h e  nozz l e  v e i o c i t y  c o e f f i c i e n t .  

posed of a  l a r g e r  p r o p o r t i d n  of  c o r e  f low,  r e s u l t i n g  i n  t h e  h i g h e r  n r a k  tempera- 
t u r e  a t  t h i s  o p e r a t i n g  c o n d i t i o n .  The t empera tu re  d a t a  of t h e  i / 4 - s ~ a l e  t e s t s  
should  t h e r e f o r e  g i v e  c o n s e r v a t i v e  r e s u l t s  a s  r e l a t e + i  t o  t h e  YC-14 a i r p l a n e .  

The f l u c t u a t i n g  l o a d s  and a c c e l e r a t i o n  d a t a  a r e  c u r r e n t l y  be ing  
ana lyzed  and w i l l  n o t  be p re sen ted .  The d a t a  d i s c u s s e d  w i l l  t h e r e f o r e  be 
l i m i t e d  t o  s t a t i c  t u r n i n g  ? e r f o r u a n c e ,  s u r f a c e  p r e s s u r e s  and t empera tu re s ,  and 
f low s c r v e y s  a s  a f f e c t e d  by  s e v p r a l  of t h e  more i m p c r t a n t  v a r i a b l e s  t o r  t h e  

/ i 

l and ing  f l a p  c o n f i g u r a t i o n  which has  a t r a i l i n g - e d g e  uppe r - su r f ace  a n g l e  of 
€!6.s0, 

The t e s t  v a r i a b l e s  i nc luded  a  range of f l a p  d e f l e c t i o n s ,  t h r u s t  c o r r e -  
sponding t o  f a r  pressure r a t i o s  f r o n  1.1 t o  i . 4 ,  and h e i g h t s  above t h e  ground 
cor responding  tc wheel c o n t a c t  h e i g h t  (5.80 m (19 I t )  f u l l  s c a l e ) ,  t o  an 
a i r b o r n e  h e i g h t  (9.14 T (30 f t )  f u l l  s c a l e ) ,  and t o  a f r e e - a i r  c o n d i t i o n .  
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The e f f e c t i v e n e s s  of v o r t e x  genera to rs  i n  a id ing  flow attachment is  c r i t i c a l  
i n  t h i s  powered-lift concept where t h e  des igner  has  e l e c t e d  t o  avoid a  h igh 
nozzle kickdown ax~gle b e c a u ~ e  of c r u i s e  performance cons idera t ions ;  t h e  vor tex  
generator  =onf igurat ion t h e r e f o r e  was considered t o  be an important v a r i a b l e .  

STATIC TURNING PERFORMANCE 

Figure 7 shows t h e  e f f e c t  of vortex-generator deployment on s t a t i c  
t u r n i r ?  performance f o r  t h e  landing f l a p  r m f i g u r a t i o n .  The d a t a  a r e  pre- 
sented i n  terms of t h e  j e t  tu rn ing  angle  tij and t h e  t h r u s t  recovery 
e f f i c i e n c y  as func t ions  of fan  p ressure  r a t i o .  The p ressure  r a t i o  range * 

I of l n t e r e s t  f o r  the  YC-14 operat ing i.n t h e  landing approach is  between 1.25 
i; 3 ! and 1.4. The r e s u l t s  presented were obtained f o r  an h /b  va lue  of 0.147, 

C - 1  

.- . _ the  he igh t  corresponding t o  t h e  YC-14 wi th  wheels on che gromd.  For t h i s  - :  . p a r t i c u l a r  comparison t h e  gap between t h e  nozzle  and t h e  wing war unsealed. 
.-kd : 
. . . ... :. . _' . The r e s u l t s  i n d i c a t e  deployment of t h e  b a s i c  v o r t e x  genera to rs  provides  about 
.. 12' improvement i n  j e t  tu rn ing  ang le  wi th  a  decrease  i n  t h r u s t  recovery 
- e f f i c i e n c y  of about 5 t o  6 percent .  Also, va lues  of jet tu rn ing  angle  tend 

1 
t o  decrease wi th  inc reas ing  f ~ n  p ressure  r a t i o .  These r e s u l t s  demonstrate 
the  e f f e c t i v e n e s s  of r e t r a c t a b l e  vor tex  genera to rs  i n  providing improved j e t  
turning angle  without r e s o r t i n g  t o  a  high nozzle kickdown angle  which n i g h t  
unduly compromise c r u i s e  e f f i c iency .  A t  t h i s  po in t  i t  should be  acknowledged 
t h a t  the  f u l l - s c z l e  s t a t i c  t e s t s  a t  T u l a l i p  produced 5' t o  6O b e t t e r  s t a t i c  

0 tu rn ing  angle ~ 5 t h  v c r t e x  generators  r e t r a c t e d  and about 8 b e t t e r  tu rn ing  
: angle wi th  vor tex  generators  deployed. These d i sc repanc ies  a r e  poss ib ly  re- 

. . \ l a t e d  t o  the  j u n c t ~ r e  between t h e  ITSR nozzle and t h e  wing upper su r face .  On 
f the  f u l i - s c a l e  1;-14 t h e r e  is  no juncture;  t h e  f l o o r  of the  nozzle  i s  formei? 

by the  upper su r face  of t h e  wing. 

Figure 8 shows t h e  e f f e c t  of he igh t  above t h e  ground on s t s t i c  tu rn ing  
perfo--mance. For t h i s  co~npa: i s o n  t h t  b a s i c  vor tex  genera to rs  a r e  i n  the  up 
posit ion,and t h e  c learance gap between t h e  edge of the  USB nozzle  a?d t h e  
upper su r f  ace of t h e  wing has  been sea led  t o  b e t t e r  r epresen t  t h e  f u l -  - s c a l e  
PC-14 nozzle arrangement. Resu l t s  a r e  presented f o r  two ground he igh t s :  
h/b values  of 0.147, corresponding t o  a wheel-on-the-grouild cond i t ion ,  and 
0.232, corres londing t o  a  condi t ion wherein t h e  YC-14 wing is a2 a he igh t  of 
9.14 m (30 f t )  above t h e  runway. The r e s u l t s  i n d i c a t e  only a5out a  lo im-  
provement i n  j e t  tu rn ing  angle and a  few r e r c e n t  b e t t e r  t h r u s t  recovery 
e f f i c i e n c y  a t  t h e  higher  height .  The i n f i r i t e  ground he igh t  cond i t ion  is 
y e t  t o  be t e s t e d .  

! 
I n  order  t o  assure  an adequate l e v e l  of powered-lif t  performance i n  t h e  

landing approach cond i t ion ,  f u r t h e r  improvement i n  s t a t i c  t u ~ n i n g  performance 
, ; ;  , z 

t o  vrilues approaching 60' was needed, e s p e c i a l l y  a t  t h e  higher  f a n  p ressure  I ! ! .  I <  

j r a t i o s .  A s  shown i n  f i g u r e  9 ,  two modif icat ions  t o  t h e  b a s i c  v o r t e x  genera to rs  
, . , were made i n  an attempt t o  improve -ae turning.  The f i r s t  modif icat ion simply ! i; . .  : 1 . 4  



doubled t h e  span of the  o u t s i d e  p a i r  of vor tex  g e n e r a t o r s  s o  t h a t  more of t h e  
je t  e f f l u x  would be  a f f e c t e d  and theyeby reenerg ize  the  boundary l a y e r  a t  t h e  
knee of  t h e  f l a p  b e t t e r  than wi th  t h e  b a s i c  v o r t e x  genera to r s .  The second 
modi f i ca t ion  r e t a i n e d  the  same inc reased  span and a l s o  inc reased  t h e  inc!dence 
ang le  10' on t h e  o u t s i d e  p a i r .  The r a t i o n a l e  f o r  t h i s  second modi f i ca t ion  
was t o  i n t e n s i f y  t h e  v o r t i c e s  produced by the  o u t s i d e  p a i r  o h o r t e x  genera- 
t o r s  s o  a s  t o  f u r t h e r  ene rg ize  the  boundary l a y e r  and thsreby promote b e t t e r  
f low attachment toward the  t r a i l i n g  edge of t h e  f l a p s .  

Figure 10  p r e s e n t s  t h e  s t a t i c  tu rn ing  performance obta ined wi th  t h -  two 
v o r t e x  genera to r  m ~ d i f i c a t i o n s  a s  compared w i t h  the  b a s i c  vor tex  genera to r s .  
Both modi f i ca t ions  improved t h e  j e t  tu rn ing  ang le ,  e s p e c i a l l y  a t  t h e  importsot  
h igher  f an  p ressure  r a t i o s .  The second modi f i ca t ion  provided a  s i g n i f i c a n t  
So o r  6' i m p r o v ~ n e n t  i n  j e t  tu rn ing  ang le  a t  a  c o s t  of about 4  percent  i n  
t h r u s t  recovery c t ' f i ~ i e t i i y .  i 

i 
f 

SURFACE PLSSURE AND TEMPERATUS DISTRIBUTIONS ! 

, . 
Figure  11 provides  a  b a s i s  f o r  understanding t h e  flow c h a r a c t e r i s t i c s  on 

t h e  upper ' su r face  of the  wing and f l a p s .  Surface  p ressure  r a t i o  c o n t m r s  a r e  1 ;  ! t#> 

shown p l o t t e d  on t h e  upper s u r f a c e  ~f  t h e  wing and f l a p s  i n  t h e  region a f t  of I 1 '  t h e  USB nozzle  Negative va lues  of p ressure  r e t i o  i n d i c s t e  s u c t i o n  p r e s s u r e s  
and p o s i t i v e  va lues  i n d i c a t e  impsct p recsures .  I n  a d d i t i o n  t o  providing i n d i -  
c a t i o n s  of good o r  poor f low at tachment ,  t h i s  type of d a t a  is a l s o  r a l u a b l e  
tc t h e  des igner  f o r  the  d e t e r n i n a t i o n  of s t eady-s ta te  s t a t i c  loads  over  p o r t i o n s  

1 ' 1. 
, I  

of t h e  wing and f l a p s .  The case  s h o ~ n  i n  f i g u r e  11 is  f o r  the  landing f l a p  f !  
a ,  

! 
conf igura t ion  wi th  the  b z s i c  vor tex  genera to r s  deployed,  f o r  a  value  of h/b 
of 0.147 and f o r  a  f a n  p ressure  r a t i o  of 1.36. Along the  c e n t e r  l i n e  of the  e 

$ 1 '  
t h r u s t  a x i s ,  s u c t i o n  p ressures  occur almost  t o  the  Lra i l ing  edge i n d i c a t i n g  1 I : : !  
e x c e l l e n t  f l o v  a t tachment ,  b u t  regions  O F  poor f l a w  at tachment a r e  i n d i c a t e d  f i i  
both  inboard ad jacen t  t o  the  fuse lage  ana outboard toward t h e  t i p  of t h e  f l a p .  , , i I ' .  
A c r o s s  p l o t  of t h e  s u r f a c e  p ressure  r a t i o s  along the  spanwise dashed l i n e  
i n d i c a t e d  on the  a f t  f l a p  i n  f i g u r e  11 provides  a b e t t e r  indication of the  
degree of f low attachment.  

Figure 12 p r e s e n t s  t h e  c r o s s  p l o t  of a'? f l a p  p r e s s u r e s  t o  show the  
e f f e c t  of  v o r t e x  genera to r  modi f i ca t i cns .  Surface  p ressure  r a t i o  Ap/pamb 
is p l o t t e d  a g a i n s t  t h e  n o n d i m e n s i ~ n a l  s p m  p a r a a s t e r  2- with  nega t ive  b/2  
va lues  of p r e s s u r e  r a t i o  upward. The l o c a t i o n s  of the  c e n t e r  l i n e  and t h e  
s i d e  of t h e  fuse lage  a r e  ind ica ted  i n  t i e  f i g u r e .  The ncs t  dramatic improve- 
ment i n  flow attachment due t o  the  v o r t e x  genera to r  modl f i ca t ions  accurs  i n  
t h e  inbcard a r e a  of t h e  f l a p s  ad jacen t  t o  the  fuse lage .  ~ i ~ e  j e t  tu rn ing  
ang les  f o r  t h i s  p ressure  r a t i o  of 1.4 ( r e f e r  t o  f i g .  10) a r e  a l s o  i n d i c a t e d  
i n  f i g u r e  12 f o r  the  b a s i c  vor tex  genera to r s  and f o r  each of t h e  modif ica t ions .  
These pressure  d a t a  t h e r e f o r e  i n d i c a t e  t h a t  a l l  the  improvement i n  s t a t i c  
tu rn ing  angle  r e s u l t e d  from the  irtboard v o r t e x  geiierator ruodification.  The 
outboard modified vor tex  genera to r  only penal ized t h e  chrus t  recovery e f f i c i e n c y .  



Surface-temperature contours  over  t h e  wing and f l a p s  f o r  t h e  case  w i t h  
b a s i c  v o r t e x  genera to r s  deployed a r e  presented i n  f i g u r e  13. The h i g h e r  
temperatures from t h e  primary flow a r e  concentra ted  near  the  c e n t e r  l i n e ,  wi th  
peak va lues  s l i g h t l y  above 204O C (40"' F) on t h e  f l a p  system. F lap  s t r u c t u r e s  
of s u i t a b l e  h igh- temperature-res is tant  a l l o y s  such as s t a i n l e s s  s t e e l  should 
exper ience  no problem i n  t h i s  environment. The s u r f a c e  temperatures i n  t h e  
region of wing s t r u c t u r e  p resen t  no problem, even f o r  aluminum a l l o y s .  Although 
no t  prese2ted i n  i i g u r e  13,  temperr tures  on the  s i d e  of t h e  f u s e l a g e  never ex- 
ceeded 60 C (140 F). 

FLOW SURVEYS 

Various f low surveys were made t o  determine the  e x t e n t  of the  j e t  e f f l u x  
d i s p e r s i o n  and t o  eva lua te  l o c a l  f low cond i t ions  r e l a t e d  t3 s p e c i f i c  micro- 
phone loca t ions .  I n  o rde r  t o  o b t a i n  d e t a i l e d  v e l o c i t y  p r o f i l e s  of t h e  f low 
ad jacen t  t o  t h e  wing and f l a p  upper s u r f a c e s ,  a  survey rake about 48.3 cm (19 i n . )  
long having 25 t o t a l  p r e s s u r e  probes and fewer s t a t i c  p ressure  and thermocouple 
probes was used. D i s c r e t e  v e l o c i t y  measurements were obta ined a t  each of t h e  
r o t a 1  p ressure  probe loca t ions .  

Figure  14 shows the  r e s u l t s  of some of  t h e  f low surveys f o r  t h e  c a s e  of 
v o r t e x  genera to r s  deployed a t  the  h i g h e s t  f an  p ressure  r a t i o .  Ve loc i ty  pro- 
f i l e s  nea r  t h e  c e n t e r  l i n e  a r e  shown a t  t h e  nozzle  e x i t ,  a t  two l o c a t i o n s  on 
the  f l a p s  corresponding t o  microphone p o s i t i o n s ,  and a f t  of t h e  t r a i l i n g  edge 
of the  f l a p s .  The rake was posit io-led normal t o  t h e  l o c a l  s u r f a c e  f o r  each 
loca t ion .  The peak v e l o c i t y  a t  the nozzle  e x i t  w a s  about  375 m/sec (1230 f t / s e c )  
and decayed t o  about 251 m/sec (825 f t / s e c )  a t  the  f l a p  t r a i l i n g  edge. The 
p r o f i l e  begins  t o  change apprec iab ly  on t h e  forward f l a p  and then shows 
cons ide rab le  th ickening over t h e  a f t  f l a p  element and a t  rhe t r a i l i n g  edge. 

Figure 15 shows the  r e s u l t s  of rake surveys  made over t h e  span of the  
nozzle  e x i t  and t h e  f l a p  t r a i l i n g  edge wi th  modified v o r t e x  genera to r s  deployed 
(modif ica t ion 2 ) .  The d a t a  were a l s o  obta ined a t  t h e  h i g h e s t  value  of f a n  
p ressure  r a t i o  of 1.4.  I n  t h e s e  p l o t s  the  v e l o c i t y  d a t a  a r e  presented i n  
terms of cons tan t  v e l o c i t y  contours  measured i n  the  two p l a n e s ' i n d i c a t e d  - a t  
t h e  nozzle  e x i t  and a t  t h e  f l a p  i - a i l i n g  edge. The p l o t s  a r e  o r i e n t e d  t o  
r e l a t e  t h e  spanwise e x t e n t  of t h e  ITSB nozzle  t o  t h e  f l a p  span. The d a t a  show 
tb? t  the  h igher  v e l o c i t y  f low from t h e  primary nozzle  is concentrii.-cl i n  t h e  
upper c e n t e r  of  t h e  USB nozzle ,  wi th  some i n d i c a t i o n  c f  sp read ing  of the  lower 
v e l o c i t y  f a n  f low beyond the p r o j e c t i o n  of  t h e  nozzle  due t o  the  "door open" 
geometry. Much of t h e  flow p a t t e r n  a t  the  nozzle  e x i t  is apparent  a t  the  f l a p  
t r a i l i n g  edge, and i t  should be noted t h a t  t h c  h igher  v e l o c i t y  flow i s  s t i l l  
concentra ted  along a  p r o j e c t i o n  of the  nozzle  c e n t e r  l i n e .  The flow was 
thickened 3  t o  4 t imes the  nozzle depth b u t  has  spread very  w e l l  a c r o s s  the  
f l a p  span. Of p a r t i c u l a r  i n t e r e s t  i s  t h e  f u r t h e r  i n d i c a t i o n  of good flow 
attachment a t  the  f l a p  t r a i l i n g  edge near  the  s i d e  of the  fuse lage  which was 
brought about by the  modified vor tex  genera to r s .  



CONCLUDING RETlARKS 

Prel iminary r e s u l t s  of s t a t i c  t e s t s  of t h e  114-scale Boeing YC-14 USB 
model i n d i c a t e  t h a t  t h e  s t a t i c  tu rn ing  performance of t h e  landing f l a p  configu- 
r a t i o n  was improved appreciably  by t h e  use of t h e  b a s i c  v o r t e x  genera to r  design.  
Regions of poor f low attachment were noted near t h e  t r a i l i n g  edge of t h e  f l a p  
both inboard ad jacen t  t o  t h e  fuse lage  and outboard toward t h e  t i p .  Improved 
flow attachment was obta ined by t a i l o r i n g  t h e  vor tex  genera to rs  which r e s u l t e d  
i n  f u r t h e r  improvement. i n  s t a t i c  tu rn ing  performance. Peak va lues  of s u r f a c e  
s t a t i c  p r e s s a r e s  and temperatures  were concentrated over t h e  upper s u r f a c e  
of t h e  f l a p s  along t h e  cen te r  l i n e  of t h e  t h r u s t  ax i s .  These r e s u l t s  toge ther  
wi th  r e s u l t s  dea l ing  wi th  f l u c t u a t i n g  loads ,  c u r r e n t l y  under a n a l y s i s ,  w i l l  be 
c o r r e l a t e d  wi th  f u l l - s c a l e  YC-14 s t a t i c  d a t a  wi th  an even tua l  o b j e c t i v e  of 
e s t a b l i s h i n g  appropr ih te  s c a l i n g  laws f o r  t h e  var i .>us  technologies  involved.  
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Table 1.- Comparison of Engine C h a r a c t e r i s t i c s  

CF6-50D JT-15D 

. . . . . . . . . . . . .  Rated t h r u s t ,  kN ( l b f )  222.4 (50 000) 9.79 (2200) 

B y p a s s r a t i o . .  . . . . . . . . . . . . . . . .  4.4 3.3 

Fan p r e s s u r e  r a t i o  . . . . . . . . . . . . . . .  1.6 1.4 

Fan v e l o c i t y ,  m/sec ( f t / s e c )  . . . . . . . . . .  a255 (836) 255 (836) 

a 
Core v e l o c i t y ,  m/sec (f  t l s e c )  . . . . . . . . .  347 (1140) 375 (1230) 

Peak exhaust  gas  temperature,  K (OR) . . . . . .  a700 (1260) 872 (1570) 

9 a l u e s  a t  66 pe rcen t  maximum t h r u s t ,  corresponding t o  a f a n  p r e s s u r e  
r a t i o  of 1.4. 



Figure 1 .- Doeing YC- 14 adv ~ n c e d  rne6inm STOL transport. 
f 



Figure 3. - 1/4-scale YC-14 ground test  apparatus. 
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Figsre 4 . -  YC-14 USE nozzle matched w i t h  JT-15D turbofan engine. 
Bypass ratio of 3 . 3 ;  fan pressure ratfo of 1.4,  
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Figure 5 .- Force measurement system for 114-scale ground t e s t s .  
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Figure 6 . -  Sensor locations on wing, f l aps ,  and fusel-age. 
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r\ " VORTEX GENERATORS 
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7 . -  Effect of basic  vortex generators on s t a t i c  turning performance. 
h/b = 0,147; nozzle-wing gap unsealed. 
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Figure 8,- Effect of height above ground on s t a t i c  turning performance. 
Basic vortex generators up. 



MODIF ICATION NO. 1 
DOlJ BLE S P A N  ON 

OUTS I DE PA I R 

M O D I F I C A T I O N  NO. 2 
DOUBLE SPAN AND 

INCREASE INCIDENCE 
ON OUTS I DE PA I R 

Figure 9.- Vortex generator modifications. 
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Figure 10.- Effect of vortex generator modifications on static turn 
performance. 



Figure 11.- Surface pressure rat io  contours with basic vortex gener 

Up' 'USB = 86.5O; h/b = 0.147; fail pressure rat io  of 1 .36.  
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Figure 12.- Effect of vortex generator modifications. 



Figure 13.-  Surface temperature contours with basic vortex generators up. 
GUSB = 86.5'; h/b = 0.147; Tamb = 11' C (52' F) ; f a n  pressurn r a t i o  

o f  1.36. 
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Figure 14.-  Velocity prof i les  from nozzle e x i t  t o  tra i l ing  edge, 

5~~~ = 86.S0; basic vortex generators up. 



FLAP TRAIL ING EDGE S l l R V E Y  

Figu re  15.- Ve loc i ty  c o n t o u r s  a t  n o z z l e  e x i t  and f l a p  t r a i l i n g  edse 
wi th  m c d i f i e d  v o r t e x  g e n e r a t o r s  ( m o d i f i c a t i o n  2 ) .  Fan p r e s s u r e  
r a t i o  of 1 .4 .  



SUPWRY OF LOW-SPEED AERODYNAMIC CHARACTERISTICS 

OF UPPER-SURFACE-BLOWN JET-E'LAP CONFIGURATIONS 

Arthur E. Phelps I11 
Langley Directorate, U.S. Army Air Mobility R&D Laboratory 

Joseph L. Johnson, Jr., and Richard J. Margason 
NASA Langley Research Center 

SUMMARY 

The results of recent wind-tunnel investigations to provide fundamental 
information on the upper-surface-blown (USB) jet-flap concept demonstrated that 
the USB concept prcvides good high-lift performance. The low-speed performance 
appears to be mainly dependent upon the jet turning angle and turning efficiency 
and on the use of proper leading- and trailing-edge treatnent to prevent pre- 
mature flow separation. The best means of achieving good turning performance in 
anv particular USB application nust be determtned from overall operational con- 
~tderations in which high-speed performance, structures and noise, as vell as 
low-speed performance, are e~laluated. The large divi3g moments generated at 
high lift coefficients can bc trimmed satisfactorily with a l~rge, conventional 
horizontal tail; a high tail position iq best from longitudinal stability con- 
siderations. Large rolling and yawing aoments are introduced with the loss of 
an engine, but these moments can be trimmed satisfactorily through the use of 
asymmetrical boundary-layer control and thrcugh the use of spoiler and rudder 
deflection as needed. 

INTRODUCTION 

In recent years, considerable effort has been directed toward studies of the 
aerodynamic and acoustic characteristics of upper-surface-blown (USB) jet-flap 
configurations (refs. 1 to 7). The results of past aerodynamic investigations 
have Indicate3 that the USB concapt can provide the high lift necessary for effi- 
citnt 3TOL operation; acoustic studies have indicated that the USB concept mav 
provide beneficial noise reduction during flyovers because the wing shields 
ground observers from the noise produced at the engine exhaust nozzle. More 
recent studies have provided solutions to stability and control problems such 
as pitch trim, longitudinal stability at high lift, and lateral trim for engine- 
out conditions. 

The present paper has beer ~repared to summarize some of the more important 
characteristics of USB configurations in the areas of performance, longitudinal 
stability and trim, la1 :ral-directional stability, engine-out lateral trim, and 
dynamic stabilicy and coytrol. Although the discussion is directed toward JSB 
coniigurations, certain problems such as pitch trim and longitudinal stability 
ar-1 conmon to all powered-lift STOL systems; the problem of enr,. ~e-out lateral 
trim is common to other powe-od-lift concepts utilizing discrete blowing, such 
as the externally blown flap (EBF) arrangement. Therefore, the data presented 



in the present paper for USB configurations may also be generally 
other powered-lift concepts. 

SYMBOLS 

CL 
C ~ r  
CL , max 

aspect ratio 

wing span 

lift coefficient 

power-induced lift coefficient 

maximum lift coefficient 

rolling-moment coefficient 

effective dihedral parameter, ac1/aB 

pitching-moment coefficient 

longitudinal stability parameter, a&/aaa 

yawing-moment coefficient 

directional stability parameter, a $ / a B  

gross thrust coefficient, T/qS 

wing mean aerodynamic chord 

axial force 

normal force 

tail length 

thrust 

time to damp to half-amplitude 

weight 

body axes coordinates 

angle of attack 

flight path angle 

flap deflection 

- 

applicable to 



jet deflection 

downwash angle 

Dutch-roll damped frequency parameter 

Abbreviat inns : 

boundary-layer control 

externally blown flap 

USB 

V.G. 

upper-surface blown 

vortex generator 

PERFORMANCE 

In a previous paper by William C. Sleeman and Arthur E. ?helps (ref. 8 ) ,  
it was shown that good static turning could be achieved with the USB concept. 
Figure 1 su~mnariz~s the static turning performance of a number of different 
USB configurations in terms af the ratio of normal force to thrust plotted 
against the ratio of axial force to thrust. The shaded band in figure 1 indi- 
cates representative values of static turning performance obtained with the 
USB concept and shows that efficiencies from about 80 to 90 percent can be 
obtained with high flap settings. For lower flap settings, efficiencies are 
generally much higher (95 percent or greater for flap angles below abodt 40°) 
and turning angles are within a few degrees of the upper surface tangency angle 

It has been determined from previous experience that a USB configuration 
with marginal static turning performance caused by regions of sepa- >red or par- 
tially separated flow will almost certainly exhibit poor lift -1erfi -ce ir? 
forward flight. Good static turning characteristics, on the other ; , have 
been shown to be a reliable indicator of good lift performance in f?rwa:-d flight. 
Figure 2 illustrates the effect of forward speed on the static pressure distri- 
bution and surface temperatures of a large-scale USB model with turbofan engines 
(ref. 3). Static turning testc of the configuration indicated good static per- 
formance. As shown in figure 2, forward speed had little effect on the magni- 
tudes of the static pressures and surface temperatures along the engine center- 
line. Forward speed caused only slightly higher suction pressures and slightly 
cooler temperatures over the flap. Based on these results, it appears that 
structural and thermal design information may be determined for USB wing-flap 
systems on the basis of static tests which might be conducted with outdoor 
static rigs utilizing f ill-scale engines, nacelles, and wing-flap hardware. 

Although tests have shown that the two major extsrnally blown powered-lift 
concepts (EBF and USB) are generally comparable in overall performance, there 
are some fundamental differences in the exbust jet flow fields between the two 
concepts at forward speed conditions. For example. 'I the FBF system the jet 
impinges on the lower surface of the flap and spreads spanwise, covering most 
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of the flap span. In the USB system, however, a different, more localized flow 
behavior occu1:s as indicated in figurc 3. The sides, or edges, of the jet sheet 
produced by the engine exhaust roll up into vortices which enlarge and tend to 

I: 
: .I a 

thicken the jet as it turns over the trailing-edge flap. A number of factors 
I .  . ' . i  

influence the formation of these vortices, but the ratio oi jet velocity to free- . .  -. I : 
stream velocity and the thickness of the jet prcduced by the engine exhaust seem -; ! 

i . , 

to be the most powerful. In addition to the vortex rollup of the jet sheet, ; , . ;;I 
there may be additional vortices produced by the external shape of the USB noz- . . 
zle. This is especially true for a sharp-cornered rectangular nozzle; the nozzle I . i .  
vortices can be minimized by using a well-rounded or D-shaped nczzle. The over- ". :/ * j ~  . ' ,- :: 
all effect of this vortex formation is to confine the jet influence to a highly I .. .: ; 

localized region near the jet. In fact, the jet may actually entrain free-stream 1 .  . - ' i  . - r  

, 8 % .  air in such a way as to cause spanwise flow ~nboard, rather than outboard. The 
significance of this flow characteristic will be discussed in subsequent sections 
of this paper. 

. I  
, i  , -! 

Figure 4 presents high-lift data for a two-engine straight-wing USB configu- , * 1 .  

j , . ..I ! 
ration (ref. 4) over a range of R~vrolds number and for power-off and power-on 4 
cases. The data show the anticipated large influence of Reynolds number on lift 1 ..-I 
for the power-off case, but for the power-on case ( c ~  = 3), the Cata show very 1 1 . , I e  
little effect of free-stream Reynolds number. These results have also been 1 : :.!- 
observed in other investigations, indicating that for moderate to high thrust 
coefficients, the lift characteristics of the complete configuration are pre- 

' - 1 .  
! ' I .  

dominantly influenced by the exhausc jet rather than the free-stream flow; this i 

factor may be related to the high level of turbulence of the jet as it impinges l ? :  

i :A 
on the wing. Fron these results, it appears that small-model data may oe used t ! 

with confidence in the design of ;>repulsive-lift systems. i 1: 
I - 

Shown in figure 5 are ddta illustrating the effect of a leading-edge 
Krueger flap on the lift characteristics of a USB model with a high jet turning 
angle (Sf = 600). The trailing-edge jet tt~rning angle generates a strong upwash i i  ! 
field ahead of the wing, and the need for leadj-ng-edge devices for adequate pro- , -! 
tection against leading-edge stall is clea:~y demonstrated by the data. As can i I ,  i 
be seen, a marked increase in maximum lift coefficient and in stall angle of ! 

attack resulted from the installation of a leading-edge Krueger flap. 

One interesting point noted in tests of US6 configurations is that close I 
attention must be given to leading-edge stall in the vicinity of the nacelle. i : I  

I , " 
The very powerful upwash at the wing leading edge can pose serious problems 
when the nacelle is close to the fuselage or another nacelle (as in a four- ! i -  ' . .  
engine arrangement). Figure 6 illustrates this r-obiem for a two-engine i : . I  straight-wing configuration and a four-cngine swept-wing configur2tion. Both ! ' .I 

configurations were large-scale wind-tunnel models powered by JT15D-1 turbofan I , 

engines to provide a more realistic operational envtroliment than that produced . , 
, , . , 

by small, cold jets. During tests of the two-engin<, straight-wing model (ref. 3 ) ,  t 1 
a very strong upwash field w ~ i s  observed between the nacelle and fuselage during 1 - 
power-on conditions. Without leading-edge treatnent in this region (whjch was 
only about 2 percent of the wing span) the wing inboard of the jet and the entire 
top surface of the fuselage between the nacelles was badly stalled. Recc.1tour- 
ing the lowt surface of the nacelle to provide smoother flow transiti ~n and 
adding a leaaing-edse Krueger flap with blowing BLC between the nacell,. and 



I+i 
-.-. , , 

fuselage resulted in a significant improvement in the flow quality over the 
fuselage. The left side of figure 6 shows the lift improvements resulting from 

1: ; ' -:: . I  ' 

i .  i the modifications to the origlczl wing. ! .  
I 

A similar problem was ellcountered in tests of the large four-engine swept- 
wing configuration of reference 9 which exhibited severe separaticn along the 
leading edge between the fuselage and inboard nacelle and between the inboard 
and the outboard nacelles. In this case, unsweeplng the leading edges, recon- 
touring the lower surface of the nacelles, and adding blown leading-edge Krueger 
flaps resulted in the improvements shown on the right side of figure 6. These 
data indicate a significant increase in both CL,,,, and stall angle of attack 
for the modified model. 

! 

The effects of partial- and full-span flaps on the lift characteristics of 
a two-engine USB configuration are presented in figure 7. The dzta show that a 
large increase in lift coefficient is obtained by extending the trajling-edge 
flap to full span. In order to determine the proportion of this lift increment 
due to power effects, the data were analyzed in terms of power-induced circula- 
tion lift cgefficient C L ~  as a function of thrust coefficient, and the results 
are presented in figure 8. The data of figure 8 show that the benefit of power- 
induced circulation lift on the lift of a USB configuration with full-span flaps 
is mininal. Also presented in figure 8 are data for an internally blown jet 
flap in which the exhaust flow is distributed uniformly along the entire wing 
span (ref. 10). Generally speaking, t.he localized-flow USB configuration pro- 
d~~ces about 65 to 70 percent of the power-induced circulation lift available 
from an inzernally blown system. 

Presented in figure 9 is a plot af the spanwise distribution of normal- 
force coefficient for the same model used to obtain the lift data of figure 8. 
The data of figure 9 are presented for power-off, power-on, and engine-out con- 
ditions at zero angle of attack. These data indicate that the influence of the 
exhaust jet on the wing is conta!~-d in a region extending approximately 1.75 noz- f 
zle widths cutboard of the nozzle. In fact, for spanwise locations outboard of 
the 65-percent-semispan station, the power-off and power-on load distributions 
are very nearly the same. Of course, the actual spanwise location at which the 
engine-induced loads diminish to the power-off levels is configuration dcpendent, 
but arrangements in which the engines are located well inboard on the wing will I 
generally exhibit this characteristic. From figure 9 it appears-that the amount , I I 

of lift to be gained by deflecting a flap on the outboard portion of the wing 1 ! 
(beyond about 70 percent of the s-I ispan) is primarily the lift available from 
unpowered flow conditions, and it ! s  not likely to be greatly influenced by ! ! 
power-induced effects. 

Figcre 10 presents the lift characteristics of a number of USB configura- 
tions having different nozzle designs. Included are data for rectangular noz- 
zles of three different width-height ratios, a fairly high kickdown D-nozzle; 
a low kickdown D-nozzle with vortex generators (ref. ll), and a D-nozzle with 
B L i  (hybrid USB,  ref. 12). The data presented have been plotted for a jet turn- 
ing angle of 50°. These data indicate that at low to moderate thrust coeffi- 
cients, such as those used on approach, there is very little difference in lift 
for the configurations tested. Thus, it appears that the lift characteristics 



of USB configurations may be primarily a function of the jet turning pcrfor- 
mancr, assuming adequate leading- and trailing-edge treatment to prevent pre- 
mature flow separation. It has been shown (ref. 13) that the geometric nozzle 
characteristics which are desirable for eood turning (such as high-aspect-ratio 
rectangular nozzles, large kickdown angles, aild flare hngles) are detrimental to 
cruise performar 2 .  It a,>pears, therefore, that variabl? geometry features, 
such as nozzle {lectors or vortex generators, or BLC ma;- be required to achieve 
optimum performance for bljth the high-speed and low-speed flight conditions. In 
any event, the design nf a single nozzie to satisfactorily fulf<ll both the high- 
speed and low-spe6.d requirements represents a significant challenge to the 
designer. 

The foregoing alscussion has centered on thc lift performance of the USB 
concept. However, drag characteristics are also important from an operational 
viewpoint. A flight envelope relating glide path, lift coefficient, thrust- 
weight ratio, and angle of attack is very useful in relating lift and drag to 
overall performance because it serves to establish power requirements and speed 
margins for 3 given configuration. Figure 11 presents trimmed flight envelopes 
for a two-engine straight-wing USB configuration and for a four-engine swept- 
wing USB configuration. The lift data for these two configurations are con- 
tained within the bands shown on figure 10 and are therefore generally repre- 
sentative of USB configurations tested. 

At the present time, there are no certified. requirements for approach per- 
!i 

formance of powered-lift airplanes. For the daza of figure 11, it is assumed 1 ; 

that the aircraft will fly a ?.5O glide slope at a lift coefficient of 4.0. In 
the event of an engine failure, it must be pos;ible to arrest the descent with 

I '  
full power on the remaining engines without changing flap setting or lift coef- I :(i 1 
f'eient. -- From the data on the left side of figure 11 it can be seen that, for 
the two-engine configuration, the landing approach can be flown at a thrust- i , .  ! 
weight ratio of 0.21 with a stall margin of about 14O. Ic order to arrest the 
descent at this same flap setting, a thrust-weight ratio of 0.35 is required. 
It has been found with this model and with other USB (and EBF) models that such 
performance envelopes aye almost the same with one engine out as with all engines 
operating. Hence it can be concluded that, for this two-engine configuration, a 
total installed thrust-weight ratio of about 0.70 is required. 

A similar analysis of the data for the four-engine configuration shown on 
the right side of figure 11 indicates an approach thrust-weight ratio of 0.25, 
and an engine-out thrust-weight ratio requirement of 0.45. In the case of the 
four-engine configuration, only 25 percent of the available thrust is l ~ s t  in an 
engine failure, so the four-engine aircraft reqdires an installed thrust-weight 
ratio of 0.60. 

Based on such analysis, it appears that somewhat higher values of thrust- 
weight ratio are required Idr the two-engine configuration than for the four- 
engine configuration, as would be expected. The data of figure 11 have been 
found to be generally repressntative of both USB and EBF configurations; gen- 
erally, both concepts require higher installed thrust-weight ratios than inter- 
nally blown flap concepts (such as the distributed blowing concept which 
distriuutes the jet uniformly along the wing span). The simplicity of the 



discrete-blowing, powered-lift systems, however, make them attractive for appli- 
cation to pcwered-lift STOL aircraft, as indicated by the selection of the USB 
and EBF concepts for use in the powered-lift prototype aircraft of 'the U.S. Air 
Force Advanced Medium STOL Transport program. 

LONGITUDINAL STASILITY AND 'iZIM 

It is a well-known fact that provision of adequate trim in pitch is a seri- 
ous problem for powered-lift airplane configurations as illustrated in figure i2. 
The data show the variation of pitching moment with angle of attack for several 
thrust levels at high lift conditions for a swept-wing, two-engine USB config- 
uration with the horizontal tail off. It should be noted that high thrust 
increases the longitudi~al instability as well as the diving moments of the 
configuration. 

nction of tail lift c,3ef ficient fcllow- 
14. The tail trim requirements were 
ficient of 8, a tail length of 3.5E. and 

tail size required for trim is about 37 percent of the wing area, a value nearly 
double that required by conventional airplanes. The use of a slotted elevator 
can reduce the required tail size to about 30 percent of the wing nrea, but a 
considerably higher tail lift coefficient would be required to reduce the size 
of the tail to that for convention?l airplanes. 

The foregoing data have shown that the powered-lift configurn~ion exhibits 
large pitching moments and that a largz tail is required for trim. It should be 
pointed out th?t one very important factor which must be considered in sizing 
the tail is the tail location. As in the case of other powered-lift systems, 
the high lift generated in the USB cmcept results in very high downwash angles, 
particularly directly behind the engines. For this reason, care must be taken 
in locating the horizontal. tail so as to avoid the high downwash region in which 
the tail could become ineffective. As an example of the flow characteristics 

behind a USB configuration, the variation of the downwash factor 1 - a with . f :  
acr 

! .i 
CL for the two-engine configuration for three vertical locations of the hori- ! . 
zontal tail is presented in figure 14. The data in figure 14 are for low-angle- I . :  e . 

of-attack conditions, and the increase in lift coefficient is obtained by an 
increase 1-1 thrust rather than by an increase in angle of attack. The data of 
figure 14 show that regardless of the tail location, the tail lost effective- 

Flow survey work for USE configurations has not been as extensive as for 

tions showed tha: with engines located inboard on the wing, a strong downwash z: '- 1 - r;, . ,  .I, 



field was produced along the rear of the fuselage which made the low tail 
a:rangement undesirable from stability considerations. Also, it was found that 
vortices shed from the wing tips and flaps did not trzil ~traight backward but 
were drawn in shar?ly toward the centerline of the airplane. At high angles 
of attack, a horizontal tail located relatively far rearward and low would enter 
the vortex flow and become ineffective. For this reason, the horizontal tail 
was generally located high and forward to retain its stabilizing contributing 
for higher thrust levels and higher angles of attack. Limited flow survey work 
with the USB concept has demonstrated downwash characteristics similar to those' 
of EBF concepts, and similar high-forward horizontal tail locations have proven 
desirable from longitudinal stability considerations. 

In order to illustrate how the downwash data of figure 14 affect the con- 
tribution of the horizontal tail to stability, calculations have been made t~ 
determine the % contribution of the tail at the high and low tail locations 
of figure 14. The results a** shown in figure 15 tcgether with tail-off data. 
The a i l  contributions are based on a tail size of 35 percent of the wing area 
and a tail length of 3.5Z. The data show that at low lift coefficients, the 
high tail position provided adequate stability. The low tail, however, pro- 
vided very little stability at low lift coefficients and, as the lift coeffi- 
cient was increased by increasing power, the combined effects cf increased 
instability of the wing-fuselage combination and reduced tail effectiveness 
resulted in a very unstable configuration at high power settings. 

LATERAL-DIRECTIONAL STABILITY 

The lateral-directional stability discussion presented herein is based on 
results obtained for two USB model configurations which were flight tested in 
the Langley full-scale ~nnel. Ptiotographs of the two models mounted for static 
force zests are presented in figure 16. One model, with an unswept wing and two 
engines mounted close inboard to the fuselage, represented a 115-scale model of 
the large-scale USB Aero Commander configuration recently tested in the Langley 
full-scale tunnel. The second model was a four-engine, swept-wing USB configu- 
ration. Although the two models were different in planform and englne arrange- 
ment, the powered-lift ~haracteristics for the two configurations were generally 
very similar, as illustrated by the data in figure 17. The lateral-directional 
stability characteristics for the two models, however, were considerably dif- 
ferent, as shown in plots of the directional stability derivative Cng and the 

effective dihedral derivative 
C 1 ~  

in figure 18. As shown by the data, the 

swept-wing configuration had relatively large values of positive effective 
dihedral which increased as lift coefficier.~ increased. The directional sta- 
bility was also relatively high and ihere was an increase in directional sta- 
bility with increasing lift coefficient. The data for the straight-wing con- 
figuration show that the dihedral effect was relatively small and actually 
decreased with increasing power, but the directional stability increased very 
rapidly as power was applied. The differences in dihedral effect for the two 
configurations can probably be attributed to the differences in wing sweep angle. 
The differences in directional stability were primarily a result of differences 
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in the effect of the engine exhaust wake on the vertical tail. The engines were 
located much closer to the fuselage on the straight-wing configuration than on 
the swept-wing configuration, and the vertical tail was influenced much more by 
sidewash than on the swept-wing arrangement. 

In order cu illustrate how these differences in the static lateral- 
directional stability derivatives affect dynamic lateral-directional stability 
characteristics, period and damping characteristics were determlned by using 
three-degree-of-freedom calculations for the two models; the results are pre- 
sented in figure 19. The data show Dutch-roll characteristics in terms of the 

1 
daluping parameter - and the damped frequency parameter ad. The handling 

T1/2 
quality boundaries were taken from an AGARD bblication for STOL handling cri- 
teria (ref. 15). The plot on the left of figure 19 shows that the Dutch-roll 
oscillation for the swept-wing configuration was unstable and would be consid- 
ered unacceptable with power off (cL = 1.5) or on (cL = 5.0). In order to 
achieve acceptable Dutch-roll characteristics, the damping in both roll and 
yaw would have to be doubled; even higher artificial damping would be required 
for satisfactory characteristics. In contrast to these results, the plot on 
the right side of figure 19 shows that the Dutch-roll mode for the unswept- 
wing configuration was stable and that increasing power resulted in increased 
Dutch-roll damping, with the result that satisfactory characteristics could be 
achieved without artificial stabilization. 

ENGINE-OUT LATERAL TRIM 

One of the major problems associated with powered-lift systems utilizi-ng 
discrete blowing is that of restoring lateral trim in the event of the failure 
of one engine. This problem involves both roll and yaw, with :he roll require- 
-nent being the more critical in an approach condition. One major objective of 
recent research on the USB concept was to determine effective means cf provid- 
ing roll trim for the engine-out condition. One method found to bs effectivz 
for the USB configuration was that of asymmetrical boundary-layer control, that 
is, boundary-layer contrcl on the leading edge and on t'ie aileron of the engine- 
out wing. Some lateral trim datn obtained with this rnelhod of trim are shown 
in figures . 1 and 21 for the swept-wing and straight-wing flying models. 

Figure 20 is a plbt of yawing-momeat coefficient and rolling-moment coeffi- 
cient plotted against lift coefficient for the four-engine, swept-wing flying 
model. In a four-engine operation, the rolling moments were essentially zero 
and a maximum trimmed lift coefficient of 10 was achieved. With the fail~re of 
an outborrd engine, the maximum lift coefficient decreased to about 8 and large 
out-of-trim rolling and yawing moments were introduced. By applying boundary- 
layer control to the failed engine side, it was possible to simultaneously pro- 
vide roll and yaw trim. Additional moments produced by spoiler deflection could 
then be used for maneuver contrcl. 

The data of figure 21 show the engine-out rolling-moment and yawing-soment 
ccefficients plotted against lift coefficient for the two-engine, straight-wing 
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flying model. In this case, the application of boundary-layer control to the 
failed-engine side reduced the out-of-trim rolling and yawing moments, but it 
was necessary to employ spoiler deflection and a blown rudder to achieve roll 
and yaw trim. Additional spoiler and rudder deflection were available for 
maneuver control. 

MODEL FLIGHT TEST RESULTS 

As part of the basic research program of USB jet-flap configurations, 
dynamic stability and control investigations have been made of the four-engine 
swept-wing configuration and the two-engine straight-wing configuration by using 
the free-flight model technique. This technique has proved to be useful in pre- 
vious research in pointing out problem areas which might have been overlooked in 
conventional testing. The swept-wiug model, shown in flight in figure 22, had 
a span of 3.05 m (10 ft) and was powered by four 13.97-cm-diameter (5.5 in.) 
turbofan engine simulators driven by compressed air. The horizontal tail incor- 
porated a Krueger flap, and the elevator was deflected upward 50°. Longitudinal 
control was provided by deflecting the entire horizontal tail, and lateral- 
directional control was provided by spoilers and rudder. The two-engine straight- 
wing model was powered by turbofan engine simul~tors similar to those used on the 
swept-wing model and h ~ d  a similar control system. 

The free-flight technique is illustrated in figure 23. This figure shows 
a model being flown without restraint in the 9- by 18-m (30- by 60-ft) open- 
throat test section of the Langley full-scale tunnel and remotely controlled 
about all three axes by human pilots. Control surfaces are operated by remotely 
contralled pneumatic actuators. Pneumatic power and electric control signals 
are supplied to the model through a flexible trailing cable made up of electri- 
cal conductors and light plastic hoses. 

The results of the free-flight model tests showed that with all engines 
operating and with artificial damping about the roll and yaw axes, the models 
were easy to fly even at lift coefficients up to 8.0. Without artificial sta- 
bilization, however, the swept-wing model exhibited a lightly damped Dutch-roll 
oscillation which made flging'difficult. The straight-wing model exhibited good 
damping characteristics and was easy to fly without artificial stabilization. 
These results were in good agreement with the previously discussed dynamic sta- 
bility calculations. With one engine inoperative, the models were trimmed 
laterally through the use of boundary-layer control on the leading edge and 
aileron of the engine-out wing and through the use of spoiler and rudder deflec- 
tion as needed for additional lateral-directions1 trim. With artificial damping, 
the models were flown up to high lift coefficients, and the dynamic behavior with 
one engine inoperative was found to be generally similar to that for all engines 
operating. 



CONCLUDING REMARKS 

The results of recent wind-tunnel investigations to provide fundamental 
information on the upper-surface-blown (USB) jet-flap concept demonstrated that 
the USB concept provides good high-lift performance. The low-speed performance 
appears to be mainl;? dependent upon the jet turning angle and turning efficienc 
?nd on the use of proper leading- and trailing-edge treatment to prevent prema- 
ture flow separation. The best means of achieving good turning performance in 
any particular USB application must be determined from overall operational con- 
siderations in which high-speed performance, struct~res and noise, as well as 
102-speed performance, are evaluated. The large diving moments generated at 
high lift coefficients can be trimmed satisfactorily with a large, conventional 
horizontal tail; a high tail position is best from longitudinal stability con- 
siderations. Large rolling and yawing moments are introduced with the loss of 
an engine, but these moments can be trimmed sati:;factorily through thc use of 
asymmetrical boundary-layer control arld throtigh the use of spoiler and rudder 
deflection as needed. 
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Figuie 5.- Effect of leading-edge high-lift devices 
on lift. 6, = 60°; C,, = 2.0. 
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.gure 6.- Leading-edge treatment for two-engine straight-wing and 
four-engine swept-wing configurations. 
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Figgre 7.- Eff i t  o f  tra i l ing-edge  f l a p  span 
on l i f t .  b f  = 69*; CL, = 7.0. 
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Figure 8 .  - Power-induced l i f t  ch i~rac ter  ist i c s  cf two-t>ngine 
sti..:::-.ht-wine LISB configuration. c F f  = 60°; iu = O0. 
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Figure 9.- Spanwise normal-force distribution for two-engine 
straight-wing USB configuraiion. Bf = 60'; a = OO. 
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Figure 10.- Effect of nozzle geometry on lift for a 

number of USB configurations. 
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HOR IZONTAL-TA I L AREA 
W I N G  AREA 

.5 PLA I N  ELEVATOR 
SLOTTED ELEVATOR 

.4 

.3  T A I L  SIZE 
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Figure 13.- Horizontal-tail requirements. CL,wing = 8.0; 
l t  = 3.5c; 10-percent static margin. 
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Figure 14.- Variation of downwash factor. A f  = 6g0. I :+ 
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Figure 15.- Static longitudinal s t a b i l i t y .  

Four -eng ine  swept v i i lg 

Figure 16 . -  Photographs of two-engine and four-engjne UbS modzls 
i n s t a l l e d  i n  the L a n g l ~ y  fu l l - sca le  runnel.  
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Figure 17.- Lift characteristics of two-engine and 
four-engine US5 models. 
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Figuie 18.- Lateral-directional stability characteristics of 
two-r.~gine and four-engine USB models. 
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Figure 19.- Dutch-roll characteristics of two-engine 92d 
four-engine USB models. 
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Figure 20.- Lateral trim characteristics for four-engine 
swept-wing USB model. 
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Figure 21.- Lateral trim characteristics for two-engine 
straight-wing USB model. 

FTgure 22.- Photograph of  f ou r - eng ine  s w e p t - w i n g  free-flight 
US& model in the Langley full-scale tunnel .  
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Paul L. Coe, Jr. , and Paul G. FG . , 'nier  
NASA Langley Research Center 

NASA Langley ~ e s e a r c h  Center t o  explore  t h e  use of powered-l if t  concepts £01. 

improved Iew-speed performance of long-range subsonic and supersonic  c L L 3 i s ~  
veh ic les .  The r e s u l t s  i n d i c a t e  t h a t  powered l i f t  can provide s i g n i f i c a r ' t  

APPLICATION OF POWERED-LIZ CONCEPTS FOR IMPROVED 

CRUISE FE'FiCIENCY OF LONG-RANGE AIRCRAFT 

S b W I  

The p resen t  paper summarizes r e s u l t s  of r e c e c t  stcldies conducted a t  t h e  

I improvementb i n  low-speed ~"rfo-rmanc:, a s  b e l l  a s  s u b s t a n t i a l  increase:. 1 
I c r u i s e  e f f i c i e n c y  and ; m g e  jr both  subso .~ ic  and supersonic  c r u i s e  1 

conf igura t ions .  

INTRODUCTION 

-. ltte NASA Langiey Kesearch Center i s  c u r r e n t i y  i n v e s t i g a t i ~ i g  t h e  iise of 
powered-l if t  concepts f o r  irrproved low-speed performance o; long-rana,e sub- 
son ic  and supersonic  c r u i s e  a i r c r a f t .  This  r e sea rch  has  been d t r e c t e d  toward L 

concept, which may provide s u b s t a n t i a l  i n c r e a s e s  i n  l i f t  f o r  iaproved rake-off 
1 
I and landing performance and, f u r t h e r ,  which may provide b e t t e r  engine-airframe 

m a ~ c h i n g  f o r  improved c r u i s e  e f f i c i e n c y  and range. : i 

T.' 
, 

The present  paper sumn~arizes r e s u l t s  of recent. s t u d i e s  of powered-l if t  
concepts,  conducted i n  tZle Langiey V/STCL and .!-scale tunne l s .  I n  p a r t i c -  
u l a r ,  the  paper d i scusses  (1) t h e  a p p l i c a t i o n  o t  t1.e wer-i1.2-wing blowing 1 
(O'IWB) concept t o  an advanced subsonic c r u i s e  con<lv,it:?tlon and ( 2 )  t h s  dppl i -  
c a t i o n  of OTWB and t h r u s t  vec to r ing  concepts t o  an a:ivanced supersonic  c r u i s e  
conf igura t ion .  

, ,. . , . 

l i f t  c o e f f i c i e n t  

SYMBOLS 

, ' 
. .,. , 

. CL , , add i t iona l  c i r c u l a t i o n  l i f t  

pitching-menlent c o e f f i c i e n t  

I i f ( 1  Cp t h r u s t  c o e f f i c i e n t  
. f 

engine nc -z le  diameter (see  f i g .  5)  

s, 4 
p ~ ~ ~ : ,  NTENTIONALLY BLANR 

a - 1 7 - - - ' 7 - -  a .  , .  --T"-- .Tr,  , * ,  . 7 -  I T  



height of engine nozzle above wing (see fig. 5) 

incidence of canard 

tail area 

aircraft weight 

angle of attack 

flap deflection angle 

.%breviat ions : 

I i 

boundary-layer concrol i I 

over-the-wing bl~wing 

upper-surface blowing 

POTENTIAL BENEFITS DERIVED FROM POWERED-LIFT CONCEPTS 

One of the fundamental considerations in the design of a cruise efficient 
aircraft is the sizing of the configuration with regard to wing area and 
installed thrust requirements. It is recoznized that the sizing process 
fnvolves considerable compromise, and that low-speed performance plays a key 
part in the trade-off. 

Presented in figure 1 is a classical "thumb print" plot which shows the 
variation of range with installed thrust-to-weight ratio T/W and wing load- 
ing W/S. Also shown in this figure is a typical take-off field length con- 
straint which emphasizes the iinpact that low-speed performance has on engine- 
airframe sizing. The important point illustrated by figure 1 is the fact that 
for a specified configuration, optimum range is obtained with relatively low 
values of T/W and relatively high values of W/S, and that increasing T/W 

; ! 
or reducing W/S from the optimum values in order to m e t  the take-off field 

Figure 2 illustrates the influence of take-off lift coefficient, T/W, 
and W/S on take-off field length requirements. This relationship was 
obtained from an empirical study and is discussed in detail in reference 1. 



t is seen that a specified take-off field length can be obtained, 
with relatively low values of T/W and relatively high values of w/S, provided 
that sufficiently high values of take-off lift coefficient can be obtained. 
Therefore, the successful application of powered-lift concepts, which yield 
lmprovea low-speed performance, wiil allc.; acceptable take-off field lengths to 

h values of T/W and W/S sized to obtain optimum cruise 

POWERED-LIFT CONCEPTS INVESTIGATED 

The powered-lift concepts considered herein are described and discussed 
individually. Although the details differ, the fundamental consideration is 
the same for both subsonic and supersonic cruise vehicles; namely, to allow 
the wing area and installed throst to be sized to provide optimum cruise rffi- 
ciency whilt using powered-lift concepts to meet the low-speed operational 
requirements associated with conveational aircraft. 

One particularly promising povzred-lift concept, which may have near-term 
applications for long-haul sdbsonic transports, is over-the-wing blowing (On>). 
Figure 3 shows a photograph and a sketch of +he concept applied tc a subsonic 
transport configuration with an aspect-ratio-7.48 wicg and c leading-edge sweep 
of 33.6O. The conf;guration is equipped with four, pylon-mounted, upper-surface 
engines with deflectable exhaust nozzles. Reference 2, which combined the ana- 
lytical resul.ts of reference 3 and the experimental results of references 4 
and 5, has shown that the OTWB concept with undeflected exhaust nozzles can pro- 
vide substantial reductions in induced drag. The reduction in induced drag is 
provided by the jet exhaust which induces an u~wash on the wing. The upwash 
rotates the wing force vector forward and effectively produces a negative incre- 
ment in induced drag. Therefore, if it is possible to produce addiiional circu- 
lation lift by deflection of the exhaust flow downward onto the wing surface 
during take-off and landing, such an arrangement wouid provide not only improved 
low-speed performance but also improved cruise performance. 

As was sentimed pr!viously, powertd-lift concepts h ~ v e  also been applied 
tc superson-c cruise veh~cles. Figure 4 shows a photograph of a large-scale 
advanced sitperzcnic cruise arrow-king configuratior. which has an aspect ratio 
of 1.72 and au i!,board leading-edge sweep of 7 4 O .  The powered-lift concepts 
investigated for improved low-speed performance of this configuration are also 
sketched in figure 4 and include (1) bouniary-layer control (BLC) for enhanced 
flap cffectivenesa ?nd prevention of flow separation at high flap deflections, 
(2; OTWB for additional circulation lift (this concept also has another advan- 
tage in that the trailing-edge flap system may be continuous, rather than the 
segmented system necessitated by the use of the conventional underslung engines), 
and (3) thrust vectoring which provides increased lift by a combination of the 
direct vector ~Impcnent of thrust arid by the additional circulation lift pro- 
duccd by f low zriL rx  nmen t . 



LIFT CHARACTERISTICS 

Subsonic Cruisc Vehicles 

Figure 5 shows the variation of additional circulation lift CL,~, obtained 
with the OTWB concept, as a function of the racio of the height of the engine 
above the ving to the engine diameter h/D. The data are presented for a = OC 
and bf = 45'. It should be noted that the exit nozzle deflection varied with 
h/D so that the jet would impinge at approximately the same chorawise location. 
From figure 5 it is seen that, as with other powered-lift concepts, relatively 
small values of thrust coefficient C,, result in significant levels of addi- 
tional circulation lift and that further incrGases in Cu result in more gradual 

increases in CL, r. Furthermore, from figure 5 it can be seen that there is only 
a slight increase in CL*~. as h/D is increased from 0.5 L 1.0. 

Figure 6 presents a comparison of the lift characteristics ~btained for the 
OTWB concept with those for an upper-surface blowing (USB) concept applied to a 
configuration comparable with that used in the OTWB investigation (see ref. 6). 
The USB concept used rectangular exhaust nozzles having as aspect ratio of 6. 
On the basis of a comparison of the data for the OTWB and USB concepts, it would 
appear that both concepts produce essentially the same level of additional 
circulation lift. However, the reduction in induced drag provided by the OTWB 
concept in the cruise configuration indicates that such a configuration may have 
a higher level of cruise efficiency than a tor-figuration with the USB concept. 

In light of these considerations, the KASA Langley Research Center will be 
conducting tests with a large-scale model of the advanced OTWB subsonic trans- 
port configuration sllon in figure 7. The configuration uses a supercritical 
airfoil with an aspect-ratio-12 wing arid is designed for efficient cruise at 
Mach numbers of about 0.8. Curing the take-off and landing phases of flight, 
the exhaust is deflected downward onto the wing surface to provide the desired 
high lift for improved law-speed performance. 

Supersonic Cruise Vehicles 

Figure 8 summarizes the improvements in lift obtain'ed with the various 
powered-lift concepts investigated for the advanced supersonic cruise vehicle. 
From figure 8 it is seen that the increment in lift provided by the plain 
trailing-edge flap is reduced for flap deflections above 200, as a result of 
flow separation at the higher flap deflections. As would be expected, the 
application of BLC provides enhanced flap effectiveness and eliminates flap 
stall for flap defiections up to 40'. Figure 8 also shows that thrust vector- 
ing provides an additional increment in lift; however, this increment was 
limited to the vector component of thrust. The fact that thrust vectoring 
failed to ?tovide additional circulation lift is attributed to the relatively 
far aft position of the exhaust nozzles for the particular engine location 
considered. The data show further that the OT,.!B concept provides substantial 
additional increases in lift. This result is attributed to the continuous 



I 
trailing-edge flap system, permitted by the upper-surface-mounted engines, and 

1 the additional circulation lift produced by the concept. 

The potential benefits obtainable from the application of powered-lift 
concepts to the supersonic cruise vehicle are illustrated in figure 9. The 
relatively low value of lift curve slope, associated with the low-aspect-ratio, 
highly swept, arrow wing, and the tail scrape angle are seen to constrain the 

I take-off lift coefficient of the basic concept to values of only about 0.55. 
Furthermore, the relatively high angle of attack associated with this lift 
coefficient results in substantial drag which penalizes the low-speed perfor- 
mance. In addition, the relatively high rotation angle requires the use of a 
visor nose for acceptable pilot visibility and also requires an elongated land- 
ing gear installation which results in a weight and volume penalty. 

Results of airframe-engine sizing studies have indicated that significant 
improvements in supersonic cruise efficiency and range can be obtained by reduc- 
ing the wing size of this ccnf3-guration by about 25 percent. Therefore, to 
obtain acceptable take-off field lengths, the resized vehicle would require 
approximately a 25-percent increase in lift coefficient, which corresponds to 
CL 2 9.7. 

Figure 9 shows that thrust vectoring in combination with BLC provides the 
desired lift coefficient of 0.7 at a 2 fjO, whereas OTWB and BLC provides a lift 
coefficient of 0.7 at a : l.SO. The use of OTWB or thrust vectoring therefore 
permits operation at reduced angle of attack which would result in a significant 
reduction in drag and thereby provide improved low-speed performance. Further- 
more, the reduced angle of attack would allow a reduction in landing gear length 
and may also eliminate the requirement for a visor nose, both representing a 
significant weight savings. However, the most significant point is that with 
the increased value of lift, the wing size can be reduced toward the optimum 
size for increased supersonic range while maintaining acceptable take-off and 
landing performance. 

It should be noted that the OTWB concept appears to provide better low- 
speed performance than the particular thrust vectoring concept investigated. 
However, it is constdered that, through proper design, the thrust vectoring 
concept might be as efficient as the OTWB concept and that the thrust vector- 
ing concept may offer some advantages over other high-lift concepts for achiev- 
ing improved lateral control. For example, one promising thrust vectoring 
concept which uses a two-dimensional exit nozzle design is illustrated in fig- 
ure 10. Such an arrangement should provide improved powered-lift characteris- 
tics and also allow significant, and needed, improvements in roll control by 
the introduction of drfferential thrust vectoring. 

LONGITUDINAL TRIM 

It should be noted that the data presented in the previous section corre- 
spond to untrimmed values of lift coefficient, and that extremely large nose- 
down pitching moments accompany the increases in lift provided by the powered- 
lift concepts. The problem of providing pitch trim for subsonic transport 
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?i. 

- .  

configurations has been discussed in reference 7; therefore, the present dis- 
cussion is limited to the problem of providing pitch tria; for supersonic cruise . -  , ,-ZCI . 

vehicles. . ! . .:$,=! -.+I 
- : 1. '. 

Figure 11 shows the pitching moments produced by application of powered- ! . .+/ .. . ... . lift concepts to the supersonic cruise vehicle. Relative merits of various f %. ..-:*4 
means for providing pitch trim have been investigated for this configuration ' ' 3 .  
and the results are praented in figure 12. The analysis was conducted for a 
trim lift coefficient of 0.7 and a static margin (d%/dcL) of 3 percent. As 
would be expected, the use of a conventional aft tail for trim requires a down- 
load, whereas the canard concepts require an upload. Furthermore, both the con- 

"4 .. .. * .. 
- .  . . . . .-,,* 2 
. . "3  

- .- '.I . ' 1  
, : .-.$ 

venticlal aft tail and the fixed canard require relatively high values of tail ,.. ' 

lift c ,efficient ( c ~ , ~ ~ ~ ~ )  and would therefore probably require a sophisticated I , ..e4 

hlgh-lift system. 

It is possible to achieve the favorable upload of the canard and to elim- 
I ! - I  inate the requirement for a high tail lift coefficient by introducing a gearing . . :1 ' 

arrangement which provtdes artificial stability by driving the canard surface I . %  

so that the canard angle of attack is reduced as the aircraft angle of attack 'I 
is increased. It should be poiated out that the eared canard requires the .I ! i .  

lowest lift coefficient per tail area ratio (St/Sf and may not require the 
sophisticated high-lift devices which would be associated with either the fixed 
canard or the conventional aft tail. 

CONCLUDING REMARKS 

The application of powered-lift concepts to advanced long-range subsonic 
and supersonic cruise vehicles appears promising for providing significant 
improvements in low-speed performance. The increased lift provided by the 
powered-lift concepts allows a reduction in both wing size and installed thrust 
requirements which yields a better engine-airframe match for improved cruise I 

efficiency and range. The powered-lift benefits appear to be particularly sig- . . :  
* 

nificant for the supersonic cruise vehicle because of the inherently poor low- i. 

speed lift characteristics associated with the low-aspect-ratio, highly swept 
wing required for supersonic flight. 

. . 
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CRUISE TA KE-OFF AUD lAND I NG \ 

Figure 3. - OTWR concept npp 1 i e d  to  srlhsonic transport. 

PLAIN FLAP + &LC 

OVER-THE-WING 
BLOWING 

THRUST VECTORING 

Figure 4 . -  Powered-lift concepts i n v c a t l ~ n t e d  lor 
supcrso~ l i c  cru i se  conf igurnt ion. 



Figilre 5 . -  Additional c i r c u l a t i o n  l i f t  produced by OTWB 
for subsonic cru i se  configuration.  €if = 4!i0. 

- - - U S B  

Figure 6 . -  Comparison o f  low-speed I l f t  cht \rac ter i s t i c s  for  OTWB 
and USB concepts applied t o  subsonic crutse  conFiguretions. 
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Figure 7.- Sketch of advanced long-haul subsonic 
transport with OTWB. 

OVER-THE-W I N G  
BLOWING + BLC 

VECTOR I N G  + BLC 

Figure 8.- Lift improvements due to powered-lift concepts for 
advanced supersonic cruise vehicle. a - OO. 



OVER -THE -W I NG 
BLOWING + BLC 

r- THRUST 
VECTOR I NG + BLC 

a, deg 
Figure 9.- Potent ia l  benef i t  of  appl i ca t i cn  o f  posered- l i f t  concepts 

t o  supersonic cru i se  v e h i c l e .  5f = 30". 

Figure 10.- Ske. . I  of  r12vised thrust vectoring concept 
for a wrsonlc  cru i se  v e h i c l e .  
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COMPARISON OF AERODYNMIC THEORY AND EXPERIMENT 
I 

3 FOR JET-FLAP WINGS 

Thomas G. Gainer, Long P. Yip, and Raymond D. Vogler 
NASA Langley Research Center 

SUMMARY 

This paper compares aerodynamic theory predictions made for a jet-fl.'pped 
wing with experimental data obtained in a fairly extecsive series of tcasts in 
the Langley V/STOL tunnel. The predictions were made with the El?) (Elementary 
Vortex Distribution) program developed by Lopez, Shen, and Wassun at McDonnell- 
Douglas. The tesls were made on a straight, rectangular wink and investigated 
two types of jet .flap concepts: a pare jet flap with high j e t  deflectio~~ and 
a wing with blading at the knee of a plain trailing-edge flap. The tests inves- 
tigated full- and partial-span blowing fot wing aspect ratios of 8.0 and 5 . 5  
znJ momentum coefficients from 0 to about 4 .  

I b e  total lift, drag, and pitching-moment coefficients predicted by the 
theory wece in excellent agreement with experimental values for the pure jet 
flap, even with the high jet deflection. The pressure caefficients on the wing, 
and hence the circulation lift coefficients, were underpredicted, however, 
because of the linearizing assum>tions of the planar theory. The lift, drag, 
and pitching-moment coefficients, as well as pressure coefficients, were under- 
predicted for the wing with blowing over the flap because of the failure of the 
theory to account for the interaction effect of the high vt-locity jet passing 
over the flap. 

Jet-flap theory is a relatively simple powered-lift theory developed by 
assuming that the jet exhaust that augments lift leave9 the wins trailing edge 
at small angles as a thin sheet. The theory was first developed in two dimen- 
sions by Speuce (ref. I), then in three dimensions by Maskell and Spence and 
others. (See ref. 2.) More recently, lifting-surface programs patterned after 
those for conventional wings have been developed that can predict chordwise and 
spanwise loadings for complex wing p1an:orms and arbitrary distributions of 
momentum coefficient and jet rieflection. These programs include the EVD (Ele- 
mentary Vortex Distribution) program (ref. 3) and the Vortex-Lattice Program for 
Jet-Flapped Wings (ref. 4). 

Although the basic a~suntptions somewhat restrict t h ~  theory, it could have 
important applications. LesipnerJ are examining the jet-flap concept, fcr 
example, in connection witti the two-dimensional nozzles being considered fcr 
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advanced supersonic aircraft. These nozzles would be mounted at the trailing 
edge of the wing and could be deflected to provide lift augmentation - either 
to imprljve performance or, in the case of fighters, to improve maneuvering; 
since these nozzles spread the exhaust into a fairly thin sheet, jet-flap the- 
ory would apply in their design. For many STM, applications, flow conditions 
may be outside the strict limitations of the theory; nevertheless, there are 
indicaeions jet-flap theory could be used. Although the theory is based on 
small-disturbance concepts, the theory predictions have agreed for some cases 
with test data at high deflections. Jet-flap theories have also predicted aero- 
dynamic characteristics of other configurations such as the augmentor wing and 
the externally blown flap (ref. 5). 

The different applications of the theory have not been examined in detail, 
however, nor have the theories themselves been verified to any greac extent 
because the necessary experimental data have not been availbble. For most of 
the powered-lift data available, the distributions of momentum coefficient and 
jet-deflection angle are not defined well enough to use in theory predictions. 
The data that ha-~e these distributions defined are limited to just a few blowing 
spans and jet deflections. Detailed pressure distributions are not generally 
available for comparison with theo zt ical. predictions. 

To provide some of the necessary data, Langley Research Center conducted a 
series of wind-tunnel tests that investigated a fairly wide range of jet-flap 
parameters. This paper compares predictions made with a representative jet- 
fiap theory, namely the EVD theory (ref. 3) with these experimental data. The 
test model had a straight, untapeted wing. It was tested with two powered-lift 
configurations which, while they do not quite agree with the assumptions of the 
theory, would be of interest in STOL applications. In one configuration the wing 
was equipped with a pure jet flap with high jet deflection, whereas in the other, 
the wing was equipped with blowing over a plain trailing-cdge flap. Partial- 
and full-span biowing and two wing aspect ratios (8.0 aild 5.5) were investigated. 
The model was tested through an angle-of-attack range from about -4O to 20° at 
momentum coefficients from 0 to about 4. 

aspect ratio 

influence coefficient relating vorticity at a point j to downwash 
at a point i 

span 

net drag coefficient, based on model drag minus component of model 
thrust in drag direction 

Cr, lift coefficient 

C~,jr jet-reaction lift coefficient 
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circulation lift coefficient 

pitching-moment coefficient (ref erred to the wing apex) 

jet-momentum coefficient 

section pressure coefficient 

difference between upper and lower surface pressures 

section jet-momentum coeffjcient 

axial force 

normal force 

constant in thickness correction factor 

thickness correction factor 

wing area, m2 (it2) 

blown area of wing (blown span times wing chord), m2 (ft2) 

 win^ thickness-chord ratio 

induced downwash at a control point i 

chordwise distance 

spanwise distance 

angle of attack, deg 

flay deflection, deg 

jet turning anble, deg 

thrust efficiency factor; actual thrust divided by nominal 
calibrated thrust 



MODEL AND APPARATUS 

The t e s t  model is shcwn i n  tile Langley V/STOL tunne l  i n  f i g u r e  1. The fuse- 
l a g e  was designed smal l  enough t o  have n e g l i g i b l e  e f f e c t  on t h e  wing aerodynamic 
c h a r a c t e r i s t i c s ,  y e t  l a r g e  enough t o  c o n t a i n  t h e  model balance ,  p r e s s u r e  gages,  
and a s s o c i a t e d  tub ing  requ i red  i n  the  t e s t s .  

Figure 2 snows some of  t h e  wing d e t a i l s .  The wing had a 25.4-cm (10 i n . )  
cho.J and an NHCA 0018-64 a i r f o i l  s e c t i o n .  I t  was t e s t e d  a s  an aspec t - ra t io -  
8.0 wing (2.03-m (80 in.)  span) wi th  blowing over  t h e  f u l l  span,  two-thirds of 
t h e  span,  o r  one- th i rd  of  t h e  span; then t h e  outboard one- th i rd  of t h e  wing was 
removed and i t  was t e s t e d  a s  an  aspect - ra t io-5 .5  wing (1.02-rn (40 i n . )  span) 
wi th  f o l l -  o r  half-span blowing. The leading-edge s l a t  shown was used t o  pre- 
vent s e p a r a t i o n  a t  t h e  l e a d i n g  edge a t  h igh ang les  of a t t a c k  and high j e t  de f l ec -  
t i o n s .  A i r  f o r  blowing was provided by t h e  tunne l  h igh-pressure  a i r  supply  which 
was brought i n  througn t h e  s t i n g .  

For t h e  pure  j e t  f l a p  ( f i g .  2). t h e  wing remained i n  its b a s i c  a i r f o i l  
shape,  wi th  t h e  t r a i l i n g  edge undef lec ted,  and a i r  was e j e c t e d  from a s l o t  on 
t h e  lower s u r f a c e  at t h e  t r a i l i n g  edge. The a i r  was e j e c t e d  a t  an  ang le  af 
approximately 600 wi th  respec t  t o  t h e  wing chord l i n e .  

For blowing over  t h e  f l a p  ( f i g .  2) .  t h e  p a r t  of t h e  wing con ta in ing  t h e  jet 
f l a p  was removed and replaced w i t h  a 25-percent-chord d e f l e c t a b l e  p l r - . A  f l a p .  
A "s lo t "  a t  t h e  knee of  t h e  f l a p ,  c o n s i s t i n g  of 300 h o l e s  0.159 crn (0.063 i n . )  
i n  d iameter  and e q u a l l y  spaced i110ng t h e  span,  provided t h e  a i r  f o r  blowing. 
The f l a p  was divided i n t o  t h r e e  spanwise segments f o r  d i f f e r e n t  amounts of 
pa r t i a l - span  blowing, and on ly  t h e  f l a p  segment a long  t h e  blowing span was 
d e f l e c t e d .  For example, v i t h  1/3-span blowing, only  t h e  inboard 1/3-f l a p  seg- 
ment was d e f l e c t e d  and t h e  remaining two outboard segments were undef lec ted.  
Flap d e f l e c t i o n s  of o0, 15O, 30°, 45O, and 6C0 were i n v e s t i g a t e d .  

Model f o r c e s  and mments  were measured wi th  a six-component s t r a in -gage  
balance .  S t a t i c  p r e s s u r e s  were measured a t  s i x  spanwise s t a t i o n s  on t h e  r i g h t  

wing panel  (& = 0.15, 0.30, 0.45, 0.60, 0.78, and 0.93 and, as a check on 

symmetry, a t  one s t a t i o n  

) 
(& 0.30) on t h e  l e f t  panel .  There were 31 o r i f i c e s  

on t h e  wing a t  each s t a t i o n  - 19 on t h e  upper s u r f a c e  and 12 on t h e  lower s u r f a c t  

THEORETICAL CALCULATIONS 

The t h e o r e t i c a l  c a l c u l a t l o n s  were made wi th  t h e  Elementary Vortex Distri- 
bu t ion  (Em) program desc r ibed  i n  r e fe rence  3. The EM program is R l i f t i n g -  
s u r f a c e  program t h a t  r e p r e s e n t s  the  wing and j e t  wake wi th  a vor tex  shee t  of  
varying i n t e n s i t y .  The v o r t e x  s t r e n g t h  on t h e  wing is  determined by s a t i s f y -  
ing  t h e  tangent flow boundary cond i t ion  on t h e  wing. T h i s  is done by s e t t i n g  
t h e  sum of t h e  induced v e l o c i t i e s  wi ( f i g .  3) equal  t o  t h e  comFonents of 



. .: 7 

free-:tre.am ve loc i ty  normal t o  t h e  wing sur face  so t he re  can be  no flow through 
the  wirlg surface.  The v o r t i c i t y  along the  jet wake is determined by using the  
basic  S ~ e n c e  r e l a t i onsh ip  t h a t  expresses v o r t i c i t y  i n  terms of sec t ion  momentum 
coeff5.c en t  and the  change i n  induced downwash with respect  t o  downstream d is -  
tance r 4 follows: 

Tile program has been l i nea r i zed  by assuming small per turba t ions  and t h a t  
,111 * r n t i c i t y  l i e s  i n  t he  plane of the  wing. The boundary condi t ions have been 
projta.: ed back t o  t he  plane of the  wing. The camber, t w i s t ,  and je t -def lec t ion  
an:Sic!s a r e  assumed t o  be small. 

T?,e EVD program adds a degree of sophis t ica t ion  t o  t he  bas i c  vortex scheme 
b:r assllming a continuously varying chordwise v o r t i c i t y  constructed from d i f f e r -  
el.:: types of bas ic  vortex elements. The EVD uses  overlapping t r i angu la r  e le-  
meuts t.o obtain a l i n e a r l y  varying v o r t i c i t y  between two poin ts  on the  wing, a 

of  lown nut ream dis tance,  i s  used t o  represent  t h e  t r a i l i n g  j e t  sheet  f a r  
dcwist ream. 

T!le EV3 program accounts f o r  wing camber and t w i s t  and allows f o r  a 
trail ing-,edge f l ap ,  but the  assumption is made t h a t  t h e  jet is emerging from 
the  trai! ing edge of the  f l ap ,  not from a point on t he  upper sur face  cf t he  
wing. Thle progrr assumes a t h i n  wing; however, thickness  e f f e c t s  c m  be 
accounted f o r  by mult iplying c i r cu l a t i on  l i f t  and wing pressure coe f f i c i en t s  
by the  Eollowing cor rec t ion  fac tor :  

1.144 w i t ' 7  f . " ' l - span  blowing t o  1.048 with 113-span blowing. 

1.n m a ~ i n g  the  EVD ca lcu la t ions ,  EVD elements were placed a t  20 spanwise 
s t a t i o n p  along the  semispan f o r  t he  aspect-ratio-8 wing and a t  16 spanwise 
s t a t i c~ t l s  f o r  t he  aspect-ratio-5.5 wing. There were s i x  chordwise elements on 
thb- ding -and f i v e  on the  jet. 

The aomentu? coe f f i c i en t  and je t -def lec t ion  angles  needed t o  make the cal-  

were t 2asurc:d normal t o  and along the wing cl;ord l i n e  and resolved i n t o  a 



r e s u l t a n t  f o r c e ,  An e f f i c i e n c y  f a c t o r  q, which is t h e  r a t i o  of t h e  a c t u a l  o r  
r e s u l t a n t  t h r u s t  t o  the  nominal t h r u s t ,  w 3 s  then determined,  as was t h e  jet 
d e f l e c t i o n  o r  t u r n i n g  ang le  tij, which is t h e  ang le  between t h e  r e s u l t a n t  t h r u s t  

and t h e  wing chord l ine .  The v i n g  wi th  blowing over  t h e  f l a p  had e f f i c i e n c i e s  
varyitcg from about 0.85 at  bf = 0' t o  between 0.75 and 0.79 a t  6f  = 600. 
The tu r : tng  ang le  wi th  blowing over  t h e  f l a p  a a  about equal  t o  t h e  ang le  of  
t h e  f l a p  upper-surface d e f l e c t i o n  (6f + 13.507. The pure  j e t  f l a p  was c n l i -  
b r a t s d  t h e  same way a s  t h e  blown f l a p ,  except  t h a t  i t  was c a l i b r a t e d  wi th  t h e  
jet f l a p  i n  p lace  s o  t h a t  tire nominal t h r u s t  was equal  t o  a c t u a l  t h r u s t  and its 
e f f i c i e n c y  f a c t o r  was 1.0. The s t a t i c  r e s u l t s  show t h a t  t h e  j e t -d r f  l e c t  ion  -; x, 

,,>. > : 4 
ang le  f o r  t h e  pure  jet f l a p  was between 61" and 63O. In  t h e  c a l c u l a t i o n s ,  t h e  >.+ :.+..;i $$j 
momentum c o e f f i c i e n t  and j e t - d e f l e c t i o n  a n g l e s  were assumed t o  be uniformly .. . . -.&,I 
d i s t r i b u t e d  over  t h e  blowing span. ;,.. : I:., ~. ' $-@ . . 

, i ' . ,  -;x 

RESULTS AND DISCUSSION 

Pure J e t  Flap 

Compnrison of t o t a l  l i f t ,  d r a ~ ,  and p i t c h i n g  moment.- The l i f t ,  d rag ,  and 
pi tch~8-nrament  comparisons shown i n  f  igures .  5, 6 ,  and 7 i n d i c a t e  e x c e l l e n t  
agreement between theoiy  and experiment f o r  t h e  pure-jet-f  l a p  wing. The r e s u l  ts  
f o r  fu l l -span blowing wi th  tile a spec t - ra t io -8  wink ( s ~  = 61.4') a r e  given i n  f i p -  
u r e  5; t h e  r e s u l t s  wi th  1/3- and 2/3-span blowing f o r  t h i s  wing a r e  given i n  
f i g u r e s  6 and 7 ,  r e spec t ive ly .  Except a t  CLl = 0 ,  the  t h e o r e t i c a l  p r e d i c t i o n s  
g e n e r a l l y  agtecd c l o s e l y  wi th  experiment through t h e  Cp range f o r  t h e  t h r e e  
blowing spans.  

The poor agreement oi: CL, = 0  was caust-d iby t h e  f a c t  thrlt t h e r e  was a  good 

d e a l  of s c p ~ r a t e d  flow on t h e  wing witllout b1c)wiu~. The Iesding-cdgc sl:lt  i n t e r -  
f e red  wich t h e  f low a t  low a n ~ l e s  of a t t a c k ,  nud the  fltrw was separa ted  around 
t h e  t r a i l i n g  edge st a l l  a n g l e s  o f  a t t a c k  becnusc t h e  a i r f o i l  w r r s  r e l a t i v e l y  
t h i c k  ( t / c  = 0.18). J u s t  n rmxierotc amount of blowing cleaned up t h e  stbparat,eu 
flow s o  t h a t  t h e  theory was brought i n t o  c l o s e  :lgreement  wit!^ t h e  experimental  
datn .  

The theory s l i g l i t l y  underpredic ted  t h e  l i f t  a t  Cil = 3.9, but  t h i s  ctisagrec- 
ment between theory and tl\i!\erCtnent was not t v p i c a l  : d s t n  f o r  o t h e r  conf ipurn t  ions  
showed good agreement a t  high C .  The f a c t  t h a t  t h e  agreement was a s  good :IS i t  
WRY v a l i d a t e s  t h e  th ickness  c o r r e c t i o n  ttlc~t was app l i ed  t o  t h e  l i f t  c o e f f i c i e n t s  
es t imated by t h e  thin-wing theory.  Without t h l s  c o r r e c t i o n ,  t h e  p red ic ted  l i i t  
coef f i c  t e n t s  would be n~ i i ceab ly  l owcr than  e s p r r  inicnt tllroilgllaut t l \c  C), 
range. 

The d r ~ ~ g  c o c f f i c i e r r t s  shuwn a r e  based on t h e  n e t  fo rce  i n  t l i r  drng d i r e c t i o n  
measured by t h e  model balance and, t l l e re fo re ,  incliicic. t h e  mode? t h r u s t .  Thc prn- 
f i l e  d rag  c o r f f i c i e n t  o f  t l ~ e  model ( t h e  vnliie where t h e  C,, = 0 curve i n t c r s r c t s  

i t h e  CL = 0 axis) was about 0 .07 ,  which was very s m : ~ l l  compared wi th  the  o v e r a l l  



level of drag being measured. Most of the drag developed was induced drag, 
and the results indicate the theory was able to predict the induced drag very 
accurately. The fact that the theory assumed 100-percent suctio.1 and gave good 
drag prediction indicates that the wing was experiencing full thrust recovery. 
Results for the aspect-ratio-5.5 wing are not presented, but there was excel- 
lent agreement between theory and experiment for this wing also. 

Comparison of force components.- The fact that the theory gave good pre- 
dicticfis of total force and moment coefficients at the high jet deflection, 
even though it has been linearized and assumes small jet-deflection angles, is 
consistent with some of the previous results for the jet flap, which also show 
good agreement with test data at high jet deflections. (See, for example, 
Spenca's two-dimensional comparisons in reference 1 and also comparisons for an 
augmentor wing in reference 5 . )  This good agreement can be explained by exam- 
ining the components of the forces and moments. It can be shown that while the 
predicted total forces and moments agreed with experiment, the components of the 
forces and moments did not agree. The following table compares the theoretical 
and experimental components of lift coefficient for the 213-span blowing case 
at a Cp of 3.9 (Nu = 3.6) m d  a = 0'. The components shown (for no flap 
deflection and a = 0°) are the jet-reaction lift coefficient CL,jr, which 
is the lift coefficient due to the thrust acting at the trailing edge, and the 
circulation lift coefficient C L ~ ,  which is the lift coefficient obtained by 
integrating the pressure distributions on the wing. 

I Planar theory 1 2 .32  1 3.88  1 6 . 2 0  I 
1 Experiment 

. ----- 
1 3.15 1 3.17 1 6.32 1 

- -1 

Whereas the total lift coefficients agree within about 2 percent, the 
small-angle theory overestimates the jet-reaction lift co~ifictent: the small- 
angle value for CL,~: is r ~ C ~ - ~ b  (6, in radians , whereas the true jet-reaction ) 
lift coefficient is nC,, sin b j .  The planar theory, on the other hand, will 

underestimate the circulation iif t , and hence, the pressure distribution on the 
wing. 

Comparison of pressure distributions.- The pressure distributiniis in fig- 
ure 8 show the extent to which the iinear theory underestia?tes the pressures on 
the wing, and hence, the circulation lift developed. Pressure distributions in 
figure 8 are for the pure-jet-f lap wing with 213-span blowing at a CU of 3 .9 .  
The plots shown give the net pressure dif fercnce Ac Sctwecn the upper and 

P 
lower surfaces as n function of nondtmensiunal chordwise distance nLong the 
wing. (In the EVD calculations Acp = 2y, where y is the vorticity at a 

given point .) The theoretical pressure distribut-ions s\~own have been corrected 
for wing thickness effects. The pressure distributions arc given for three 
spanwise stations; the two inboard stations have blowing, the one outboard 



station has no blowing. It is seen that the theory underpredicts the pressures 

at the two inboard stations for which there is blowing (b% = 0.15 and 0.45) 

but Is in good agreement with experiment: at the olltboard station 

where there is no blowing. 

The lower wing pressures predicted by the theory can be attributed to the 
high jet deflections involved and to the fact that the theory satisfies bound- 
ary conditions in the plane of the wing rather than on the jet wake (see fig. 3). 
The effect of these planar assumptions is demonstrated by the results of a 
two-dimensional study in figure 9. Figure 9 shows pressure distributions 
calculated with a program developed by Clever (ref. 6) for a flat-plate two- 
dimensicnal wing with C,, = 3.5 and a = 0'. The nonplanar theory was devel- 

oped without making linearizing assumptions; the planar theory assumes small 
angles and that vorticity lies in the plane of the wing. The comparisons show 
that at 6j = lo0, there is no difference between the nonplar.ar and planar theo- 

ries; at 6j = 30°, which is about the limit of the smali-angle assumptions, 
small diffe,rences start to appear. At 61 = 60°, the linearized planar theory 

gives lower pressures than the nonplanar theory, particularly close to the wing 
trailing edge. 

At both 6j = lo0 and 6j = 30°, the total as well as the components of 

lift coefficient were about the same for the nonplanar and planar theories. The 
table in figure 9 compares these lift coefficients at b j  = 60° and shows that, 

as was the case for the three-dimensional planar theory and experiment, total 
lift coefficient was about the same for the planar and nonplanar the.-ies, even 
though the components did not agree. The planar theory overestimated the jet- 
reaction lift, but compensated for it by underestimating the circulation lift by 
about the same amount. 

Wing With Blowing Over the Flap 

Comparison of total lift, drag, and pitching moment.- Lift, drag, and 
pitching moments for the wing with blowing Gver the trailing-edge flap are 
shown in figure 10. The results are for the aspect-ratio-8 wing, full-span 
blowing, and af = 30". They are typical of those for all blown-flap configu- 
rations in that they show the theory consistently underestimated the lift and 
pitching moments for this wing throughout the C,, range. The predicted lift- 
drag curves were in good agreement with experiment, but the drag at a given 
angle of attack was substantially lower for the theory than for experiment. 

These results indicate there is a substantial interaction effect due to 
the jet exhaust passing over the flap that was not accounted for in the theory, 
which assumes the jet exhaust emerges from the trailing edge of the wing. This 
is substantiated by the pressure distributions for the blown-flap wing as 
described in the following section. 



Comparison o f  p ressure  d i s t r i b u t i o n s . -  Figure 11 snows t h e  p r e s s u r e  d i s -  
t r i b u t i o n s  f o r  <he blown-flap wing f o r  two f l a p  d e f l e c t i o n s ,  30° and O". These 

1 d i s t r i b u t i o n s ,  given a t  t h e  15-percent-semispan s t a t i o n ,  show both  upper and 
lower s u r f a c e  pressures .  These were obta ined by s o l v i n g  t h e  th ickness  problem 
f o r  upper and lower s u r f a c e  v e l o c i t i e s  wi th  no blowing, then adding t h e s e  t o  
t h e  v e l o c i t i e s  determined f o r  t h e  t h i n  wing wi th  blowing from t h e  EVD program. 
The v e l o c i t i e s  were then converted i n t o  p ressure  c o e f f i c i e n t s  by us ing t h e  

I incompressible Bernouli  equation.  

The p ressure  d i s t r i b u t i o n  f o r  6f = 30° i n d i c a t e s  a  high negat ive  p ressure  
peak around t h e  f l a p  hinge l i n e  and j e t  s l o t  l o c a t i o n  ( a t  0 . 7 5 ~ ) ;  t h e  t h e o r e t i -  
c a l  pressure  d i s t r i b u t i o n  a l s o  has  a  negat ive  p ressure  peak a t  t h i s  l o c a t i o n  
because t h e  f l a p  is def lec ted .  The p ressures  given by t h e  theory around t h e  
hinge l i n e ,  however, seem t o  be much lower than t h e  experimental  va lues ,  ind i -  
c a t i n g  t h a t  t h e  high-velocity jet emerging from t h e  s l o t  a l s o  has a s u b s t a n t i a l  
e f f e c t .  The e f f e c t  of t h e  jet is even more apparent a t  !if = oO. The exper i -  
mental d a t a  f o r  6f = 0' aga in  i n d i c a t e s  a  very high nega t ive  p ressure  around 

t h e  j e t  s l o t  and hinge l o c a t i o n ;  however, t h e  thec l re t i ca l  d i s t r i b u t i o n  i n d i c a t e s  
no such peak because t h e  f l a p  i s  undef lected.  The theory,  i n  t h i s  case ,  t r e a t s  
t h e  wing as though it  were a pure j e t  f l a p  wi th  a  j e t  d e f l e c t i o n  equal  tr t h e  
angle  of t h e  upper s u r f a c e  of t h e  f lop .  

The f a c t  t h a t  t h e  e f f e c t  of t h e  j e t  appears a s  a s i n g u l a r i t y  t h a t  is s i m i -  
l a r  t o  logar i thmic  s i n g u l a r i t y  caused by f l a p  d e f l e c t i o n  i n d i c a t e s  t h a t  i t  might 
be p o s s i b l e  t o  modify t h i s  s i n g u l a r i t y  t o  account f o r  Cv e f f e c t s  as  w e l l  a s  

f l a p  e f f e c t s .  I f  t h i s  cannot be done, then a  more general  wing-jet i n t e r a c t i o n  
program ( s i m i l a r  t o  r e f .  7 )  would be needed t o  account f o r  t h e  j e t  flow over 
t h e  f l a p .  

CONCLUSIONS 

Comparisons made between theory and ex;>riment f o r  a  s t r a i g h t ,  untapered 
wing w i t h  two types  of powered l i f t  (a pure j e t  f'op and blowing over t h e  f l a p )  
ind ica ted  t h e  fc l lowing conclusions:  

1. The l i f t ,  drag,  and pitching-moment c o e f f i c i e n t s  p red ic ted  by t h e  l i n -  
ea r ized  planar  theory were i n  e x c e l l e n t  agreement wi th  t h e  experimental  va lues  
f o r  t h e  pure  jet f l a p ,  even though t , ~ e  j e t  d e f l e c t i o n  was l a r g e  (61° t o  63'). 

2. The planar  theory underpredicted t h e  p ressure  c o e f f i c i e n t s  and hence t h e  
wing c i r c u l a t i o n  lift. The lower c i r c u l a t i o n  l i f t  was compensated f o r  by a 
higher  j e t - r e a c t i a a  l i f t ,  under t h e  small-angle assumptions, s o  t h a t  t o t a l  li,t 
and p i t c h i n g  moments were c l o s e  t o  t h e  c o r r e c t  values .  

3. The l i f t ,  drag,  and pit.ctring-moment c o e f f i c i e n t s  a s  w e l l  a s  p ressurc  
c o e f f i c i e n t s  a t  a  given angle  af  a t t a c k  were underpredicted f o r  t h e  wing w i t h  
blowing over t h e  f l a p  because of t h e  f a i l u r e  of t h e  theory t o  account f o r  t h e  
i n t e r a c t i o n  e f f e c t  of t h e  high-veloci ty  J e t  pass ing over t h e  f l a p .  
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Figure I.- Test node1 in the V/STOL tunnel. 
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EVD THEORY 

Figure 5 .  - Theory and experiment  comparison for purr J c t  f l a p ;  
A - 8; fu l l - span  blovi~g; b j  = 61 .4 ' .  
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Figure 6 .  - Theory and experiment comparisl)n f o r  pure j e t  f l a p ;  
A = 8; 113-spsn blowing; 6, = 63 .4 ' .  
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F i g u r e  7 .  - Theory  and expt3riment compar i son  f a r  p u r e  J e t  i1;lp; 
A = 8; ?/ : -span b l o w i n g ;  5j = 61.W. 
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F i g u r e  8.- T h e o r e t i c a l  a n d  e x p e r i m e n t a l  prt1esurs3 d i s t r i b n ~ i o n s  
f o r  p u r e  j e t  f l a p .  313-span blowing; CL, = 3.3. 
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Figure 9.-  Effect  of  planar assumptions i n  t w o  dimensions 
( r e f .  6 ) .  C,, = 3.5;  a = OO. 
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Figure 10.- Theory and exper:.ment comparison f o r  wing w i ~ h  
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EXTERNALLY BLOWN FLAP IMPINGENENT PARAMETER 
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-q SUMMARY 

4 
This paper presents  a comparison of t he  performance of two externa l ly  .:I blown f l a p  (EBF) wind-tunnel models with an engine-exhaust f l a p  impinge- 

ment co r r e l a t ion  parameter. One model was a four-engine EBF t r i p l e -  
s lo t t ed  f l a p  t ransport .  I so la ted  engine wake surveys were conducted t o  
def ine  t h e  wake properties of give separa te  engine configurat ions f o r  which 
performance da t a  were avai lable .  The other  model was a two-engine EBF trans- 
port  f o r  which the  engine wake proper t ies  were estimated. The cc r r e l a t ion  
parameter was a funct ion of engine-exhaust dynamic pressure a t  t h e  f l a p  
locat ion,  a rea  of engine-exhaust f l a p  impingement, t o t a l  exhaust a r ea  a t  t h e  
f l a p  locat ion,  and engice th rus t .  The d i s t r i b u t i o n  of dynamic pressure f o r  
t he  f i r s t  model was measured ; however, t h e  d i s t r i b u t i o n  f o r  t h e  second model 
was assumed t o  be uniform. 

;:.J . , 
-, w . -. --: Numerous concepts have been developed f o r  achieving short-take-off-and- 

.,:.:i landing (STOL) performance. One approach which was se lec ted  f o r  an ~dvanced  
. i  medium STOL t ransport  (AMST) configurat ion,  the  YC--15, i s  the  ex terna l ly  > ' *  .- I 

blown f l a p  (EBF). Most EBF concept development h~.s been achieved with 
experimental inves t iga t ions  ( re fs .  1 t o  8) of var ious engine and airframe 
conf igurat ians.  While very l imited a c d y s e s  ( re fs .  9 t o  11) of these config- 
ura t ions  have been attempted, some work has been done with an empir ical  
ana lys i s  using a co r re l a t ion  parameter (impingement parameter) based on t h e  
v e r t i c a l  d i s tance  t h a t  t h e  f l s ~  t r a i l i n g  edge extends i n t o  the  j e t  exhaust 
from the  engine center  l i n e  and t h e  r ad ius  of t h e  j e t  exhaust a t  the  f l a p  
t r a i l i n g  edge. (See r e f .  12.) 

The present paper descr ibes  t he  r e s u l t s  of a r e l a t i v e l y  simple ana lys i s  
based on an  engine-exhaust f l a p  impingement pe rme te r ,  which is a funct ion 
of t he  engine-exhaust dynamic pressure a t  t h e  f l a p  loca t i cn ,  t h e  a rea  of 
engine-exhaust f l a p  impingement, t he  t o t a l  exex'~aust area a t  t he  f l a p  loca t ion ,  
and the  thrus t .  Isole.ted engine wake surveys were conducted t o  def ine  t h i s  
parameter f o r  one of the  EBF models f o r  which aerodynamic performance de t a  were 
ava i lab le  ( re f .  2). A unif orm dynamic pr eaerae p r o f i l e  was assumed t o  deter- 
mine t h i s  parameter f o r  t he  other EBF model. (See r e f .  13.) 



SYMBOLS 

t o t a l  a rea  of engine exhaust which impinges on f l a p ,  m - 
incremental a rea  of engine exhaust which impinges on f l a p ,  m 2 

t o t a l  area 3f edgine exhaust a t  f l a p  loca t ion ,  m 2 

L i f t  l i f t  coe f f i c i en t  , - 
qs 

thrust-removed l i f t  coe f f i c i en t  

t h rus t  coe f f i c i en t  , Thrust 
q s 

l o c a l  wlng chord, m 

engine-exhaus t f l a p  impingement 

free-stream dynamic pressure,  N/m 2 

incremental dynamic pressure of engine exhaust which impinges on 
f l a p ,  ~ / m ~  

engine-exhaust dynemic pressure which impinges on f l a p ,  ~ / m  2 

wing area ,  m 2 

s t a t i c  t h rus t ,  N 

v e r t i c a l  dis tance,  m 

angle of a t t ack ,  deg 

nominal f l a p  def lec t ion  angle,  deg 

engine-exhaust de f l ec t ion  (measured from body a x i s ) ,  

-1 Normal fo rce  
tan Axial force  s deg 

J ( N ~ - I  force) '  + (Axial force)  
2 

~ t a t i c - t h r u s t  recovery e f f ic iency ,  T 



Abbr evia t iona : 

BPR bypass r a t i o  

EBF ex terna l ly  blown f l a p  

MODELS 

Two wind-tunnel inves t iga t ions  were conducted t o  determine the  e f f ec t  of 
d i f f e r e n t  engine-exhaust c h a r a c t e r i s t i c s  on t h e  performance of two separa te  
EBF t ranspor t  con£ igura t ions  ( f igs .  1 and 2). 

A four-engine EBF trangport  (model 1, f i g .  1 )  was te s t ed  in  the  Langley 
VIiTOL tunnel. It had a 25 quarter-chord sweep, leading-edge s l a t s  d e i l e c t e  
50 . a$ t r ip l e - s lo t t ed  full-span f l a p s  whose elements were d ~ f l e c t e d  0 . 20 , 
and 40 , respect ively,  f o r  the take-off configuration, and 15 , 35 , and 55O, 
respect ively,  fo r  the landing configuration. The engines were simulated by a  
two-part e j ec to r  s imi la r  t o  that i n  f i gu re  3. Each engine simulator was 
f i t t e d  with f i v e  separate  cowl assemblies intended t o  represent  f i v e  d i f f e r e n t  
engine configurat ions ( f ig .  4) : (1) TF34 engine (BPR 6.2). (2) TF34 with 
noise  suppressor nozzle (daisy nozzle),  (3) c tretched version of the TF34 
(modified BPR 6.2). (4) JT15D engine (BPR 3.2), and (5) hi-gh-bypass-ratio 
engine (BPR 10). The modified BPR 6.2 engine was b u i l t  so t ha t  the  engine 
e x i t  would be a t  the  same chordwise loca t ion  a s  t he  fan  e x i t  on the da isy  
nozzle. The BPR of these engine simulators does not descr ibe i n  any way the  
s i ze ,  horizontal  pos i t ion ,  o r  v e r t i c a l  pos i t ion  of t he  simulator,  but is  only 
intended t o  be a  means of nomenclature. The important aspec ts  of t he  simula- 
t o r  a r e  not the c h a r a c t e r i s t i c s  a t  the  e x i t ,  but the  wake c h a r a c t e r i s t i c s  a t  
the  loca t ion  of t he  f l a p  a s  is evident subsequently i n  t h i s  paper. Since the  
exhaust and wake c h a r a c t e r i s t i c s  of t h e  severa l  fu l l - s ca l e  engines represented 
ere unknown, i t  is  not possible  t o  r e l a t e  t he  present r e s u l t s  t o  the  per- 
formance of t he  fu l l - sca le  engines. For fu r the r  d e t a i l s  of t h i s  model see  
reference 2. 

A two-engine straight-wing EBF t ranspor t  (model 2, f i g .  2) was tes ted  i n  
the  5.18- t e s t  sec t ion  of the  L8ngley 330-MPH 7- by 10-foot tunnel. It had 
a  leading-edge s l a t  def lected 40 , n double-slotted f l a p  d e f l e ~ t e d ~ 4 0 ~  f o r  
the  take-off configuration, and a  t r i p l e - s lo t t ed  f l a p  deflected 60 f o r  t h e  
landing configuration. The engines were simulated by a  two-part e j ec to r  a s  
presented i n  f i gu re  5. The engine v e r t i c a l  pos i t ion  on t h i s  configurat ion 
was varied ( t o  three  posi t ions)  t o  determine i t s  e f f e c t  on the  performance 
of t h e  con£ igurs t ion  ( f ig .  6). 



TEST 

Both models were mounted on a sting-supported sLc-component strain-gage 
balance f o r  measurements of t h e  t o t a l  forces  and moments. I so la ted  engine 
wake surveys w r e  conducted f o r  each engine configuration on model 1 so t h a t  
t h e  engine-exhaust f l a p  impingement parameter could be determined. Dynamic 
pressure measurements were made with a preesure rake positioned so  that the  
probes were al ined along a r a d i a l  l i n e  from the  geometric center  l i n e .  Four 
r a d i a l  pos i t ions  were chosen f o r  t h e  da i sy  nozzle and tw r a d i a l  pos i t ions  
were chosen f o r  the  o ther  four  engine airnulators. These measurements were 
repeated a t  various downstream loca t ions  t o  obta in  dynamic pressure p r o f i l e  
cha rac t e r i s t i c s .  I so la ted  engine wake surveys were not ava i l ab l e  f o r  t he  
engine simulators on model 2. Since the  game engine was used i n  a l l  th ree  
posi t ions,  it was f e l t  t h a t  assuming a 1 0  spread angle would be s u f f i c i z n t  
t o  de te rn ine  the  r e l a t i v e  inf luence of t he  exhaust f l a p  Impingement parameter. 

Jet de f l ec t ion  angles b j  and s t a t i c - t h r u s t  recovery e f f ic iency  q f o r  
both models were determined from measurements of t he  nonnel and a x i a l  f o rces  
made i n  the  s t a t i c - th rus t  condition with f l a p s  deflected and leading-edge 
slat deployed. 

CALCULATIONS 

Isolated engine wake surveys were ava i l ab l e  f o r  each engine configurat ion 
used on model 1. The f l a p  impingement parameter was computed using the d is -  
t r i b u t i o n  of dynamic pressure a t  the  f l a p  loca t ion  i n  t h e  foll.owing manner: 

A schematic of exhaust impingement on the f l a p  is presented i n  f i gu re  7 .  
The term C q 

i f # i  %,i 
caa be seen a s  a summation of a l l  the  dynamic pressure 

measurements mult ipl ied by the  associated f l a p  a rea  on which they impinge 
In equation ( I ) ,  is  the t o t a l  a rea  of engine exhaust at thz f l a p  impinge- 
ment plane and I)fAjis the nouilnal f l a p  def lec t ion  angle. Since the t e n  

f %,I 4,i is a t h r u s t  o r  force  term, the  parameter was divided by t h r u s t  T 

and nondimensionalized by an a r b i t r a r y  constant S (wing area!. 

Since i s o l s t e d  engine wake surveys were not ava i lab le  f o r  t he  engine 
configuration used on model 2 ,  the dynamic pressure was assumed t o  be uniform 
a t  the f l a p  1oca:ion. The exhaust was aesumed t o  spread a t  an angle of 10' t o  
determine the a rea  of the  exhaust a t  t he  f l a p  locat ion.  The impingement 



- 

parameter i n  t h i s  case is s l i g h t l y  s implif ied i n  t h a t  t he  dynamic pressure is  
assumed constant over t h e  f l ap ;  t h a t  is, 

S 
PA = qj Af sin 6f (2) 

j 

The l i f t  developed by a powered-lift system can be separated i n t o  th ree  
p a r t s  according t o  source: (1) the  l i f t  t h a t  would have been produced by the  
unpowered wing, (2) t he  l i f t  due t o  the  component of t he  jet which has been 
redirected by the  f l a p  system, and (3) the  l i f t  due t o  c i r c u l a t i o n  i n d u ~ e d  
by the  blowing. I f  the port ion of t h e  l i f t  due t o  t he  j e t  is  removed from 
the  t o t a l  l i f t ,  a thrust-removed l i f t  coe f f i c i en t  given by 

- 
'L, tr = CL - s i n  (6 + a) v j 

rc 
remains which can be re la ted  t o  the  f l a p  impingement parameter. 

RESULTS AND DISCUSSION 

AS a t e  The f l a p  s t a t i c  turning ef fec t iveness  parameters f o r  both mode1 
presented i n  f i gu re  8 i n  polar coordinate form. These parameters f o r  t he  f i v e  
engine simulators on model 1 and the  three  pos i t ions  of the  engine simulator 
on model 2 i n  the  take-off and landing configurat ions a r e  presented a t  a par- 
t i c u l a r  l e v e l  of th rus t .  This was the t h r u s t  l e v e l  used t o  obta in  a t h rus t  
coef f ic ien t  of 2 i n  the wind-tunnel t e s t  f o r  each configuration. 

The perpendicular d i s tance  from a da t a  point i n  f i gu re  8 t o  the  horizontal  
axisowould represent  the  l i f t  component due t o  t h r u s t  a t  an  angle of a t t a c k  
of 0 . If  it were assumed t h a t  with zero power a l l  engine simulator configu- 
r a t i ons  had iden t i ca l  cha rac t e r i s t i c s  and that the  only addi t ions  t 9  t he  
aerodynamic c h a r a c t e r i s t i c s  a t  an angle of a t t a c k  of O0 were those components 
i n  f i gu re  8, an assessment could be made ss t o  the  r e l a t i v e  meri t  of t>e 
configurations.  A s  discussed i n  reference 2, t h i s  assesument of t he  aero- 
dynamic c h a r a c t e r i s t i c s  of an engine model configurat ion is not necessar i ly  
true. A more pert inent  comparison based on the  engine-exhaust f l a p  impinge- 
ment parameter is presented i n  t h i s  paper. 

' i .  
The f l a p  impingement parameter is  a co r r e l a t ion  parameter which r e l a t e s  I ,  I A: 

the engine-exhaust proper t ies  t o  t he  performance of t he  engine .sodel configu- 1 ; 
I .  # . .  

ra t ion .  The l i f t  coef f ic ien t  performance and impingement parameter a r e  I . :  
! .  , presented f o r  several  model f l a p  combinations a t  an angle of a t t a c k  of 0' a s  

f 0 llow3 : I .  

I .  '. 
I . .* 



The e f f e c t  of engine configurat ion f o r  landing f l a p  de f l ec t i on  on model 1 
(f ig .  9) i nd i ca t e s  t h a t  the  engine s imulators  which produce the  l a r g e s t  im- 
pingement parameter (BPR 6.2 and modified BPR 6.2; provide t h e  l a r g e s t  l i f t  
coef f ic ien t .  The simulator which produces t he  smallest  impingement parameter 
(BPR 3.2) provides t h e  smallest  lift coe f f i c i en t .  This impingement parameter 
is r e a l l y  a measure of t he  proportion of q A o r  momentum, which impinges on J 1' t h e  f l a p  and, i n  tu rn ,  is def lec ted  and induces c i r cu l a t i on .  This would 
i nd i ca t e  that the  more momentum captured by the  f l a p  system, t h e  b e t t e r  t h e  
combination w i l l  perform. The e f f e c t  of engine configurat ion f o r  take-off 
f l a p  de f l ec t i on  on model 1 (f ig .  10) is s imi l a r  except f o r  t h e  r e l a t j v e  per- 
formsnce and magnitude of impingement parameter f o r  t h e  da isy  nozzle. The 
da isy  nozzle has  e igh t  fan  lobes and nine gas generator lobes.  Since t h e  wake 
survey f o r  t h i s  engine included only two fan  lobes and two gas  generator 
lobes,  i t  was not  comprehensive enough t o  adequately de f ine  t he  p ro f i l e .  

Figure 

9 
1 0  
11 
1 2  

The comparisons of performance and impingement parameter f o r  model 2 with 
landing and take-off f l a p  de f l ec t i ons  are presensed i n  f i gu re s  11 and 12,  
The r e s u l t s  f o r  t h e  landing configurat iqn ind i ca t e  that moving t h e  engine 
exhaust v e r t i c a l l y  toward t h e  wing lower sur face  increases  t h e  proportion of 
qjAjr o r  momentum, which is captured by t h e  f l a p  system and, i n  tu rn ,  generates 
increased l i f t .  Figure 1 2  f o r  t h e  take-off configurat ion ind ica tes  t h e  same 
t rend,  although a t  a somewhat lower va lue  because there  is  l e s s  f l a p  pto- 
j e c t i on  t o  capture  t h e  exhaust. 

To fu r the r  r e l a t e  t h i s  f l a p  impingement parameter t o  t h e  l i f t  performance 
of the  models, t he  thrust-removed l i f t  coef f ' l en t  a t  an angle  of a t t a c k  of 0' 
was computed f o r  each configurat ion and is presented i n  f i gu re  13  a s  a funct ion 
of t he  impingement parameter, It is evident that t he  thrust-removed l i f t  
coe f f i c i en t  is  the  prime aerodynamic f ac to r  which can be r e l a t ed  t o  t he  im- 
pingement parameter, because t h e  da ta  f i t  a s t r a i g h t  l i n e  which i n t e r c e p t s  
PA = 0 a t  t h e  value of (+, which corresponds t o  the  power-off condition. 
( In  t h i s  case,  PA should be zero.)  I f  t he  blowing d id  not  induce super- 
c i r c u l a t i o n  l i f t ,  these  da t a  poi,its would be on hor izonta l  l i n e s .  I n  each 
model, i t  can be seen tha t  t h e  landing configurat ion d a t a  descr ibe  a Line with 
a l a r g e r  s lope  than that f o r  t he  take-off configurat ion.  This  is more 
evidence t h a t  s i nce  t h e  landing f l a p s  capture  more of t he  e x h a u ~ t  flow, more 
c i r c u l a t i o n  l i f t  is induced. This again emphasizes the  f a c t  t h a t  t he  engine- 
exhaust f l a p  impingsment parameter 's a measure of t he  proportion of momentum 
captured by the  f l a p  and provides a method t o  a s se s s  t h e  r e l a t i v e  performance 
of engine-wing combinations. 

Model 

1 
1 
2 
2 

Flap configurat ion 

Landing 
Take-of f  
Landing 
Take-o f  f  



,=- This  paper provides a technique t o  a s se s s  t h e  r e l a t i v e  performance of 
ex t e rna l ly  blown f l a p  (EBF) conf igura t ions  by means of an engine-exhaust 
f l a p  impingement parameter. This  parameter was determined t o  be a funct ion 
of t he  proportion of momentum which is captured by t h e  f l a p  system. 

The l i f t  produced by an EBF configuret ion can be r e l a t ed  t o  t he  propor- 
t i o n  of momentum captured by t h e  f l a p  system. Furthermore, It has been shown - t h a t  t h e  thrust-removed-lift  coeff i c f e n t  can be d i r e c t l y  r e l a t ed  t o  t h i s  
captured momentum, defined by t h e  engine-exhaust f l a y  impingement parameter. 
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Figure 11.- Performance and impingement parameter for model 2 with 
landing flap deflection. a = 0'. 



Figure 12.- Performance and impingement parameter for model 2 with 
take-off flap deflection. a = 0'. 
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Figure 13.- Thrust-removed lift coefficient as a function of impinge- 
ment parameter. a = 0'. 
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DISCUSSION 

The investigation was conducted in the Langley V/STOL tunnel on an exist- 
ing externally blown flap model (ref. 2). As shown in figure 1, measurements 
were made at 11 spanwise $tations between the edge of the fuselage and the 

" v ,  - , . - - ' - - - .... , .q r- ---?..- ,- - 

lift coefficient, Lift - 
LS 

Gross static thrust 
thrust coefficient, - 

&ps 

section momentum coefficient from wake surveys 

total momentum coefficient from wake surveys 

number of velocity vectors in jet thickness 

free-stream dynamic pressure, ?a 

wing area, m 2 

magnitude of velocity vector, mlsec 

magnitbde of specific velocity vector associated uith 6j,l, 
mlsec 

free-stream velocitJ7, nlsec 

distance along span of wing, m 

angle of attack, deg 

flap deflection, deg 

Normal force 
jet deflection angle, arctan - Axial force ' deg 

local downwash angle minus wing angle of attack, deg 

mean turning angle at any given survey station, deg 

change in turning angle due to power, Ceg 

Resultant force 
flap thrust recovery, Static thrust 

jet thickness 



midsemispan station on the wing. The measurements were made with a split-film 
total vector anemometer which was capable of sensing the three velocity vector 

; components (ref. 3). At each spanwise station, the probe was moved through a 
vertical arc through the wake and measured more than iOO velocity vectors at :: i - each survey station for each engine-power-off and engine-power-on condition. -;! 

d : : 1 
.-. Figure 2 shows a sample of the power-on velocity profiles taken at zero i 

angle of attack and for thrust coefficients of 2.0 and 4.0. The profiles are ..;:I lrq . - .1 
shown at the two spanwise stations, -$- = 0 . 2 2 7  and Y- = 0.376, which are 

h, 2 b / 2  , . 
i .  . ' , , ' !  

just inboard of the engine center lines. The outline of the wing-flap system 
is shown to locate the profiles relative to the 35O deflected flap and engine 
thrust center line. Units of free-stream velocity are indicated by dashed arcs 
within the profile. The profiles show higher than free-stream velocity flow 
above the wing and lower than free-stream velocity flow below the engine exhaust 
stream tube. The planform sketch in figure 1 shows that at the inboard station, 
the flap trailing edge is at a greater distance from the engine exhaust plane 
than at the outboard station. This greater distance results in the inboard 
exhaust stream tube being more diffuse than the jet sheet wake at the outboard 
station. Figure 2 shows that this wake characteristic hoids for both thrust 
levels. 

To establish the vertical bounds of the engine ex.. ..ust stream tube, a jet 
i 
i ' I thickness T was defined as the wake region in which the change in the local I 

velocity vectors exceeded 0.3 m/sec. The magnitudes of the velocity vectors 1 1 I. 
within the jet thickness were integrated to obtain a section momentum coeffi- / , I  
cient c ~ "  at each spanwise station by the following equation: I I I , , 

This equation provides for the subtraction of the power-off mrlentum from the 
power-on momentum in coefficient form per unit area. The results of this inte- 

gration are shown in figure 3 as a function of the spanwise location $jZ. The 
data show that t:~c: peaks of the distributions have shifted significantly inboard 
of the ensine center lines. This shift is contrary to the accepted thought that 
the engine exhaust spreads significantly outboard on a swept-wing configurat~on. 

In addition to obtaining values for the distribution of the momentum 
strength and location along the flap trailing edge for analytical purposes, a 
comparison of a total momentum coefficient due to power from the forward speed- 
wake surveys and the predicted momentum coefficient obtained by use of static 
force data would be useful in verifying the technique generally used for defin- 
ing the strength of engine exhaust momentum at the flap trailing edge. Tn obtain 
t hz  wake survey value, the section momentum coefficient distr.butions were extrap- 

olated to the edge of the fuselage and to the most outboard extent 



of the wing felt to be impacted by the spread engine exhaust flow (ih = 0*6)* 
The distributions were then integrated spanwise to obtain the total momentum 
coefficient C,, due to the engine exhaust at the flap trailing edge. The 
predicted value from static force data is obtained from the product of the 
static parameter q and the engine thrust coefficient Cy, where n is 
defined as the efficiency of turning the engine exhaust flow through some deflec- 
tion angle. When the static force data are plotted as shown in figure 4, the 
value of q can be obtained as the radial dista~ice from the origin to the data 
point. A comparisori of the integrated values of engine momentum coefficient 
from the forward speed wake surveys with the product of the static values of 0 
and CT is shown in figure 5, and the result is a very good agreement for all 
of the thrust levels and angles of attack tested. 

A mean turning angle 6j* was determined for each spanwise survey station 
' i  
. I 

by the following equation: i 
, 1 :  
I *  

where tij is the local downwash angle minus the wing angle of attack, Vj is 

the magnitude of the corresponding streamwise velocity vector, and n is the 
number of measured velocit) vectors between the chosen limits. This equation 
weights 6 ,  by the velocity magnitude since it was felt that the higher 
velocity vectors had a stronger influence on the overall turning angle of the 
jet. The procedure was applied to the power-off and power-on data, with the 
resulting spanwise distribctions shown in figure 6 by the circles and squares, 
respectively. These distributions show a change in the peak locations from 
those in the momentum distributions - the peaks are now shown on the engine 8 1 .  
center lines. This characteristic indicates that for this configuration 
(6f = 350), most of the engine exhaust is passing under the flap trailing edge 9 1 a . * .  
with little turning. Since most jet-flap theories use the description of the '1 jet-wake effects as an addition to basic wing theory, the locd flow angle due 1 ..I 

1 ~ to power was obtained by subtracting the power-off distributions from the power- ., ' a  

on distributions. The results are shown in figure 7  as a function of spanwise - I _  . . , . 
station. 1 .  

The distributions which were obtained for the momentum coefficients (fig. 3) 
and jet-deflection angles (fig. 7 )  were then used as input parameters to a jet- 
flap analytical method developed by Lissaman (ref. 4). The results of the com- 
puLation are compared in figure 8 with the experimental lift coefficients as a 
function of wing angle of attack. The comparison indicates analytical results 
similar to the corresponding experimental data. 



i 

i 

CONCLUSIONS 

I 
I 

The analysis of 'esults from a survey of the near wake of an externally 
I blown fiap configuration has resulted in the following conclusions: 
.i 

1. A comparison of the momentum coefficients obtnlnad from forward speed 
+ wake surveys with the predicted values from static force data results in a good 
! correlation, which veiifies the use of the flap thrust recovery factor as a 

1 . 1  I 

Reens of predicting the momentum strength at the flap trailing edge. 1 I ,  
i - I . I 2. When wake survey distributions of momentum strength and direction are 
I used as input parameters to one analytical jet-f lap method, the results show 

I ' 

9 / rc?asonable agreement between the experimental data and analytical results. 
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rigure 2.- Streamwise v e l o c i t y  p r o f i l e s .  a = OO; Vm = 2 5 . 4 5  m/sec. 
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Figure 1 . -  Spanwise survey s t a t i o n s .  
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Figure 5. - Momentum coefficient from forward 
speed and static data. 
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Figure 6.- Experimental distribution of jet-deflection 
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AERODYNAMIC CHARACTERISTICS IN GROUND PROXIMITY 

James L. Thomas, James L. Bassell, Jr., 
and Luac T. Nguyen 

NASA Langley Research Center 

Results from recent investigations in the Langley V/STOL tunnel of an exter- 
nally blown t- n and an upper-surface blown flap configuration in ground proxim- 
ity are presented. Comparisons of longitudinal aerodynamic characteristics 
indicate that in ground proximity, drag is reduced for both configurations, but 
changes in lift are configuration dependent. Steady-state analyses ~f the land- 
ing approach indicate an increase in flight-path angle for both configuratiocs 
in ground proximity because of the drag reduction. Dynamic analyses with a 
fixed-base simulator indicate that the resultant flight path during landing 
approach is dependent on the initial flight-path angle and the control t2ch- 
nique us2d. 

Effects of asymmetries, such as siacslip or roll and engine-out character- / 
istics, in ground proximity were also available £ram the wind-tunnel tests. I 

Sideslip characteristics were generally unaffected by ground proximity. Roll 
attitudes were unstable at heights near gear touchdown height, and no signifi- 
cant yaw-roll coupling was noted. Engine-out characteristics were unaffected 
by ground proximity. 

I 
i 
I 
I 

INTRODUCTION 

In 1969, an investigation (ref. 1) was conducted in the 17-foot test section 
of the Langley 300-MPH 7- by 10-foot tunnel to determine the aerodynamic char- 

I 
I 
! 

i 
acteristics in ground proximity of the four-engine externally blown flap (EBF) i 
configuration shown in figure 1. Various combinations of the segmented full- 1 
span double-slotted flaps were tested. Typical flap deflections were 30° in a 
take-of f conf iguration and 60° in a landing configuration. Both high and low j 

i ositions of the wing were tested. Changes in lift, drag, and pitching moment I 

in ground proximity were measured over a moving ground belt. 
I 

The results from that investigation were used as the basis for a study pre- 1 
sented at the STOL Technology Conference in 1972 (ref. 2) of ground proximity 
effects on powered-lift landing performance. The conclusions of that study were 
that the lift loss in ground proximity for most powered-lift configurations could 
be correlated with the height of the flap trailing edge and the level of devel- 
oped lift. The lift loss increased as the trailing edge of the flap approached 

I 
I 



the ground and increased with increasing lift coefficient . The "adverse" ground 
effect was, therefore, greater for low-wing configurations. Steady-state and 
in-flight simulator analyses icdicated that acceptable landings could be mads 
with conventional applications of power and elevator although the landing task 
was more difficult for a low-wing as opposed to a high-wing configuration. 

Since aerodynamic characteristics are a function of the height above the 
1 

. . 
ground, there is a need to assess possible adverse effects of airplane position - . / 

asymmetries, such as sideslip or bank angle, in ground proximity which might be *,:i .. " 
critical during the landing approach. For the example of an airplane banked in - - : I  '* 
ground proximity, the lift loss might increase on the wing closer to the ground - .  22 . - I  

and be reduced on the higher wing, thereby causing a rolling moment into the i *I 
ground beyond the available control power. This consideration led to tests in 
the Langley V/STOL tunnel of the EBF model shown in figure 2. The model is a i ' i  

i '1  
four-engi-ne configuration with full-span triple-slotted flaps very similar in I . .  -; 
planform to the earlier EBF model tested. Flap trailing-edge deflection angles i - 1  
were 400 in a take-off configuration and 55O in a landing configuration. Forces .,I 
and moments were measured over a moving ground belt with a boundary-layer removal 
system in the front of the test section over a range of test conditions. The 1 
tests allowed an assessment of the effect of airplane position asymmetries, 
including roll angle, sideslip angle, and combined roll and sideslip angles, in \ .i 
ground proximity as well as a comparison of longi-udinal characteristics in { / 
ground proximity with those for the earlier EBF configuration. I 

. .I 
The upper-surface blown (USB) concept is a rather different type of powered- 

lift concept for which little data in ground proximity are available and which 
I. 
1 

might have unexpected changes in aerodynamic characteristics near the ground, . ;I 
particularly with one engine inoperative. This consideration led to tests in _ i 
the Langley V/STOL tunnel over a moving ground belt of the USB model shown in 
figure 3. The model is the twin-engine configuration discussed by Phelps, 
Johnson, and Margason in reference 3. Trailing-edge deflection angles of the 

: 1 
Coacda flap behind the engines were 20° in a take-off configuration and 60° in ; 1 
a landing configuration. Outboard of the Co~nda flaps were double-slotted flaps 

! .I and a blown drooped aileron. The wind-tunnel results allowed an assessment of i - :j 
the longitudinal and engine-out characteristics of the USB configuration. I 

This paper thus updates the previous study on powered-lift aerodynamics in 
ground proximity with recent research results in the V/STOL tunnel. Comparisons 
of longitudinal aerodynamic characteristics for the EBF and for the USB configu- 
rations in ground proximity are possible. Steady-state and dynamic analyses of 
the landing approach for a typical STOL airplane are made to indicate the con- 
sequences of the aerodynamic changes in ground proximity. 

SYMBOLS 

Measurements and calculations were 
sented in both the International System 

made in U.S. Customary 
of Units (SI) and U.S. 

Units and 
Customary 

are pre- 
Units. 



A aspect ratio 

b wing span, m (ft) 

CD drag coefficient 

4 incremental drag coefficient, CD - CD,, 
lift coefficient 

... incremental lift coefficient, CL - CL,, 
, - 

C~ rolling-moment coefficient 

C \ ~  
effective dihedral parameter 

Cm pitching-moment coefficient 

%I yawing-moment coefficient 

h s  directional stability parameter 

% static thrust coefficient 

h height of wing quarter-chord above ground, m (ft) 

=Y 
2 mordent of inertia about pitch axis, kg-m2 (slug-ft ) 

12 mass, kg, (slugs! 

V velocity, mlsec (ftlsec) 

a angle of attack, deg 

8 angle of sideslip, deg 

Y flight-path angle, deg 

6f flap deflection angle, deg 

hc/4 sweep angle at wing quarter-chord, deg 

X taper ratio 

@ bank angle, deg 

Subscripts: 

o initial value 

w free-air condition 

- 1 ,.., 



Abbreviations : 

BLC boundary-layer control 

EBF externally blown flap 

L.E. leading edge 

!'SB upper-surface blown 

LONGITUDINAL AERODYNAMIC CHARACTERISTICS I N  GROUND PROXIMITY I 
Both the EBF and the USB models tested in the Langley V/STOL tunnel were 

sting supported over a moving ground belt with a boundary-layer removal system 
ahead of the belt. However, the ground belt was not available during most of 
the EBF tests, although the boundary-layer removal system was always available. 
The variation of lift coefficient with the height-span ratio h/b is presented 
with the boundary-layer removal system operating and with the ground belt on and 
off. hestilts dre presented for the EBF and USB models in the take-off configura- 
tion at constmt angle of attack through a range of thrust coefficient. The 
shaded area represents the conditions given by Turner (ref. 4) for which a mov- 
ing ground belt is required to simulate ground proximity correctly. The results 
indicate a slightly lower level of lift without the belt operating at free-stream 
velocity, although the trends are predicted very well. For the range of lift 
coefficient and height-span ratio, the ground proximity can be properly simulated 
with only a boundary-layer renovsl system in the test section. 

The longitudinal characteristics in ground proximity d f  the recently tested 
EBF (6f = 55O) and USB (6f = 60°) models and the previously tested EBF (6f = 600) 
model are presented in figure 5. The longitudinal forces and moments are pre- 
sented as a function of h/b at constant angle of attack and at thrust coeffi- 
cients appropriate for a free-air lift coetficient of about 4.25. Both EBF 
configurations show similar lift losses in ground proximity. The USB configu- 
ration shows a slight lift increase in ground proximity before losi~g lift at 
the lower heights. The lift is concentrated at the inboard sections of the wing 
for the USB configuration, whereas the lift is spread more outboard on thp span 
for the EBF configuratioris. The differences in lift distribution may acco .t for 
some of the differences in lift in ground proximity, although there are ale. 
differences in sweep between the configuraticns. Both EBF mzdels are swept 
back 25O at the quarter-chord and the US3 coiifiguration is dnswept. '111 three 
configurations, however, show a decrease in drag associated with the reduction 
in jet deflection angle as the ground is approached. 

The pitching-moment data of figure 5 are untrimmed at different settings of 
tail incidence and are presented only to show the trends in ground proxi-mity. 
The EBF models show nose-down moment increments in ground proximity and the 
pilot will have to exert trim control during landing. The trim control is 
usual.1~ ob'ained from a download at the tail, so that the trimmed lift loss in 



ground p rox imi ty  is i n c r e a s e d .  The USB c o n i i g u r a t i o n  i n d i c a t e s  o n l y  a s l i g h t  
nose-down moment i n  ground proximi ty .  The sweep d i f f e r e n c e s  between t h e  con- 
f i g u r a t i o n s  a r e  p robab ly  t h e  c a u s e  o f  t h e  d i f f e r e n c e s  i n  p i t c h i n g  moment. 

P r e s e n t e d  i n  f i g u r e  6 a r e  l i f t  aird d r a g  a s  a  f u n c t i o n  of  he ight -span  r a t i o  
f o r  t h e  EBF and USB c o n f i g u r a t i o n s  t e s t e d  i n  t h e  V/STOL t u n n e l .  R e s u l t s  a r e  
p r e s e n t e d  w i t h  t h e  f l a p s  a t  reduced  d e f l e c t i o n s  co r r e spond in& t o  . ike-off con- 
d i t i o n s  a t  two v a l u e s  o f  t h r u s t  c o e f f i c i e n t .  ht t h e  reduced f l a p  s e t t i n g s  t h e  
l i f t  an4  d r a g  i n  ground p rox imi ty  change s i g n i f i c a n t l y  less even though t h e  
l i f t  l e v e l s  a r e  comparable t o  t h o s e  g i v e n  i n  f i g u r e  5 f o r  *.he l a n d i n g  conf igu-  
r a t i a n .  The pitching-moment changes ,  a l t hough  n o t  p r e s e n t e d ,  were ~ l s o  r e d ~ c e d  

! w i t h  t h e  lower f l a p  d e f l e c t i o n s .  

AVALYSIS OF LANDING APPROACH 

The changes  i n  aerodyn:tmic ch i i r ac t e r  ist i c s  i n  ground pros! r .~ i ty  a r e  most 
c r i t i c a l  d u r i n g  t h e  l a n d i n g  approach  and t h e  e f f e c t s  o f  t h e s e  changes  a r e  con- 
s i d e r e d  i n  bo th  s t c a d v - s t a t e  and dvnamic :in;llvses. The ar rodynamic  i n p u t s  were 
t hose  f o r c e s  and n i~meuts  measured in  t h e  Langl ry  V/STOL t u n n e l  f o r  t h e  EBF and 
llSB c o n f i g u r a t i o n s  i!\ ground p rox imi ty .  'Trimmed l i f t  and dr,lg p o l a r s  i n  ground 
p rox imi ty  were cons t ruc tc .d  and n t y p i c a l  v : l r i a t i on  of trimmed l i f t  and d r a g  i n  
ground prcjximity, r iondimensional ized by t l ie  f r e e - a i r  1 i f  t coef  f  i c i c u t  , a r e  
sho..m i n  t h e  l e f t  s i d r  of i i g u r e  7. F l i g h t - p a t h  a n g l e  ;lnd a n g l e  o f  a t t a c k  i n  
ground p rox lmi ty  f o r  a  c o n s t a n t - t h r b s t ,  cons t an t - speed  iipproach co r r e spond ing  
t o  n  trimmed l i f t  c o e f f i c i r l n t  of 4.0 and i n i t i a l  f l i g h t - p a t h  a n g l e  of -6" a r e  
shown O i l  t h e  r i g h t  s i d e  of  i i g u r e  7 .  The r e s u l t s  i n d i c a t e  ;hat. t h e  r e d u c t i o n s  
i n  d r a g  more t h a n  o f f - e t  3r.y of  tlre l i f t  changes  t o  i n c r e a s e  t h e  f l i g h t - p a t h  
a n g l e  i n  grvund proximi ty .  The o n g i e  of a t t a c k  must be  reduced s l i g h t l y  f o r  
t h e  USB c o n i i g u r a t i o n  and inc rcnsed  s l i g h t l y  f o r  t h e  EBF c o n f i g u r a t i o r ~  t o  main- 
t a i n  const : jnt  trimmed l i f t .  A s i m i l a r  i ~ r c r c n s e  i n  ; l i g h t - p a t h  i ins lc  i n  ground 
proximi ty  wi l s  no t ed  ;lt t h e  1972 STOL T~clinc\ logy Confcrtmce ( w f .  2 ) .  Reduct i o n s  
of t h e  f l i g h t - p a t h  : ~ n ~ l c .  t o  z e r o  i n  a f l a r i n g  m,i~~cuvt . r  wcrc ~ ) l ~ s s i b l c  wit11 . ippl i-  
c ~ l t i o r l  of e l e v a t o r  ilnd power. 

The s t e a d y - s t a t e  nu ; l l y s i s  o f  t he l aud ing  .~ppro~ i~ - I r  asstunics tlliit f o r c e  ; I I I ~  

moment c11;lngcs i n  ground p r o s i n ~ i t y  t r:inslatt. J i r e < - t  l v  i n t  C) f  1 i g l ~ t - p i ~ t l l  c lr i~npcs.  
However, t h e  mass and i n e r t i a l  c l r a r a c t c r i s t  i c s  must be  c o n s i d c r ~ > d  i n  n dynamic 
a n a l y s i s  t o  p r o p e r l y  s iniul:\tc t h e  :1ctua1 a i  rpl i tne 1ar1~iing .~pproach .  Tlre mass 
,and i n e r t i a l  c l ~ n r c l c t c r i s t i c s  of i t y p i c a l  STOL a i r c r a f t  !m = 24 993 kg 
( 1 7 1 1  sl( :gs)  and Iy 334 642 kg-ml (246 819 s l i ~ g - f t l ) )  were used  a s  i n p u t  t o  
t h e  f  ixed-base dynamic s i ~ n u l u t i o n  progrlim d f  r e f  e r t ~ c e  5. .4pproaclres wcre simu- 
l a t e d  ove r  a  range of i n i t  i n 1  f  l i g h t - p a t h  :.ngle, f r t . e -a i r  l i f t  c o e f f i c i e n t ,  rind 
c o n t r o l  t e chn ique .  The f  ixcd-hasc s imir la tor  r e s u l t s  f o r  n c o n s t a n t - t h r u s t  

'opproclch u s i n g  o  feedhnck c o n t r o l  from t h e  clc?vutor  LC, m a i n t a i n  s p c c ~ l  a r e  shown 
i n  f i g u r e  6 f o r  tht. EBF and USB couf igur ; i t  ii.1. Free-<$ i r  t t  imrnel! l i f t  coef f  i- 
r i e n t  ts  4.27 and r e s u l t s  a r c  presented n s   light-path t r a j e c t n r i c s  f o r  i n i t i a l  
f l i g h t - p a t h  a n g l e s  of -b(' ;and -1.5". A t  t h e  h i g h e r  r a t e  nf d r s t . cn t ,  t h e  stt>odv- 
s ; a t c  r c s i r l t s  da no t  have t inlc ti1 irlf lirt3ucC tllc f l i g h t  ~ ~ t h ,  iiud n c l  t l w r  t h e  
USB nor  t h c  ICBF canf  i g u r a t  itjn dcv i : i t~bs nrucll from tlre i n i t  i:t 1 f  1 i g h t  p a t h .  A s  
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a check on the results, the analysis was continued below gear touchdown height 
and eventually the flight-path angle was increased corresponding to the steady- 
state results. At the lower rate of descent, the changes in forces and moments 
in ground proximity have a chance to develop and both configurations perform 
self-flaring maneuvers at ground heights near 6.1 m (20 ft). 

i '." 
t .' 

The flight-path changes in grou~d proximity are dependent on the particular 
type of feedback control system used. The results for a constant-thrust approach . . , 
using a feedback cont~ol from the elevator to maintain attitude are show. in fig- 

,%: $ -, ure 9. Neither configaration deviates from the steep flight path in ground prox- .,.: ! .. imity. At the lower iniuial rate of descent, the USB configuration performs a 
self-flaring maneuver near 4.9 m (16 ft). The EBF configuration does not flare, , * ..-I - $< 

although it never falls below the initial flight-path trajectory. , * ' . J  
( ..:.I 
I ,  
! ' 

The drag reductions in ground proximity common to both the EBF and the i -I 
; ' j  

USB configurations are most important in determining steady-state flight-path 
increases in ground proximity. The lift changes are configuration dependent 1 . ;  and the extent to which the steady-state results are experienced on the actual 8 . j 
airplane depends on the initial flight-paih angle and the particular type c f  1 1  7 i 
f jback control system used. None of the above analyses consider the flare 
n:.. ,uver which can be effected by application of either power or elevator. 

S I D E S L I P  AND ROLL I &  GROUND PROXIMITY i - 1  
I '  
? ; .-,k 
: .  1 

The EBF rnodel in figure 2 was tested in the Landley V/STOL tunnel to deter- 
mine the effect of sideslip angle, bank angle, and combined sidesifn and bank 
angles jn ground pr~ximity. Results in figure 10 for the pure sides1;p condi- 
tion in ground proximity are presented as effective dihedral (-clg) and direc- - i 

1 
t ional stability (C+,@) as functions of height-span ratio for several thrust 
coefffcients at constant angle of attack. Through sideslip angles of tlCo, the 

-1. 
'1 , 

EBF model indicated strong stability with little change due to ground proximity. 
The direcEions1 stability shows the expected increase with thrust because of the 
increased dynamic pressure at the tail. The effective dihedral is increased 
slightly at the lower hcight-span ratios. 

I '  
I 
I 

4 
The effctct of roll in ground proximity is presented in figure 11 at a con- , 

, I 

stant angle of attack and constant thrust corresponding to a free-air lift coef- : ,I 
f icient near 4.0. Rolling z.oment as a function of height-span ratio is presented f \ 1  
fer various roll attitudes. The pure roll case is shown on the left side of the 1 , . ;  , '-: 
figure, and positive bank angles corresponding t.o right wing down give laige ! 1 .  

, :? unstable rolling monents at height-span ratios near gear touchdown height. The ! 

co,,.bined roll and sideslip condition is given i.n the right side of the figure. 1 . 1 .  
The increment in ro!.ling moment due to sideslip at 4 = O0 arises from the , ,:I 
strong positive effective dihedral. Positive artd negative roll attitudes give 
unstable rolling moments at height-span ratios near gear touchdown height. The 
unstable rolling-moment increment due to roll. attitude is about the same at 
6 = O0 and 6 = -10". indicating no L : i g l r ~ f  icant yaw-roll coupling. i. 
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ENGINE-OUT CHARACTERISTICS IN GROUND PROXIMITY 

The lateral-directional characteristics of the twin-engine USB concept in 
the event of engine failure during a powered-lift approach have been a matter of 
some concern. A concerted effort has been made to develop lateral control sys- 
tems for this concept sufficiently powerful to trim out lateral as:mmetries due 
to engine failure. Figure 12 illustrates the effect of engine failure in ground 
proximity. Results are presented in terms of yawing moment and rolling moment 
as functions of angle of attack for both the free-air condition (h/b = m) and 
in ground proximity (h/b = 0.2). The results presented are for the landing con- 
figuration ( d f  = 600) with the left engine inoperative and with the right engine 
a t  full thrust ( c ~  = 1.80). @?he left side of figure 12 illustrates engine-out 
characteristics with all controls neutral. Surprisingly, the rolltng-moment 
asymmetry was unaffected by ground proximity; however, the adverse yawing moment 
due to engine failure was reduced at the higher values of angle of attack. 

The right side of figure 12 illustrates 3 possible solution to the lateral 
asymmetry problem due to engine failure. The aileron on the engine-out side 
has been drooped 60° and is augmented with blowing boundary-layer crz~trol (BLC). 
Also, the entire leading edge of the wing on the engine-out side is augmented 
with BLC to prevent flow separation at higher angles of attack. The results 
indicate that most of the rolling-moment asymmetry due to erzgine failure can be 
trimmed out with this lateral control system and that ground proximity had 
essentially no effect on the rolling-moment trim capability. Adverse yawing 
moment due to this lateral control is, in general, very slight (compare left- 
and right-hand yawing-moment data), and ground proximity causes the same reduc- 
tion in yawing-moment asymmetry at higher v.,iurs of angle of attack as was 
observed with lateral controls neutral. It shouid be mentioned that the twin- 
engine USB concept requires a double-hinged rudder capable of handling the yaw- 
ing moments due to engine failure during take-off, and such a rudder control 
would be more than adequate to trim out the yawing moments shown in figure 12 
for the landing configuration. 

CONCLUSIONS 

The following conclusions are drawn from the recent wind-tunnel investiga- 
, t ions of powered-lif t configurations : 

f :; 
.; .. 

1. Drag reductions in grounJ proximity are common to both EBF and USB con- ; . !  
figurations, whereas changes in lift are configuration dependent. i ] 

2. The extent to which the predicted steady-state flight-path increases in 
ground proximity are experienced on the actual airplane depends on the initial 
flight-path angle and the control technique used. 

151 



3.. Lateral-directional charcct2ristics due to sideslip are unaffected by 
ground pro-~imity, whereas roll nttitudes give unstable rolling moments near 
gear touctldown height. 

4. Engine-out chzracteristics both with and without corrective control are 
unaffected by groucd proximity. 
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Figure 1.- EBF configuration tested in 17-foot  test section 
of LangPey 300-MPH 7- by 10-fooc tunnel. A 7.0; 
h , / 4  = 2 5 O ;  h = 0.3. 

Figure 2.- EBF uonfigurntioa tested in Lanbley V/STOL tunnel. 
A = 7 . 3 ;  A e i 4  = 2 5 ' ;  X = 0.4. 



Figure 3 .  - US3 configuration tested l n  tangley V/STOL tunnel. 
A = 8.2; A 4 4  = 0'; > = 0.3 .  
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Figure 4.- Effect of moving ground belt on l i f t  In ground 
proximity with bo~ndary-layer removal system operating. 
a - 5O. 
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Figure 5.- Ground effect on longitudinal aerodynamics of landing 
ccnfigurations. a = 5O; C,, = Constant; CL,, = 4 . 2 5 .  
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Figure 6.- Ground effect on longitudinal aerodynamics of take-off 
configurations. a = 5O. 
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Figl lre  7.- R e s u l t s  from s t eady - s  
coas tan t -speed  l a n d i n g  

LANDING GEAR 20 
ABOVE GROUND, 

rn 15 
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hlb 

t a t e  a n a l y s i s  of  c o c s t a n t - t h r u s t ,  
approach.  C L , t r i m  = 4.0. 
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Figu re  8.- R e s u l t s  from f ixed-base  s i m u l a t o r  a n a l y s i s  of  
r -ons t an t - th rus t ,  cons tan t -spned  l a n d i n g  approach u s i ~ g  

e l e v a t o r  c o n t r o l .  (cL, t r im)m = 4-27. 

t - 2 - 7 . 4 '  r i . . .  I 1 .  ' 1 ,  1 j ; .  
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Figure 9.- Results from fixed-base simulator analysis of 
constant-thrusr, constant-attitude landing approach using 
elevator control. ( c ~ , ~ ~ ~ ~ ) ,  = 4.27. 
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Figure 10.- Static lateral-directional characteristtcs in ground 
proximity. Pri;' --slotted EBF model; 6f = 40'; a = 5' 



Figure 11.- Effect of bank angle in ground proximity. Triple-slotted 
EBF model; 6f = 40°; a = so; C,, = 2; CL,- = 4 . 0 .  I 
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DISTRIBUTED UPPEX-SURFACE BLOWING CONCEPT 

Paul G. Fournier and Paul L. Coe, Jr. 
-- NASA Langley Research Center 

SUMMARY - 
1 

A low-speed investigation was conducted in the Langley V/STOL tunnel to 
determine the powered-lift aerodynamic performance of a distributed upper- - ,- 

,.I) 

.- 1 surface-blown propulsive-lift transport model. The model used blowing slots ; :<'.a I .-,fi 
across the span of the wing to produce a thin jet efflux near the leading edge . ...: 

, ! *:$. 
and at the knee of the trailing-edge flap (internally blown jet flap). These , ..;% 
concepts have both good propulsive-related lift and low drag-due-to-lift char- j : .:$* 

/ .- 
acteristics because of uniform spanwise propulsive thrust. The leading-edgt 
blowing concept provides low-speed lift characteristics which are competitive 
with the flap-hinge-line blowing coacept and does not require additional 
leading-edge treatment for prevention of abrupt stall. 

INTRODUCTION 
i 
! '. .. 
; : : : t  
1 . .  

Several propulsive-lift concepts have been investigtted recently in efforts 
to develop a quiet short-take-off-and-landing (STOL) aircraft. The upper-surface- 
blown (USB) jet-flap concept appears to offer an attractivc! soiution for a quiet 
STOL aircraft. Most of the investigations to date have used configurations that 
direct the efflux from discrete engine nozzles over the wing upper surface and -. . .., ., ... . - c 

high-lift system to provide increases'in lift by means of Coanda turning of the I 1: s 
jet (ref. 1). These results indicated that the propulsive lift capabilities .::: 
were greatly dependent upon the nozzle geometry and their * -*.ion to the high- 
lift system, with thin well-spread jets giving the best Co; turning. 

Another version of the USB concept utilizes full-span slot nozzles near the 
leading edge and flap hinge. These slot nozzies are beneficial in several ways. 
First, they improve the aerodynamic performance by distributing the ~ropulsive 
efflux in the spanwise direction, which improves the induced lift and reduces 
the induced drag relative to that obtained with discrete USB nacelles. Second, 1 
this arrangement reduces the propulsive noise by the use of very high aspect- 1 *.I 

,. 2-1 
ratio nozzles which produce high-frequency noise that damps out quickly and by 
shielding the ground with the wing. 

Figure 1(~) shows a photograph and a sketch of this distributed blowing 
concept applied tc a subsonic transport configuration with an aspect-ratio-6.8 
swept wing tested in the Langley V/STOL tunntl. The wing had internal plenums 
which supplied air to full-span slct nozzles located along the wing leading edge ... 
and along the flap hinge line. It is anticipated that this arrangement would 

, .. .-: .. 
. . .;.I 
. . 

I ,I. 
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approach the upper limit for propulsive induced lift. However, such an 
arrangement would introduce weight and volume penalties and would require sys- 
tems studies to determine if it is a practical coxept for subsonic traasport 
applications. 

SYMBOLS 

- 4 

A aspect ratio 

C~ drag coefficient , Drag/qS 

c~ lift coefficient, Lift/qS 

CL, js- jet-reaction lift coefficient 

circulation lift coefficient due ro power 
- i  I ! ...I 

clJ thrust coefficient , Thrust/qS 
c wing chord 

9 free-stream dynamic pressure 

S wing area 

a angle of attack, deg 

6f flap deflection measured streamwise, deg (Dual notation indicates 
deflection of forward element with respect to the basic airfoil 
chord line, followed by the deflection of the rear element with 
respect to the chord line of the forward elcment. See fig. l(b).) 

DISCUSSION 

The basic data for distributed blowing over the flap and at the leading 
edge for several flap deflections are pres :nted in figure 2 for a noainal value 
of C,, of 2.0. These data show that with blowing over the deflected trailing- 
edge flaps and with no leading-edge high-lift device, there was an abrupt stall 
near a = 12O. However, for the leading-edge blowing configllration, there was 
no stall through the angle-of-attack range tested. 

The theoretical minimum drag-due-to-lift curve (ref. 2) is plotted along 
with the basic data for both blowing concr:pts in figure 2 and shows that 'ihe 
basic data approach this curve quite well. 

T variations of lift coefficient with angle of attack fcr the two blowLllg 
concepts are presented in figure 3. All configurations had two element flaps 



(fig. l(b)) with the forward and aft elements deflected 450 and lSO, respec- 
[ t~vely. A comparison of the leading-edge and flap blowing indicates that at 

low angles of attack, the flap-hinge-line blowing results in somewhat higher 
values of CL than the leading-edge blowinn, Also, if the leading edge is 
dropped to 300 on the flap-hinge-line blowing colfiguration, it performs as / well as, or better than, the leading-edge blowing configuration at the higher 1 angles of attack. 1: i 

Figure 4 presents the propulsive-related lift as a function of thrust coef- 
ficient for the distributed leading-edge blowing concept and a conventional , .  
USB concept. The propulsive-related lift is the combination of the jet-reaction , + 

lift CL,~, and the additional circulation lift due to 2ower CL~. The con- 
ventional USB concept (ref. 2) used rectangular exhaust nozzles ha-.?ing an aspect , . 

I racio of 6. The distributed leading-edge blowing concept produce2 much more 
propulsive-related lift than the USB concept. " .  

! ; 
i L 1 -  

' i .  i .  . ., 

CONCLUDING REMARKS : - .  

The distributed blowing concepts, with blowing at either the leading edge 
or flap hinge line, have both good propulsive-related lift and low drag due to 
lift because of the uniform spanwise propulsive thrust. The leading-edge blow- 
ing concept provides low-speed lift characteristics which are competiti~, with 
the flap-hinge-line blowins concept and does not require additional leading-edge 
treatment for prevention of abrupt stall. 
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(a) Flap-hinge-line blowing. Cv = 1.9. 

(b) Leading-edge blowing. C,, = 2.0. 

Figure 2 . -  Effect of flap deflect ion on l i f t  and drag coef f ic ients  for 
model with distributed blowing concepts. Tail  o f f ;  6f = 45O-oO; 
c, = 2.  



Figure 3.- Variation of CL with a for the distributed blowing 

concepts. tif = 45O-15O; C,, = 2.0. 

Figure 4.- Variation of propulsive-related lift with thrust coefficient 
for the distributed leading-edge blowing concept and a conventional 
USB concept. 



CRUISE AERODYNAMICS OF USB 

NACELLE/WING GEOMETRIC VARIATIONS* 

John A. Braden, j ~ b n  P. Hancock, and Kanrreth P. Burdges 
Lockheed- Georqia Company 

SUMMARY 

Experimental results are presented on aerodynamic effects of yeometric variations in  
USB nacel le confiqurations at hiqh-speed cruise conditions. Test data includes both force 
and pressure measurements on two- and three-dimensional models powered by upper-surface 
blowing nacelles of varying geometries. Experimental resu Its ure provided on variations in 
nozzle aspect ratio, nozzle boattail anqle and multiple-nacel le installations. The nacal les 
are ranked according to aerodynamic drag penalties as we1 l as overall i~stai led drag penal- 
ties. Sample effects and correlations are shown for data obtained with the pressure model. 

INTRODUCTION 

Use of upper surface blowing (USB) engine installations, illlistrated in figure 1, has 
been demonstrated as a viable means of STOL hiqh-lift augmentation by both industry and 
qwernment sponsored research over the past several years. Such studies have shown the 
system to be attractive for STOL application from a number of viewpoints. These include 
generally favorable acoustic characteristics for the terminal area environment, reasonably 
practical structural compatibility with the airframe, and acceptable flexibility for integrat- 
ing with basic operational systems or sub-systems. These, of course, are in addition to the 
recognized potential for good STOL performance. h contrast to the low-speed accounta- 
bility of the USB system, a comparable data base for the high-speed cruise regime has been 
lacking. To f i l l  this need, the Lockheed-Georgia Company, under contract to the NASA, 
has conducted experimental irwestigations wherein USB nacelle/wing geometries and oper- 
ating conditions are systematkally varied in the 0.5 s Mo s 0.8 cruise regime. The basic 

goal of this parametric investigation i s  to define those geometric properties and operating 
conditions indic~otive of minimum cruise-drag penal ties and from which more refined USB 
configurations can evolve. 

* Work performed under contract to the NASA; Contract No. NAS1-13871; "Cruise 
Performance of Upper Surface Blowing Conf igurutions . " 



The present paper provides a brief over-view of the experimental program, currently 
still in progress, along with preliminary findings believed to he of tqeneral interest. The 
experimental work encompasses force-test e\.aluations, surface pressure me~surements, and 
wake surveys behind powered configurations. A companion analytical effort I s  involved in 
the: basic prugsam, but an evaluation of math model capabilities via experimental correla- 
tion must awai; a more thorough examination of the test results. 

SYMBOLS 
. , .. l%i . : :.;! I 

Values are given in both SI and U.S. Customary Units. The measurements and calcu- 
lations were made in U .S.  Customary Units. 

, ' ; I  
F i - . I  
I .  1 

2 . 2  
nozzle exit area, cm (In ) 

2 
nozzle aspect ratio, w / A  N 

b/2 wing semispan, cm (in .) 4 c wing chord, cm (in .) 

l i f t  coefficient 

thrust coefficient 

A '0 
incremental drag cceffisient 

drag , N (ib) 

2 
nozzle stagnation pressure, N/m (lb/in2) 

nozzle pressure ratio 

freestream Mach number 

2 2 
freeatream static pressure, E. 'm (Ib/in ) 

2 2 
freestream dynamic pressure, N/m (Ib/in ) 

2 . 2  
wing area per semispan, cm (In ) 

gross thrust, N (Ib) 



1 

I 

. * .  - i -u -.A . d  -- C_11., 
! .. 

I 
w nozzle ~ i d t h ,  cm (in .) 

X chordwise distance from wing leading edge, cm (in.) 

angle of attack, deg 
, .\ . .. 
, . . I .  ... ..iJ 8 boattail angle, deg 

jet turning angle measured statically, deg 

7 thrust efficiency for wing/r.acelle combination, 
T~~~~ / T~~~~ 

Subscripts: 

A, Aero aerodynamic 

. . F frictifm 

IN1 interference 

:I ISOL isolated 

1 local 

M, MEAS measured 

nacelle 
*' 

, TOT total 

EXPERIME NTAL OBJECTIVES 

The objective of this experimental program i s  to establish a transonic experimental 
data base covering a wide dr~riation of nacelle geometric parameters. An extensive airay 
of nacelle/wing geometric cmfigurations were developed so that experimental evaluation 
of the transonic force and surface pressure charucteristics cculd be made. The geometric 
configurations were tested over a wide range of Mach number, angle of attack, and nozzle 
pressure ratio to establish an ex:ensive data base from which summery "effects" arc deve- 
loped. Tho primay geoms?r.ic variations in nacel la configurations, illustrated in figure 2, 
for which aerodynamic "effects" data are qenerated and arodynamically ranked are: 

o nozzle exit aspect ratio 

o nozzle boattail angle 



I r 
. . I .. 

6 .  

. : 

...! - 
1 

o chordwise /vertical/spanwise positioning 

o size and number of nacelles 

Secondmy experimental objerti*:ss include the efftcts of: 

t o wing Fweep 
1 
i 

o wing camber modifications Q 
f 4 

o inlet flow-field effec+s f i 

4 

.'.I o jet deflectors I 1 i! 
o wing/nacellc. f i l  leting and streamlining 

! 
For the present discus*ion, only selected combinat;cns of these ge~metr ic variations 

wi l l  be csnsidered. In parti "ular, nozzle aspect ratio, boattail angle and mu1 tiple-nacei le 
interference vli l l be coverell. I 

CFF rUNNEL TESTS 

Test Facility 

The experimental progra~n i s  being conducte.' in the Lockheed-Georaia Compre~sible 
Flow Facility (CFF), which i s  a variable porosity, blowdown wind tunnel r .  2 ~ r c  3). Oper- 
ating ranges ore 0.2  ta 1.2 Mach number and up to 144 x 106/ '~  Reyn~!f;s ,*umber in the trun- 
sottic speed range. The test sertion, which i s  50.8 cm ('LO in.) ;.vide, 7 1 . 1  cm (28 ir,.) !ligh 
and 182.9 crn (72 in.) long, can be equipped with porous or solid walls to match particular 
test requirements. Model engine air supply i s  provided by an independent 2.068 M N , ~ ~  
(300 lb/in2) source. For pwered force testing, air ir  . :oplied to the mcdel throuph the 
force balanLe by a bellows arrangemetlt. 

Test Conditions 

The Mach number range of in+erest in tile experimental s f fcd i s  n.5 Mo 0.7 +o 
the unswept wing and 0.6 s Mo s r3.80 for the swept wing moooi . Maximum nozzle prt-, - 
sure rat;= (HiPo) up to about 3.0 were tested over most 3f thr-se speed ranges. Mod51 

..:: . I  

1 , ' *  . a y l e  of attack was va ied  from 0 degrees to 5 deg-ees encompassing a l l  normal cruise 
. 
.I . . settings. F!ow visualization using titanium dioxide combined with oi l  was employed c?xten- 

sively to help understand the force and pressu : test results. 
. ", 1 
' 4  
, I 
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Models 

The test configurations are composed of a large number of interchangeable nozzles 
wing. There are two basic wings, swept and unswept, which have a 
wing conversion from 2-D to 3-D configurations. The two-dimensimal 

pressure models span the 50.8 cm (21 in.) horizortal width of the tunnel. For 3-D force I . i  
! .;: s mounted vertically on the balance system in the tunnel floor. The semi- 

span-wing (b/2 = 50.8 cm (20 in .)) then spans 70 percent OF the tunnel height (71.1 cm 
(28 in .)). Examples of the two force models, which illustrate unswept and swept 3-D wings, 
are provided in f k  -es 4 and 5, respectively. 1 .  .s 

f 

Figure 6 illustrates the build-up of a two-dimensional pressure model, using the un- 
swept wing, alcng with the traversing woke role. A supercritical-type of wing section i s  , , 

used for both the unswept and 25 degree swept wing. This airfoil section hos a streamwise 
thickness I-atio of 16 percent tor the unswept wing application and 14 percent for the swept . -  . -i , 
wing case; the wing chord Is  17.8 crn (7 in .) in both instances. The wing design Mach 1 4 .  
numbers are about 0.7 and 0.8, respectively. 1 .  

i 

I 

As illustrated, the nozz.G . r ru?ply at 2.065 M N / ~ ~  (30C lb/in2) i s  routed through 
1 

! . ,  i 
the undetviiq duct and into u plenum formed by a faired-over forebody. The air i s  exhausted 

I 
i through a choke plate and exits fran the raor71e at pressure m t l ~ s  (H/Po) ranging rip to a maxi- , * .. 
I ; mum of 3.0. The some forebody i s  used with a number of interchangeable nozzles which :lave : , ! C 

different exit shapes, but the same discharge area. Unpowered c3nfigumtions may be bui t up I 

t y  suistitution of a flaw-thrwgh inlet for the hi red farebody. i .i 
1 i 
i 

Model instrumentation includes surface pressure taps at 5 spanwise positions on the L 1. ' 

wing aitd a1o.g the nozzle upper surface. A trwersing wake rake provides the capability 
i i 1 

for imp1 ing jet profiles and f ~ i  evaluating momentum losses in the wing/nacel le wake. , 

RESULTS AND DISCUSSION 

. , I r! i 
. . . . -. 1 . The forct -test phase of :he exper:mental program has vscently been completed and 1 

. i pressure testing is  currently in progress. For this reason, the present discu*sions en.phcrsize 
1 
I 

' .  
I 

t results with limited reference to pressure tes:ing, except where available data s a 

j 1 

Aerodynamic Ranking i i 

i !  i i  

Fol l o w i r ~  the convention established in low-speed, high-l i f t  practice, the measured ! !  t .  
l i f t  c. 4 accelerating iwc= ...-; be sub-divided intci assunled components as shown in figure 7. 5 1 

- . I -  ; I 
The direct, or reactive :Lifl.,f ierrns, Ti Cp sin (a + 6 i) and 1 Cp cos (a + 6i) are removed from ; , 
the measured data and >he assumption made that the remainder rep re sen:^ the interactive i l 

! 1 1; .  



aerodynamic force and moment on the combined wing/nacel le. It is implicit in this approach 
that the statically determined thrust efficiency, TI , representing scrubbing and vectoring 
losses, and turning angle, b. ,  are invariant with forward speed. It should also be noted that 
the loss represented by (1 - 6) is  a constant increment of gross thrust and a much higher pew- 
centoge L~ net thrusi. The relationship between gross and net thrust i s  shown in figure 7. 

Following the corvention just discumd while holding constant circulation l i f t  (CL = 
A 

0.40) and Macl number (0.68), a comparison has been made of the aerodynamic interference 
drog for a D-duct nozzle to an AR = 6 nozzle, as shown in figure 8. Based on these aero- 
dynanic interferance drag levels, the wide (AR = 6) nozzle is  superior to the semi-circular 
(D-duct) nozzle. However, this apparent aerodynamic advantage i s  gained at the expense 
of  much greater penalty in scrubbing losses as indicated by the efficiencies shown at the 
tap of the figure. 

To obtain a more realistic ranking of these nozzles, a total interference drag coeffi- 
cient i s  obained by adding back in the losses associated with the ass~med vectoring: 

=(8C ) + C [ I - ?  ca (e+E i ) l  

AERO 
C1 

This coefficient is compared in figure 9 for the same semi-circular and wide rectangular 
nozzles. In this comparison the semi-circular nozzle has the lowest drcq. The magnitudes 
and rankings of these ccefficients correspond 'o those which would be obtained by working 
only with the meascred accelerating force redvced by the calibrated, isolated nacelle 
thrust and the clean wing,&& drag plus nacel!e friction. Therefore, ranking the nozzle 
geometric parcirneten in terms of the total interference drog rather than thc oerodyn~mic 
drag alone is a basic process used throughout the present study. 

Effect of Nozzle Aspect Ratio 

r characteristic exit shapes, three or which are illustrated in figure 10, form the 
basic variation in nozzle aspect ratio. The fourth shape is  an aspect ratio 4 nozzle. This 
family of nozzles i s  designed with low boottail angies (6O - 12') to prevent *'!e effeci of 
boattail angle from obscuring the true aspect ratio effects. Interference drag coetficients, 
whkh are iqclusive of scrubbing losses and normalized to the drag of the circular nozzle 
are shown in figure 11. The Mach  umber and l i f t  coefficients represent t;lpical cruise 
conditions near the drag-rise Mach number at the unswept wing/nacelle cs-Sination. The 
pressure ratios (H/Po) ranging from 1.85 - 2.55 are n o z z l ~  p;;.ssure ratios; corresponding 
fan pre:sc;re ratios for the indicated cruise canditions w ~ u l d  bz 1.36 .- 1.88. The data 
shown in figure 11 show I: pronounced drag advantage for the "D-duct " configuration. It 
i s  tieiievcd from preliminary analysis that this advantage stems from a lack of nozzle side 
{lair and more rounded corners near the exit while simultclneously deriving some benefit 
throcgn l i f t  augmentation. 



The better lift-generation capability of the wide nozzles i s  demonstrated in figure 12, 
which compares total l i f t  acras the pressure ratio range at typical cruise conditions of 

ck of 3 degrees and Mach number of 0.68. A comparison of the l i f t  
with clean wing values at the corresponding angle of attack show that the circular nozzle 

ides very l itt le l i f t  augmentation, while the wide nozzles provide l i f t  augmentation 
of the jet-supported l ift. In fact, l i f t  augmentation on the order of  
l i f t  due to thrust hcs been fourad to be characteristic of the wider 

les. The "D-duct1' gen.' .ate$ l i f t  augr.16 qtation ratios of about 2.5 at naximum blowing 

Effect of Bcmttail Angle 

A second set of medium sized nozzles, spanning the aforementioned aspect I ~t io range, 
but characterized by high boattail angles f 17' - Xi0), i s  vailable in the model matrix. 
With the effect of nozzle aspect rcltio on drag krown from the previous evaluation, the 
effect of boattail angle on total interference drag may be determined. Figure 13 s'nows 
these results with the data again normalized to the circular nozzle drag. In the pressure 
ratio range 2.20 - 2.60, the maximum useable boattail angle appears to be about 20 - 21 
degrees. There i s  an indication that the onset of boattail separation i s  delayed slightly at 
high blowing rates by the pumping action ~f the jet. The separated flow pattern near the 
exit of the aspect ratio 4 nc jzzle with a 35 degree boattail mgle i s  shown in figure 14. 

Effect of Multiple Nacelles 

Both two- and four-engine nacelle configurations were tested on the swept wing. 
Figure 15 illustrates the increase in total interference drag for the four-engine airplane 
as compared to that obtained for twin-engine configurations tested separately with nacelles 
located at 'qboard and outboard wing positions. Although the ?ace1 ies are about 2 nacelle 
diameters c?art, the increase in total interference drag i s  arou?d 0.004, or equivalent to 
the drag of a single nacelle gt low blowing levels. This drag diminishes by about 50% at 
the higher Cp values. The interference drag also appears to be relatively insensitive to 
Mach number near the drag rise as inoicated in the figure. 

Pressure Test Results 

A typica; USB-pressure mcdel i s  sti.,wn on figure 16 as mounted in the CFF. A sampl- 
ing of dc t j  obtained wi,:) the traversing wake rake behind c circular nozzle i s  provided in 
figure 17. The basic effect of the wing on the jet cross section i s  see:. to be a downward 
8:-olccement of the cora-t~rs as the jet tends toward wing attachment. Acquisition of 
s, ilar data, both stat :.-lly and wind-on, are in progress with rxcelles of various shapes 
and sizes. 

. . . .> 4 
1 z -  I 
1 ..I; 
: 1.1 0 - . .- I.) 

. ,'- ..a . . - %. 



Additional results from the pressure tests we provided in figure 18. Wing surface 
pressures along the iet centerline of a D-duct nacelle are compared with resul b fram a 
powered vortex-latt ice modeling technique. The correlations afforded by :he theoretical 
program and the pressure test results are providing significant insight into the aerodynanics 
of the USE system. 

C ONC LUS IONS 

Based on preliminary evaluations of both force and pressure measurements obtained 
in the USB-Cruise experimental progrom, the following conclusions have been drawn: 

o The semi-circular ( "D-duct" ) nozzle i s  superior from the standpoint of 
the total installed drag penalty to either the circular nozzle or the wide 
(high aspect ratio) nozzles. 

o Boottail angles of 20-21 degrees ore permissible without large d r q  penalties. 

o Tests of two adjacent nacelles have indicated the presence of an adcii+ional 
interference o'rog penalty, which amoc~nts to about 25 percent of the total 
interference drag of the two nacelles tested separately . 





Figure 3.- LocNeed Compressible Flow Facility. Transonic blowdown 
tunnel (0.2 2 & 6 1.23 ; Reynolds number capability of 164 x 106/m; 
variable wall porosity; model blowing capabf lity of 2.068 MN/rn2 
(300 lb/inZ) . 

Figure 4.- 3-D unswept model. 



Figure 5.- 3-D swept model .  I 

- 
Figure 6 . -  Trpicai test  model. 
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Figure 9.- Nacelle ranking; total interference drag. 
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Figure 10.- Nozzle aspect rat io  variat ion;  6' 5 B 2 12.5'. 
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Figure 11. ,' Effect of l ~ozz l e  aspect rat io on nacelle drag, 
(Inwept wing; n, = 0.68; C L ~  = 0.40. 
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Figure 12.- Effect  on total lift of nozzle aspect ..tia variation, 
Unswept wing; M, = 0.68. 
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Figure 13.- Effect of nozzle boattail angle on nacel le  drag. 
Unswept wing; M, = 0.68; C b  = 0 . 4 0 .  

Figure 14.- Boattail separation. 
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Figure 15.- Effect of multiple engines on interferznce drag. 
S w e ~ t .  wing; ( X ~ C ) ~ , ~ ~  - 0.2; b-duet nozzles; spacing 
between nacelles of 2 ~ a c e l l c  diameters. 

Figure 36,-  Wing nacelle pressure model wf th traversing wake sake.  



Figure 17.- Wake told1 pressure pattern. M, = 0 . 6 8 ;  
a = 2.6'; H/Po = 2 . 7 8 .  

Figure 18.- Comparison of wing s ~ r f a c e  pressures along jet 
centerline of D-duct nacelle with values obtained from 
powered vortex-lattice modeling t,.chnique HIP, = 2 . 1 .  



EFFECTS OF NOZZLE PZSIGN AND POWER ON CRUISE DRAG 

-1 : i FOR UPPER-SURFACE-BLOWING AIRCRAr'T 

Edward T. Meleason 
NASA Lewis Research Center 

SUMMARY 

S'i A high-speed wind-tunnel investigation was conducted on a series of upper- ! i 
! , . 

surface-blowing nozzles with D-shared exits installed on a represertative ! 
short-haul aircraft model. Both two- and four-engine configurations were in- 

/ :  / vestigated. Pawered engine simulators were used tc properly represent nacelle ' !  . . , flows. Large differences in cruise drag penalties associated with the various ' i  

nozzle designs were seen. Some geometric parameters influencing nozzle cruise 
- ; drag are identified. : 1 .  

z INTRODUCTION 

Upper-surface-blowing (USB) nozzle design requirements ?resent a conflict 
between good low-speed and high-speed performance, as noted in reference 1. At 
low speeds, a relatively wide, thin jet is desired for good flow turning and 
lift augmentation (ref. 2). This is usually accomplished by directing the noz- 
zle jet onto the wing upper surface with a high boattail angle nozzle. Con- 
versely, low boattail angles and minimal jet spreading appear desirable for low 
cruise drag. Previous investigators have reported (ref. 3; that compromising 
all the nozzle design parameters toward favorable low speed flow t~rning in- 
creased the cruise dr2.g by as much as 20 percent of the airplane drag. 

I I 
I i G  

This earlier work involved the development of a USB nozzle ior a configu- ,i ,I  , - ,  , 
ration with twin high-pressure-ratio (low bypass ratio) engines. The present : 
investigation was directed toward cruise nozzles for low-pressure-ratio USB en- .i / '  

, . 
gir~es similar to those being developed under NASA's QCSEE (Quiet, Clean, Short- , I  

Haul Experimental Engine) Program (ref. 4). A later paper by Ciepluch sum- , .  , . 
marizes features of the QCSEE propulsion system. The different cruise nozzle I : :  

exit geometries required for thc different pressure ratio engines are shown in :. 
figure 1. The QCSEE nozzle exit is larger relative to its nacelle, producing a . ., 

lower aspect ratio nozzle with sharper corners. In the present test, all ex- ! i I /  1 :  
perinental nozzles had this D-shaped low-aspect-ratio nozzle exit geometry. I/ : 

Cruise drag was evaluated for both low boattail angle nozzles designed specif- 
ically for good cruise drag and also for high boattail angle nozzles represent- 

1 :  
I * 

ing the QCSEE USB design. Both two- and four-engine configurations were 
tested. 

I 

I 
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A~~ boattail projected area above the wing, ch2 (in2) 

AEXIT nozzle exit area, cm 2 : i 
1 

. :  A~~~ maximum circular cross-sectional area of nacelle, cm2 (id) 

AREXIT exit aspect ratio, widthlheight 

:.I 
drag coefficient, drag/qoS 

- 1 
I C~ lift coefficient, lift/qoS 

C~ pressure coefficient , (o-po)/qoS 

Mo free-stream Mach number 

1 PO free-stream static pressure, N/cm2 ! '! f ree-s tream dynamic pressure, ~ / c m ~  E 
40 Z 1 

F '  S wing Irea, cm2 (in2) 
- < 

. -. \I width, cm (in.) 
i . . . , - , . . , - I  

ETO? external top centerline boattail angle at nozzle exit, deg 

0:; IDE external sidewall boattail angle at nozzle exit, dcg 

, , 
Ah maximum displacement of external boattail corner, cr (in.) . I  . \ !  i 

9~ average of top and bottom centerline flow deflection angles at nozzle 
exit 

MODEL DESCRIPTION 7 2 j i 
j 1 
I (  

Figu~e 2 is a photograph of the half-plane model installed in the Lewis _ : '  . * 

Research Center's 8- by 6-Foot Supersonic Wind Tunnel. The 0.7-111 (27.5-in.) 
i 

< . .  .; 
semispan model was designed for Mach 0.7 cruise and had a cylindrical fuselage . 3 _ L  

, . 
I . - , ,  

and straight supercritical wing. Wing sweep at the quarter chord was 5.6' and , . 

the aspect r~tio was 7.0. The wing had a taper rat20 of 0.3 and an average ! 

section thickness of about 13.5 percent. The entire aerodynamic configuration 
t .  : :  , - 

was rnoti:.ted on a 6-component balance. Powered engine simulators, nominally 
7.6 cm (' in.) in diameter, were used to represent the nacelle flows. Flow- 
throug.1 xa.:el '.es were also used. 1 L 

! I  ' 
i 

A typical nozzle installation on the wing is shown in figure 3. Inboard 

i i 
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The experimental nozzle designs are shown in figure 4. A11  ha^! D-shaped 
exits with an aspect ratio (widthheight) of about 2. The reference nozzle, 
designated NREFs had a moderate external to? (crown line) boattail angle of 
about 11' and an external side boattail of about 2'. The QCSEE-type no?zles, 
Ngc, featured a high external tcp boattail angle of ?8O in order to obtal,.~ a 
hlgn kickdown angle and to avoid internal flow restrictions at the larger +xit 
are& rcquired at takeoff. Because of the high kickdown angle (average cent?r- 
line kickdown angle, BKD = 120), this type of nozzle would not require some 
type of flow d9flector for good low-speed powered-lift performance as low-angle 
nozzles like NREF would. The sidewa1.1 boattailing of the QCSEE N nozzles 

QC (17' external, 10' internal) was designed to minimize jet spanwise pluming at 
cruise. Note chat because NREF is mounted lower on the wing than N the 
boattail projected area above the wing is reduced. cc 

There are two versions of the QCSEE nozzle, designated BL (baseline) and 
RC1 (recontoured no. 1). As discussed in an earller paper by Sleeman and 
Phelps, the original baseline QCSEE nozzle was recently changed to the RC1 con- 
tour t~ improve it; low-speed powered-lift characteristics. Note that the ef- 
fect of the change was to flatten the top of the nozzle, increasz the sharpness 
of the corners, and increase the effective boattail angle particularly at the 
corners. The terminal boattail angles on the top, $TOP, 2nd side, BSIDE, re- 
mained unchanged. On the model, the external nozzle contours for (NQC)BL and 
( N Q c ) ~ ~ ~  correspond to the baseline and recontoured QCSEE configurations; how- 
ever. the internal contours for both were for the baseline nozzle. In addition 
to tb.ese configurarions, some inodified versions of the NqC nozzles were also 
tested. 

The model NQC nozzles were not an exact scaled representation of the full- 
scale QCSEE nozzle installation. During model design it became necessarv to 
increase the nacelle maximurn diameter to provide more room for instrumentation 
routing. As shown in figure 5, this added additional area to the forward part 
of the nozile boattail and reduced the local curvature slightly. The hlgh an- 
gle part of ths boattail near the nozzle exit was duplicated exactly. The in- 
fluence of this boattail area difieren>;e on the experiment~l results is ad- 
dressed iacer in this paper. 

POWERE11 SIMULATOR CONSIDERATIONS 

Calibration 

Prior the wind-tunnel test, the propulsion nacelles with engine simu- 
lators were calibrated statically. A plate simulating the wing upper surface 
contour was attached to the nozzle through a separate balance, and its drag 
contribution was deleted. Nozzle thrust in the axial direction was calibrated 
as a function of nozzle pressure ratio for each experimental simulator/nozzle 
combination. 



Drag D e f i n i t i o n  

Cru i se  d rag  r e s u l t s  a r e  presented i n  terms of  a  d r a g  pena l ty  which i s  de- 
s c r i b e d  i n  f i g u r e  6. The d rag  pena l ty  is t h e  d i f f e r e n c e  between t h e  drag of  
~11e combined nacellelwing-body c o n f i g u r a t i o n  minus t h e  s e p a r a t e  i s o l a t e d  d rags  
of the  n a c e l l e  and wing-body. Th? t o t a l  c o n f i g u r a t i o n  d rag  wi th  power c o n s i s t e d  
of the  balance  d rag  f o r c e  c o r r e c t e d  f o r  t h e  n e t  t h r u s t  of  t h e  powered n a c e l l e s .  
The e x t e r n a l  n a c e l l e  drag was es t imated f o r  an  assumed i s o l a t e d  n a c e l l e  a t  
f ree-s t ream Mach number us ing an empi r i ca l  technique based on n a c e l l e  f i n e n e s s  
r a t i o .  This  e s t i m a t e  d i d  not  account f o r  t h e  increased p ressure  drag t h a t  
would be p resen t  on an i s o l a t e d  high b o a t t a i l  nozzle  such a s  t h e  QCSEE nozzle.  

I 
1 The drag of t h e  b a s i c  wing-body wi thout  n a c e l l e s  was measured. This  drag was 

evaluated a t  va lues  of Mach number and l i f t  c o e f f i c i e n t  i d e n t i c a l  t o  those  of  
the  nscel le-oq conf igura t ion .  An a d d i t i o n a l  c o r r e c t i o n  was made t o  account f o r  
the  d rag  increment of t h a t  p o r t i o n  of the  wing coveled by t h e  n a c e l l e .  With 
these  v a r i o u s  drag components deducted from t h e  o r i g i n a l  c o n f i g u r a t i o n  drag,  

j the remaining increment was considered 2 drag pena l ty  which included any un- 
f svorab le  i n t e r f e r e n c e  e f f e c t s .  I t  should be noted t h a t  t h e  scrubbing drag o: I 

I 
t he  j e t  flow on t h e  wing upper s u r f a c e  was not  accounted f o r  and would be in-  I 

I 
cluded a s  p a r t  of the  d rag  pena l ty .  i 

Power E f f e c t s  I 
f 
i 

RESULTS AND DISCUSSION 

Two-Engine Conf igurat ions  

Figure  7  i s  a t y p i c a l  comparison of  d r a g  r e s u l t s  obta ined w i t h  t h e  powered f 
s imula to r s  and wi th  flow-through n a c c l l e s  a t  Mach 0.7. The d e s f z n  point  in-  $ 1 ; 

, . 

d i c a t e s  t h e  des ign l i f t  c o e f f i c i e n t  of t h e  model wing and t h e  c r u i s e  f a n  pres-  
s u r e  r a t i o  of t h e  QCSEE engine.  For r e fe rence ,  a d rag  increment equ iva len t  t o  

i 1 .  
I '  

Experimental drag p e n a l t i e s  f o r  t h e  NREF and (NpC)BL nozzle  i n s t a l l a t i o n s  
a r e  shown i n  f i g u r e  8 f o r  a  two-engine a i r p l a n e  conf gura t ion  ( s i n g l e  n a c e l l e  
i n s t a l l e d  on the  hal f -p lane  wind-tunnel model). The powered n a c e l l e  was l o -  
ca ted  a t  t h e  inboard p o s i t i o n  (23 percent  semispan),  and d a t a  a r e  shown f o r  a  
f an  p ressure  r a t i o  of 1.37 and a l i f t  c o e f f i c i e n t  of 0.4, corresponding t o  Mach 
0.7 c r u i s e  des ign cond i t ions .  A t  t h e s e  cond i t ions ,  t h e  nozz le  p r e s s u r e  r a t i o  
was about 1.9 based on free-stream s t a t i c  p ressure  and ahout 2 . 2  based on l o c a l  
s t a t i c  p ressure .  A t  t h e  des ign Mach number of  0.70, t h e  r e f e r e n c e  nozzle  N R E ~  
had a  smal l  drag pena l ty  of about 1 . 5  percent  of  n e t  t h r u s t  (or  a i r p l a n e  d rag) .  
Most of t h i s  pena l ty  was probably a s s o c i a t e d  w i t h  t h e  a d d i t i o n a l  scrubbing drag 

5 percent  of  c r u i s e  n e t  t h r u s t  ( a i r p l a n e  drag)  i s  i n d i c a t e d ,  and i t  is seen t h s t  

i the  power e f f e c t  can exceed t h i s  value .  Note t h a t  a t  t h e  h igher  l i f t  c o e f f i -  
c i e n t  t h e  jet flow has  a favorab le  e f f e c t  on drag.  However, t h i s  f a v o r a b l e  
e f f e c t  i s  smal l  compared t o  the  h igher  drag l e v e l s  seen a t  t h i s  CL. 

.' 
, 

1 1 :  
I : I. ' 1 . :  
i , t  



of t h e  jet on t h e  wing. The high b o a t t ~ i l  a n g l e  b a s e l i n e  QCSEE nozz le  (NQC)BL 
exh ib i t ed  a considerably  higher  drag p e n i l t y  .'it Mach 0.7, amounting t o  about 
5 percen t  of n e t  t h r u s t .  This  pena l ty  was p a r t l y  a s s o c i a t e d  v i t h  lower pres- 
s u r e s  over t h e  nozzle  b o a t t a i l ,  a s  w i l l  be s scn  l a t e r .  I n  a d d i t i o n ,  an en- 
l a rged  region of s u p e r c r i t i c a l  f low was p;esent on t h e  wing upper s u r f a c e  w i t h  
t h i s  nozzle. The wing shock was s t rengthened and moved a f t  toward t h e  nozz le  
e x i t  from its c l e a n  wing pos i t ion .  

Note t h a t  a s  Mach nuzber increased beyond design,  t h e  r e f e r e n c e  nozz le  de- 

- 
veloped a  favorab le  i n t e r f e r e n c e  e f f e c t  whi le  t h e  drag of t h e  NQC nozz le  con- . . 

7%- t inued t o  inc rease .  Wing pressure  d a t a  i n d i c a t e  t h a t  t h e  r e f e r e n c e  nozz le  a c t -  
+. . 1 ed  t o  r e t a r d  t develcpment of s u p e r c r i t i c a l  flow above t h e  wing a s  t h e  wing 

entered drag r i s e ,  whi le  t h e  higher  ang le  NQC nozzle  d i d  not .  

Four-Engine Configurat ions  1 , i :  

Cruise drag r e s u l t s  a r e  presented i n  f i g u r e  9 f o r  t h e  four-engine config- 
u r a t i o n  wi th  r e f e r e n c e  nozzles  N R E ~ ,  b a s e l i n e  QCSEE nc : z les  (NQC)BL, and re- 
contoured QCSEE nozzles  A l a r g e  d i f f e r e n c e  i n  d rag  l e v e l s  is  ev- 
iden t .  A t  Mach 0.70, t h e  re fe rence  nozzles  again  had a  r e l a t i v e l y  low drag  
penal ty  of l e s s  than 3 percent  of n e t  t h r u s t .  This  is s l i g h t l y  l e s s  than twice  
t h e  two-engine va lue  f o r  t h i s  nozzle ,  i n d i c a t i n g  t h e  absence of any unfavorable  
nacel le- to-nacel le  i n t e r f e r e n c e  e f f e c t s .  The drag pena l ty  wi th  t h e  NQC base- 
l i n e  nozzles  was about 12 percent  of n e t  t h r u s t  a t  Mach 0.7; twice  t h e  twin- 
engine va lue  would be about 9 percent .  Therefore ,  an a d d i t i o n a l  drag pena l ty  
of about 3 percent  i s  ind ica ted  due t o  nacel le- to-nacel le  i n t e r f e r e n c e  f o r  t h i s  
design.  These mutual i n t e r f e r e n c e  e f f e c t s  a r e  a l s o  ev iden t  from t h e  wing pres- 
s u r e  data .  With t h e  NQC nozzles ,  t h e  a d d i t i o n  of t h e  outboard n a c e l l e  r e s u l t e d  
i n  an acce le ra ted  s u p e r c r i t i c a l  flow reg ion  i n  t h e  channel between t h e  nozzles .  

; ; 8 .  

The change i n  e x t e r n a l  contour shape from t h e  ( N Q c ) ~ ~  conf igura t ion  t o  t h e  
(NQC)RC1 conf igura t ion  produced an a d d i t i o n a l  l a r g e  drag i n c r e a s e  (from 12 t o  
18 percent of n e t  t h r u s t  a t  Mach 0.7). This was a s s o c i a t e d  wi th  ex tens ive  flow 
separa t ion  over t h e  a f t  p a r t  of t h e  (N8C)RC1 b o a t t a i l ,  a s  s h o w  i n  f i g u r e  10. 
The c r o m  l i n e  p ressure  d i s t r i b u t i o n s  o r  t h e  t h r e e  nozzlL; a r e  considerably  I 

I ; .  
d i f f e r e n t .  A region of s u p e r c r i t i c a l  flow e x i s t e d  on t h e  ( N Q c ) ~ ~ ~  b o a t t a i l ,  and ! i :  
ex tens ive  separa t ion  was present  on t h e  a f t  b o a t t a i l ,  a s  i n d i c a t e d  by t h e  re-  . /  I : 

.i : 
duced p ressure  recovery a t  t h e  t r a i l i n g  edge and shown on t h e  t u f t  photograph. , i .  
Flow over t h e  ( N Q ~ ) ~ ~  b o a t t a i l  approached t h e  son ic  l e v e l  and only  a  small sep- 1 .  ..I . 

a r a t i o n  region was present .  The NREF boa t t c l i l  flow was a t  a  n e a r l y  cons tan t  I . i : 
! . *  

subsonic l e v e l .  . m 
1 :  

Four-Engine Configurat ions  w i t h  Modified Nozzles 

The r e l a t i v e l y  high drag  level^ observed wi th  t h e  NQC nozzles  l e d  t o  t h e  
development of modified NQC nozzle conf igura t ions  t o  f u r t h e r  i n v e s t i g a t e  drag 
behavior. These modified nozzles ,  shown i n  f i g u r e  11, were f a b r i c a t e d  by add- 

; I -I- 
! 
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i n g  material e x t e r n a l l y  t o  t h e  b o a t t a i l  r eg ion  o f  t h e  NREF nozzles .  The ex- 
t e r n a l  crown l i n e s  of t h e  b a s e l i n e  and RC1 c o n f i g u r a t i o n s  were dup l tca ted  from 
t h e  nozz le  e x i t  forward u n t i l  f a i r i n g  was requ i red  t o  match t h e  maximum he igh t  

3 
of NREF. A s  mentioned e a r l i e r ,  s i n c e  NREF was mounted lower on t h e  wing than 

>s NQC, a  reduced b o a t t a i l  p ro jec ted  a r e a  above t h e  wing r e s u l t e d .  Cross- 1 s e c t i o n a l  contours  were s i m i l a r l y  dup l ica ted  and s h i f t e d  t o  match t h e  ve ry  
shallow s idewal l  b o a t t a i l  ang les  o f  N R ~ F .  The r e s u l t i n g  c o n f i g u r a t i o n s  thus  

3 had e x t e r n a l  b o a t t a i l  tops  and corners  q u i t e  similar t o  t h e  NQC nozzles ,  but  
wi th  reduc t ions  i n  s idewal l  b o a t t a i l i n g ,  b o a t t a i l  p r o j e c t e d  a r e a ,  and flow 
kickdown ang le  on t h e  wing. The modified nozz les  a r e  des ignated a s  MOD(NQC)~= 
and MOD (NQC) R C ~  

- > ,, 4 
The combination of t h e s e  changes produced a s i g n i f i c a n t  r educ t ion  i n  . _ .  i 

c r u i s e  drag a t  a l l  Mach numbers. A s  shown i n  f i g u r e  12 ,  a  s i m i l a r  r educ t ion  ? 

occurs  wi th  t h e  modified nozzles  f o r  both  t h e  RC1 and b a s e l i n e  b o a t t a i l s .  I n  ! 
.4 

both c a s e s  t h e  modif icdt ions  a l l e v i a t e d  t h e  region of s u p e r c r i t i c a l  flow on t h e  - ! i 

wing upper s u r f a c e  near  t h e  nozzles .  Although no t  determined s p e c i f i c a l l y ,  i t  ! , I  
t ' '1 appears  probable t h a t  t h e  mutual i n t e r f e r e n c e  between n a c e l l e s  was reduced w i t h  : . ., I 

. . t h e  modified conf igura t ions .  It is  seen from f i g u r e  12 t h a t  t h e  e x t e r n a l  boat- 
t a i l  change from b a s e l i n e  (BL) t o  t h e  recontoured shape (RC1) produced s i m i l a r  I 

l a r g e  drag i n c r e a s e s  f o r  both  t h e  unmodified and modified nozzles .  Extensive < ,  

1 ' - L 

b o a t t a i l  flow s e p a r a t i o n  s i m i l a r  t o  t h a t  seen p rev ious ly  wi th  (NQC)RC1 was 
again  observed on the  MOD (NQC) RC1 con£ i g u r a t  ion. 

1 
t !  

I 

Gecinetric E f f e c t s  

The d i f f e r e n c e  i n  external .  b o a t t a i l  geometry between b a s e l i n e  and recon- 
toured conf igura t ions  is  predominantly an  increased sharpness  of tile l o c a l  noz- 
z l e  corners .  I n  f i g u r e  1 3  drag is  c o r r e l a t e d  a g a i n s t  a  corner  sharpness  param- 
e t e r  Ah/(W/2), where Ah is  t h e  maximum corner  displacement from a  : ine connect- 
i n g  t h e  i n t e r s e c t i o n s  of t h e  n a c e l l e  c e n t e r l i n e s  wi th  t h e  nozzle  crown l i n e  and 
s i d e ,  and W/2 i s  t h e  l o c a l  nozzle  half-width along the  h o r i z o n t a l  c e n t e r l i n e .  
This parameter was evaluated a t  a  l o c a t i o n  one maximum n a c e l l e  r a d i u s  upstream 
of t h e  nozz le  e x i t ,  where t h e  d i f f e r e n c e  i n  corner  sharpness  is  l a r g e s t .  The 
incremental  drag change wi th  corner  sharpness  f o r  t h e  N aL1d modified NQC noz- 
z l e s  was q u i t e  s i m i l a r .  QC 

( i 

A s  mentioced previously ,  t h e  unmodified NQC nozzles  were n o t  exact  s c a l e  
r e p r e s e n t a t i o n s  of t h e  QCSEE f l i g h t  nozzles  but had a d d i t i o n a l  b o a t t a i l  pro- 
j ec ted  a r e a  p resen t .  The combination of geometr ical  changes inheren t  i n  t h e  

I !  : . !  - 1  

modified NQc nozzles  r e s u l t e d  i n  reduced b o a t t a i l  p ro jec ted  a r e a  above t h e  wing. ! - +  
Rela t ive  va lues  of t h i s  a r e a  and t h e  a s s o c i a t e d  drag l e v e l s  a r e  i n d i c a t e d  i n  - i 

' 1  

f i g u r e  14. It is not  p o s s i b l e  t o  i s o l a t e  t h e  e f f e c t s  of b o a t t a i l  a r e a  from t h e  / 1 
o t h e r  geometric cnanges between t h e  NQC and modified NQC nozzles ,  s o  f i g u r e  14 
only i n d i c a t e s  genera l  t rends .  It is reasonable  t o  assume t h a t  t h e  drag penal- 1 
t y  a s s o c i a t e d  wi th  t h e  c0rrec.t b o a t t a i l  a r e a  would l i e  somewhere between t h e  
f u l l - s c a l e  mark and t h e  NQC p o i n t ,  depending on t h e  r e l a t i v e  e f f e c t  of b o a t t a i l  
a r e a  compared t o  t h e  e f f e c t s  of changes i n  s idewal l  b o a t t a i l  ang le  and flow 1 
kickdown angle .  The proximity of t h e  modified N Q ~  p o i n t s  t o  t h e  geomet r ica l ly  I /  i 



c o r r e c t  b o a t t a i l  a r e a s  is  of i n t e r e s t ,  Th i s  proximity sugges t s  t h a t  t h e  QCSEE 
navies wi th  px te rna l  s i d e w a l l  b o a t t a i l i n g  reduced t o  2O might o b t a i n  a c r u i s e  
drag p e ~ ~ a l t y  somewhere near  t h e s e  l e v e l s  i f  t h e  e f f e c t s  of kickdown ang le  a r e  
n o t  important. This  would amount t o  drag p e n a l t i e s  between 12 and 14 percen t  
of n e t  chrvs t  f o r  t h e  RC1 nozzle  and between 6 and 8 percen t  f o r  t h e  b a s e l i n e  
nozzle.  

d CONCLUDING REMARKS 

4 I n  sunnnary, i t  was found t h a t  USB n a c e l l e s  wi th  moderate nozz le  b o a t t a i l  
ang les  could be i n s t a l l e d  on a high-wing shor t -haul  aircrct:'c conf igura t ion  wi th  
only  a small c r u i s e  drag penal ty .  Th i s  type  of nozz le  would not have good 
low-speed powered-lift performance wi thcut  t h e  development of a f low d e f l e c t o r  
and e x i t  a r e a  v a r i a t i o n  system. A h igh b o a t t a i l  a n g l e  nozzle  r e p r e s e n t i n g  t h e  
QCSEE RC1 conf igura t ion ,  which was designed f o r  good powered-lif t  performance 
without a flow d e f l e c t o r ,  d isplayed l a r g e  c r u i s e  d rag  pe a l t i e s  a s s o c i a t e d  

I 
with  b o a t t a i l  flow s e p a r a t i o n  and reg ions  of a c c e l e r a t e d  s u p e r c r i t i c a l  flow on 
t h e  wing upper su r face .  A s i m i l a r  nozzle  wi th  rounder corners  and reduced 

i powered-lif t  performance, r epresen t ing  t h e  QCSEE b a s e l i n e  nozzle ,  had s i g n i f -  
i c a n t l y  lower c r u i s e  drag.  Addi t ional  t e s t  conf igura t ions  i n d i c a t e d  t h e  pos- 
s i b i l i t y  of improving c r u i s e  drag l e v e l s  of t h e  QCSEE-type nozz les  by reducing 
the  s idewal l  b o a t t a i l  ang les  and t h e  b o a t t a i l  p ro jec ted  a r e a  above t h e  wing. 
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Figure 1.- Comparison of US$ cruise nozzles.  
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A wing-jet interaction theory is presented for predicting the aerodynamic I 

characteristics of upper-surface-blowing and over-wing-blowing configurations. i .  

For the latter c~nfiguratior~s, a new jet entrainment theory has also been de- j : .  
. , ,  veloped. Comparison of predicted results kith some available data showed good 

. I agreement. Some applications of the theory are also presented. I 1 :  
. j t 

I 
I; . - 1 
.. . . . , INTRODUCTION i. ,. t . 

.:I Wlen a wing is in close proximity to a jet, additional forces and moments 
will be induced on the wing. In the case 3f upper-surface-blowing (USB) con- 
figuraticns, where the relatively thick jet from the high bypass-ratio turbo- 
fan engines blows cn the wing upper surface, these forces and moments can not 
be satisfactorily explained by the thin jet flap theory (ref. 1). With an 
over-wing-blowing (OWE) configuration, the conventional jet engine exhaust may 
be blowing aft or ahe~d of the wing leading edge and close to or away from the 
wing surface. It has been found that its wing aerodynamic characteristics are 
under?redicted by entrainment effects alone, in particular, when the jet is 
close to the wing surface (ref. 2 ) .  It is evident, then, that additional 
physical mechanisms for these effects ~iiust be identified. In this paper, they 
will be called the "jet interaction effects." By "interaction," it is implied 
that in the physical process, not only the wing flow field is perturbed in the 
presence of the jet, but also the jet flow is disturbed by the wiag as well. 

In the past, this jet interaction process has been applied mainly in the ! 
I 

wing-slipstream interaction problem. For example, Shollenberger (ref. 3) de- 
I 

veloped a method wherl.in the jet shape distortion is allowed in predicting 
interaction effects. However, jt is not applicable to the case where the jet , , , . 

I, \ ,  ' 
Mach number is different from the freestream val~ue (Mach number nonuniformity) 
and its applications to US3 or OWB configuratio~:~ have not been reported. On 1 )  r 

r t i  

the other hand, Mendenhali et al. (ref. 4) used several circular jets with s ,  :! \ :  

'AThis work was supported by NASA Langley Research Center under grant NSG 1139 
I 

i for the first author. 



. . '  
presc r ibed  boundaries t o  approximate a  r e c t a n g u l a r  USB j e t  wi thout  inc lud ing  I I .. .. ; 
t h e  i n t e r a c t i o n  process  mentioned above. I . .  

" 
I n  developing t h e  a n a l y t i c a l  method f o r  OWB c o n f i g u r z t i o n s ,  Krenz ( r e f .  5) i i 

used s i n k  panels  on p resc r ibed  j e t  boundaries.  No sys temat ic  method of comput- i . I  

ing  t h e  s i n k  s t r a g t h  a t  a r b i t r a r y  j e t  v e l o c i t y  r a t i o s  has  been presented.  To 
, 

s imula te  the  j e t  entrainment e f f e c t ,  Putnam ( r e f .  6 )  obta ined t h e  s i n k  s t r e n g t h  
of a l i n e  s i n k  d i s t r i b u t i o n  along the  j e t  a x i s  by Squ i re  and Trouncer 's  method 
f o r  incompressible,  non-neated j e t s  ( r e f .  7 ) .  I n  both s t u d i e s ,  no interii:;tion . , 

e f f e c t s  h a w  been accounted f o r .  

I n  t h i s  paper,  r e s u l t s  from a  t h e o r e t i c a l  i n v e s t i g a t i o n  of  j e t  i n t e r a c t i c n  , , 
e f f e c t s  f o r  USB and OWB conf igura t ions  i n  t h e  p a s t  two y e a r s  w i t i  be summa- 
r i z e d .  The p resen t  theory accounts  f o r  d i f f e r e n c e s  between t h e  j e t  and f ree -  ! ! 

stream dynamic p ressures  and Mach numbers. The j e t  shape can be r e c t a n g u l a r  
o r  c i r c u l a r  and t h e  j e t  e x i t  can be a t  an a r b i t r a r y  I s c a t i o n .  However, the  
theory is  a  l i n e a r  one s o  t h a t  t h e  j e t  boundary d i s t o r t i o n  is no t  accounted 

i ; 
fot-. I ,  f '  i 

SYMBOLS 

a , i 
Values a r e  given i n  both ST and U.S. Customary Units .  The me-.1lrementr, I 

and c a l c u l a t i o n s  were made i n  U.S. Custor.ary Uni ts .  j i 
wing aspec t  r a t i o  

chord l e n g t h ,  m ( f t )  

induced d rag  c o e f f i c i e n t  

t o t a l  l i f t  c o e f f i c i e n t  

d i f f e r r n c e  i n  l i f t  c o e f f i c i e n t s  wi th  j e t  on and o f f  

C pitching-moment c o e f f i c i e n t  
m 

C jet-momentum c o e f f i c i e n t  
lJ 

' 1 C '  jlt-momentum c o e f f i c i e n t  r e f e r r e d  t o  pa 
I ' P 

I ,  
Do 

j e t  e x i t  d iameter ,  m ( f t )  i ; 
1 

i i S u n i t  vec to r  tangent t o  j e t  pa th  



: 
, pf ,n nozzle t o t a l  p ressure ,  ~ / m ~  ( l b / f t 2 )  I 

I ! r I  1 i 
! I . I  . '  . , , - 

I 
LA---- i 

8 -.I 

, . j e t  Mach number 

f rees t ream Mach number 
, ,  . 

wing a r e a ,  m2(f t2)  

= P,/P 
j 

j e t  v e l o c i t y ,  m/sec ( f t l s e c )  

ou te r  flow v e l o c i t y ,  mlsec ( f t l s e c )  

je t -entra ined flow v e c t o r ,  m/sec ( f t l s e c )  

* * 

f rees t ream v e l o c i t y  v e c t o r ,  m/sec ( f t l s e c )  

- 
'I u n i t  v e c t o r  normal t o  j e t  s u r f a c e  

1 
j e t  a x i s  system, r,armal and tangent  t o  t h e  j e t  s u r f a c e ,  r e s p e c t i v e l y  r' , s 

wing-fixed rec tangu la r  coord ina tes  wi th  n o s i t i v e  x-axis along a x i s  
of symmetry po in t ing  downstream, p o s i t i v e  y-axis po in t ing  t o  r i g h t ,  
and p o s i t i v e  z-axis po in t ing  upward, m ( f t )  

. .I j 
"a: 

ambient s t a t i c  p ressure ,  ~ / m 2  ( l b I f t 2 )  

i I 

jet e x i t  coard ina te ,  m ( f t )  

car h6.r funct ion.  z = zc (x,y) 
C 

, ieight of j e t  a x i s  above t h e  wing plane,  m ( f t )  

angle  of a t t a c k ,  deg 

vor tex  s t reni : th ,  m Ysec (ft2/9r?c) 

f  1: 9 angle ,  deg 

j e t - d e f l e c t i o n ,  deg 



I 
j e t  s u r f a c e  
tangency cond i t ion  (1) 1 

I 

i ----- .- .. I .  
. :. . >, . . > - 
.. . 
;; 
< - 

:;- X t a p e r  r a t i o  
"; + 

7 

liz, 
leading-edge sweep ang le ,  3eg 

u = Vm/Vj  

-m . - - C  -C 

P '  = Vm.e/V. .e  
J 

. . 
P d e n s i t y ,  kg/m3 ( s l u g s / f t 3 )  
- 
'j 

nondimensional v e l o c i t y  p o t e n t i a l  f o r  t h e  j e t  flow 

- 
$0 

n o n d i m e n s i o ~ a l  v e l o c i t y  p o t e n t i a l  f o r  t h e . o u t e r  flow 

DESCRIPTION OF THE METHOD 

I 

Basic  Concept 
I 

i Consider a  two-dimensional i n v i s c i d ,  incompress ible  f low i n  which a j e t  i 

is s i t u a t e d  a s  shown i n  f i g .  1, where a  vor tex  r is assumed t o  e x i s t  i n  t h e  
. '  o u t e r  flow. I n  o rde r  t o  s a t i s f y  t h e  j e t  s u r f a c e  boundary cond i t ions  which 

r e q u i r e  t h a t  t h e  s t r e a m l i n e s  a t  both  s i d e s  of t h e  j e t  s u r f a c e  be p a r a l l e l  and 
t h e  s t a t i c  p ressures  the12 be cont inuous ,  i t  is necessary  t o  in t roduce  addi- 
t i o n a l  v o r t i c e s  a s  has  been shown by t h e  image method ( r e f .  8 ) .  For t h e  p lanar  

i 
j e t ,  t h e  lower region i n  which t h e  v c r t e x  r o r i g i n a t e s  w i l l  r e c e i v e  a d d i t i o n a l  I 

d i s tu rbances  represen ted  by t h e  v o r t e x  "A" ( i . e . ,  r e f l e c t i o n  e f f e c t ) .  I f  t h e  
vor tex  r is now replaced by an a i r f o i l ,  t h e s e  a d d i t i o n a l  d i s tu rbances  on t h e  
a i r f o i l  w i l l  te i n  t h e  form of upwash, thus  i n c r e a s i n g  t h e  l i f t .  The vor tex  I 
11 I 1  B r e p r e s e n t s  t h e  d i s ru rbance  of t h e  j e t  flow by t h e  wing. S imi la r  explana- I 
t i o n  can be given f o r  a  c i r c u l a r  j e t .  It is seen,  then ,  t h a t  t h e  l i f t  i nc re -  / 
ment due t o  j e t  i n t e r a c t i o n  is mainly due t o  t h e  r e f l e c t i o n  of wing-created i 
dis tu rbances  a t  t h e  j e t  su r face .  

Three-Dimensional Fornu la t ion  

I n  t h e  three-dimensional  c a s e ,  t h e  image method can not  be used. However, 
t h e  b a s i c  concept expla ined shove remains a p p l i c a b l e .  That i s ,  t h e  a d d i t i o n a l  
upwash on the  wing due L O  t h e  j e t  s u r f a c e  r e f l e c t i o n  can be computed by s a t i s -  

I 

i 

, 

fy ing t h e  j e t  s u r f a c e  bouqdary cond i t ions  t o g e t h e r  wi th  t h e  wing tangency con- I i 

d i t i o n .  I n  t h e  l i n e a r  theory ,  t h e s e  cond i t ions  can be w r i t t e n  a s  ( r e f .  21, 



jet surface 
pressure continuity 

wing tangency 

ed flow vector. To satisfy eqs. (1)-(2), the jet 

because of the Mach number nonuniformity. Eq. (3) is satisfied in the usual 
manner with a wing vortex sheet. The results are then reduced to algebraic 
equations for unknown vortex strengths through the application of a quasi- 
vortex-lattice method (ref. 1). This vortex model is illustrated in fig. 2. 
Note that for USB configurations, the jet entrainment is not directly included. 
Instead, it enters the problem through the Coanda jet reaction, because the 
Coanda turning is due to the jet entrainment. The Coanda jet reaction is cal- 
culated here with the linear momentum principle and is illustrated in fig. 3. 
It is seen that the total lift component due to the Coanda jet reaction is 

Similarly, drag component due to the Coanda jet reaction is given by 

1 .  

where the thrust component is also included. The jet flap effect is also I ' .  

calculated in the present method as described in ref. 1. 
I I 1 :  

On the other hand, for OWB applications, the jet entrainment is calcula- 
ted according to a newly developed method (ref. 2) which is applicable to a 
compressible heated jet. To avoid nonhomogeneous jet propertics in the mathe- 
matical model, an equivalent uniform jet is used which satisfies the conserva- 

! 
I 

201 i 

i 
i 

i : 

I .  

2 



tion of mass, linear momentum and hcat content. If the jet does not intersect 3 . .. 
the wing, a circular jet is assumed. This circular jet is in turn approximated i 

by a polygon for interaction computation. In case the jet intersects the wing, '; i 

a rectangular or circular jet may be chosen in the calculation, depending on ,; , 

I whether or not the jet would follow the wing surface and deflect at the trail- .: 
ing edge at some angle relative to the chord line. This deflection angle can 
only be determined empirically at present by correlation with experimental i ,,'\ ; 
data. I 'I 

i. 4 

COMPARISON WITH EXPERIMENTAL DATA ., 
;; 

In comparing the USB data, the =alculations wete done with experimental 
jet deflectior angles measured under wind-off ccnditions. The data of a trans- 
port-type configuration of Smith, et al. (ref. 9) with AR = 7.8, X = 0.73 and 
AL = 0' are compared in fig. 4. The moment arms for the Coanda forces are 

I 

measured directly from fig. 3 of ref. 9. The skin friction and the scrubbing 
drags ar? not accounted for in the moment computation. It is seen that the 
predicted results agree reasonably well with the data. ' r  should be rioted 
that all results were obtained by adding the predicted jet-inducsd increments 
to the experimental jet-off values. Since. the method also predicts the in- 

! \ -  
t ! 
! ' 

duced Arag, its comparison can be made approximately by using the relation: i 1 -  
I. 

I ' .  

i~ 

Eq. (7) approximately represents the incremental induced drag due to the angle 
of attack. The results are compared i.n the following table with good agreement: 

, I- 
, I 
i 

AC A C AC 
D, (a) "D, (a) D, ( a )  D, (11) 

I Theory Exp. Theory Exp. Theory Exp . Theory Exp. 
. 4  < . * ! 9' 

6' 3.096 0.15 0.233 0 . 2  0.322 0.3 0.375 0.35 

11' 0.227 0.3 0.5 0.5 0.658 0 . 6  0.752 0.65 I .  

/ 
\ $: 

. , 
The jet induced lift increments for a fighter, vectored-thrust (VT) 

4 configuration of AR = 3.7 given in ref. 10 :are compared in fig. 5. Since 
, - rhe model airfoil is thin (5%) and the camber is of supcrcritirnl type but 

unknown, it w l ~ s  assumcd to be a flat wing in the computation to simulate the 



s o n i c ,  which is n o t  al lowed i n  t h e  p r e s e n t  subson ic  computer program, t h e  
j e t  Mach number is assumed t o  b e  Ma and an  e q u i v a l e n t  v e l o c i t y  r a t i o  I s  used 

; ;$I 
. t *- as d e s c r i b e d  i n  r e f .  6 .  I f  t h e  s t a t i c  t h r u s t  c o e f f i c i e n t  is C,', nondimension- 

a l i r e d  w i t h  t h e  ambient  p r e s s u r e ,  t h e n  C  i n  terms of f r e e s t r e &  dynamic . . U I 
p r e s s u r e  is  g iven  by 

2C' 
c =A 
P 

8)  
Y M ~  

.d '$1 where C t  is g i v e n  i n  r e f .  10 and I is t h e  r a t i o  o f  s p e c i f i c  h e a t s .  From r!le corn-- ,A - 
I r P 

p a r i s o n ,  it  is s e e n  t h a t  t h e  agreement is reasonably  $sod. 

f ;: The OWB d a t a  by Fa lk  ( r e f .  11)  and Putnam ( r e f .  1 2 )  a r c  compared w i t h  
I.:, t h e  p r e d i c t e d  r e s u l t s  i n  f i g s .  5 and 7. r e s p e c t i v e l y .  From f i g .  6 ,  i t  is 
*.: 1 .,: s e e n  t h a t  AC d e c r e a s e s  r a p i d l y  a s  t h e  j e ~  is  moved upwards from t h e  wing 
1 .  "-I L 

s u r f a c e .  T h i s  is because  w i t h  t h e  j e t  c l o s e  t o  t h e  wing, t h e  i n t e r a c t i o n  
e f f e c t s  become impor tant .  I n  a d d i t i o n ,  i f  t h e  j e t  i n t e r s e c t s  t h e  wing, t h e  
j e t  f l a p  e f f e c t  due t o  t h e  j e t  d e f l e c t i o n  a t  t h e  t r a i l i n g  edge r e l a t i v e  t o  
t h e  chord l i n e  w i l l  a l s o  be  s i g n i f i c a n t .  Both e f f e c t s  dirulnish r a p i d l y  w i t h  
t h e  d i s t a n c e  t o  t h e  wing s u r f a c e .  I t  is a l s o  seen  from bo th  f i g s .  6  and 7 
t h a t  j e t  en t r a inmen t  a l o n e  w i l l  u n d e r p r e d i c t  AC i f  t h e  jet  i s  c l o s e  t o  t h e  
wing. L  

SOME ADDITIONAL RESULTS 

A s  mentioned above,  t h e  j e t  i n t e r a c t i o n  e f f e c t s  a r e  mainly due t o  t h e  j e t  
s u r f a c e  r e f l e c t i o n  of wing-created d i s t u r b a n c e s  which a r e  p r o p o r t i o n a l  t o  t h e  
j e t - O L L  wing loading .  The re fo re ,  i t  is impor tant  i n  t h e  i n t e r a c t i o n  computa- 
t i o n  t o  s i m u l a t e  t h e  j e t - o f f  l i f t  a s  c l o s e l y  a s  p o s s i b l e .  To see how t h e  j e t -  
o f f  l i f t  can  a f f e c t  t h e  i n t e r a c t i o n  ? f f r c t s ,  t h e  c o n f t g u r a t i o n  o f  Smith,  e t  a l .  
g iven  i n  r e f .  9 ,  is a g a i n  used under t h e  c o n d i t i o n s  of  a = l o ,  6 = 0 ° ,  6 = 

f j 
12' and C P P  2. I f  NACA 642A215 ( a =  0.5)  and NACA 641A412 (a = 0.5)  a i r -  

, . 
2 f o i l s  are used a t  t h e  r o o t  and t h e  t i p ,  r e s p e c t i v e l y ,  as shown i n  r e f .  9 ,  t h e  , , 

1: t h e o r e t i c a l  je t - induced ACL would b e  0.826. On t h e  o t h e r  hand,  i f  a symmetrical.  
:.: .- a i r f o i l  is used,  ACL becomes 0.688, a d e c r e a s e  o f  192,  I n  a d d i t i o n ,  i t  has  been / / 

shown t h a t  t h e  j e t  f l a p  e f f e c t  ( i . e . ,  t h e  e f f e c t  o f  j e t  d e f l e c t i o n  r e l a t i v e  t o  
' t h e  chord)  i s  always b e n e f i c i a l  ( r e f .  1 ) .  That means t h a t  a t h i c k  a i r f o i l  w i t h  

some t r a i l i n g - e d g e  a n g l e  w i l l  g i v e  b e t t e r  aerodynamic c : ~ . ? r a c t e r i s t i c s  t han  a  
t h i n  a i r f o i l  w i t h  l i t t l e  t r a i l i n g - c d g e  ang le .  



It has  been shown exper imental ly  and t h e o r e t i c a l l y  t h a t  t h e  wing load ing  
with USB has  high peak i n  t h e  j e t  region.  Therefore ,  i t  is  of i n t e r e s t  t o  
s e e  how trad,-offs can be made between l i f t  c a p a b i l i t y  and aspec t  r a t i o  i n  
c ru i se .  Assume t h a t  a = 2' and = 10' without f l a p  d e f l e c t i o n  and t h e  j e t  

- 
is blowing from t h e  l ead ing  edge. The r e s u l t s  a r e  shown i n  f i g .  8. It is 
seen t h a t  al though t h e  l i f t  w i l l  be decreased by 60% a t  C,, = C when AR is 

P ./. > ', .::$ 
reduced from 8 t o  4, t h e  decrease  is  only 42.7% i n  t h e  c i r c u l a t i o n  l i f t  and * .  

34.2% i n  t h e  t o t a l  l i f t  ( including t h e  j e t  r e a c t i o n )  a t  C = 1. The decrease  
lJ ..; 

i n  the  l i f t  c a p a b i l i t y  wben t h e  aspect  r a t i o  is  reduced i s  seen t o  decrease  
4. 
' -.?{ 

a s  C i s  increased.  . c..: i . . 
LJ , ,':3 

'..< J 
One advantage o f  OWB conf igura t ions  wi th  t h e  j e t  no t  i n t e r s e c t i n g  t h e  l .* .I 

wing is t h a t  t h e  j e t  scrubbing drag can be  e l imina ted .  Furthermore, t h e  j e t -  
entrainment c rea ted  upwash w i l l  i n c r e a s e  t h e  loading and t h e  leading-edge 
t h r u s t .  It is  of  i n t e r e s t  t o  compare t h e  i n t e r a c t i o n  e f f e c t s  of r e c t a n g u l a r  
j e t s  wi th  c i r c u l a r  ones assuming the  same c ross - sec t iona l  a r e a  and e n t r a i n -  
ment. The j e t  axis i s  taken t o  be a t  z /D = 1.2 and t h e  entrainment i s  

1 0  - 
computed assuming a c i r c u l a r  j e t .  The r e s u l t s  a r e  shown i n  f i g .  9. It is 
seen t h a t  both  rec tangu la r  and c t r c u l a r  j e t s  perform e q u a l l y  w e l l .  However, 
i t  may be f e a s i b l e  t o  lower t h e  rec tangu la r  j e t  t o  i n c r e a s e  t h e  performance 
without scrubbing t h e  wing. It i s  a l s o  seen from t h e  f i g u r e  t h a t  t h e  aero- 
dynamic performance can be g r e a t l y  improved by an over-wing-blowing j e t ,  a s  
has  a l s o  been noted by Putnam ( r e f .  6 ) .  

CONCLUDING REMARKS 

A t h e o r e t i c a l  method has  been presented f o r  p r e d i c t i n g  t h e  aerodynamic 
c h a r a c t e r i s t i c s  of USB and OWB conf igura t ions .  The p red ic ted  r e s u l t s  show 
good agreement w i t t  some a v a i l a b l e  data .  The jet i n t e r a c t i o n  e f f e c t s  have 
been shown t o  be important when t h e  j e t  is on o r  c l o s e  t o  t h e  wing s u r f a c e .  
Because of t h e  n a t u r e  of t h e  i n t e r a c t i o n  p rocess ,  h igher  i n t e r a c t i o n  l i f t  
can be ac'lieved by increasin.g t h e  j e t -o f f  l i f t .  For a rec tangu la r  wing wi th  
USB i n  c r u i s e ,  t h e  t o t a l  l i f t  is shown t o  decrease  by 34.22, compared with 

- ,  
60% with  j e t  o f f ,  when t h e  aspect  r a t i o  i s  reduced from 8 t o  4. I t  was shown 

i?." f o r  the  OWB conf igura t ions  t h a t  t h e  i n t e r a c t i o n  e f f e c t s  depend s t r o n g l y  on 

.I t h e  d i s t a n c e  of t h e  jet s u r f a c e  t o  t h e  wing. 
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PLANAR JET C I RCULAR JET 

Figure 1.- 111ustration of two-dimensional, inviscid jet interaction process. 

RECTANGULAR JET C l RCULAR JET 

Figure 2.- Three-dimensional vortex model for jet interaction process. 
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Figure 3. - Force clue to thc Ca:inda j c t  rrb:lt:t ion on 
LISB conf igiirat ions. 



--- THIN I ! T  F l A P  

( a )  Lift d a t a .  

0 tXPERl!\ENT t K t t .  Q j  

- T I i I O R ) .  PRESENT 
--- THEIIR), J t T  K tACT ION AT i.C. 

F i g u r c  4 . -  E s ~ i m . ~ t l c ~ n  o f  ac.-(vjyn;lmic ~ * l r ~ t t r i s t i ~ s  ~ > f  ., 1'SH ~ . o n i i e u r , l t  ion 
f  C,, = 2 (results trhtaint-t i  L v  nJJinji t h e  p r~ ,d ic . t t .~ i  j ~ l t -  i...luc~.cl 
values t o  t h C  t . sperimcnts1 j c c - o f  f  v;~lues). 



EXPERIMENT (REF. 10) 
M* Pti71~, If '  deg 

A .4 3 10 
0 .7 2 5 

Figure 5.- Estimation of jet-induced lift for the vectored-thrust fighter 
configuration of reference 10. 

0 EXPERIMENT (REF. 11) 
THEOR\, - PRESENT --- PRESENT. ENTKAI N M E M  ONLY --- PUTNAM (REF. 6). FYTRAINMENT ONLY 
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Figure 6.- Estimation of jet-induced lift for a rectangular wing 
having OWB. a = 0'; AR = 2.  
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0 EXPERIMENT (REF. 12) I 
THEORY 

.03 r PRESENT ---- PRESENT, ENTRAI NMEMT 

Figure 7 . -  Estimation of jet-induced l i f t  for the OWB configuration of 
reference 12. pt = 1 . 9 ;  a = OO. 

ALL RESULTS ARE BASED 
ON WING AREA OF AR = 8 

AR = 

T = % DECREASE IN  LIFT 
FOR AR = 4 

Figure 8 . -  Theoretical e f f ec t  of aspect rat io  on USB l i f t  capabil i ty .  
Fb, = M = 0; ci = 2'; 6f  = 0'; 6 j  = 10'; NACA 651-412. 

j 



- --- JET-OFF 

Figure 9 .  - Compnrisorl of t t i e o r e t  i c - n l  aerodynamic-s obtn!nt3d by j e t s  of 
rectangular and c i r c u l a r  c r o s s  s e c t  ion on t h e  conf igitrclt i o n  of 
reference 9 .  AR = 7.8; /IL = oO; A = 0 .73;  6 *  = OO. 



4 USB FLOW CHARACTERISTICS RELATED TO ;i i 

W. H. B ~ O M  and N. I. iieddy 
Inckheed-Georgia Company 

. 1 

I.na effects of nozzle and flap geometry on USB flow field characteristics 
relatci to noioe generation were examined experimentally using static models of 
two sizes. Plow attachment and spreading characteristics were observed using 
flow visualization techniques. Velocity and turbulence profiles in the trail- 
ing edge waks were meaaured using hot-wire anemometry, and the el"r'ects of the 
geometric varla5lea on peak velocity and turbulence intensity were determined. 
Then, it is shown that 9eak trailing edge velocity is a function of the ratio 
of flow length tc midifid hydraulic diameter. 

, . 

INTRODUCTION 
, . 

I. 
Design concepts such as blown flaps, which provide high lift by turning 

and spreading the engine exhaust, necessarily produce more noise than would an 
undeflected jet. It is the probles of the designer to establish an acceptable 
balance between the performance of the aircraft and its noise. In this area, 
USB offers an apwent advantage over other techniques because the e w n e  
placement above the wing inherently provides noise shielding between the engine i 
and the ground. 

Performance aqd noise are directly related to flow characteristics. Per- 
formance evaluation generally involvas only the gross properties of the flow . / -  field, such as mean velocity and pressurs ciistributions, whereas noise evalu- ! . 

a5ion requires knowledge of more detailed properties of the flow field, such I 

as turbulence properties. The exy"rimenta1 work ?resented in this paper is 
i 1 
I 

! 
directed toward understanding the roie of turbulent flows interacting with rig- ! 

id surfaces (wing and flap) in noise generation and propagation. Even so, some i 

of the flow data obtained are applicable to perforrcance evaluations. Radiated 
sound measurements and the analysis of noistt sources given in references 1 and 
2 provided some guidelines as to which flow characteristics might be pertinent 
in the determination of the noise characteris+-cs of USB configurations. The 
reeults of flow visualizations, mean velocit: and turbulence profiles, and the 
dpsce-time cross correlations of fluctuatiw velocities in the trailing edge I 

! 
wake are presented. I 



I 
i . i  

MPE,ZKDBNTAL MODEL AND BPPEOACH . . I -  ., 
' i , - 
{ .,.I 
i .i 

Model designe and teat conditions were kept general ae befits sn explor- :.:I 
atory pmgmm and were selected to cover the range from CTOL through STOL air- .i . .I 
o r a f t .  Noaale and installation variables inolude nozzle size, shape, chordwise , :: 
location on the w i n g ,  inclination and height above the wing. Flap variables .: : 

I :i 
include radius of curvature, deflection, and total flow-path length. Scale - :! 
effects are pr~vided by two model sizes. , . . I  

. ' 1  
, t  , . 

.::*. 
$? 

The small-scale static model. is shown in figure 1. This mcdel, of 51 cm ;. 1 
r r 

. k~.. .* 
span, provided 5.08, 7.62, and 10.16 om flap a i i  each at 30m, 45. and 60. d e  

. P flection with provisions for a common flow length. The nozzle can bo located 
. T.;: 
r.+, . - off the surface or on the surface at any of three chordwisa positionr~ and at 
'2..:zs:S 
, .. ., any desired impingement angle. Nozales are provided in two sizes to ~imulate 
, ;.y 
f - 

.%-: the range of engine by-pass ratio appropriate to thc CTOL and STOL operation and 
s;..<. , 

in several shapes. Six nozzle shapes were used - circular, rectangular noz- 4 <:* 
.ir .. --* , -  
-; s*. 

3 -  
zles of aspect ratios 2, 4, and 4, D-shaped, and elliptical. !be holbo shown 

4;. -. .. along the surface in this figure were used for surface static pressure measure- 
ments and with p ~ b e  microphones to obtain space-time correlaticlls of the fluc- 
tuating surface pressures. 

Tbe large-sale etktic model is shown jn figure 2. This nodel, of 74 cm 
span, is approximtely 2* tines the linear scale of the small model (except in 
span). A constant mtio of f lap-radius-of -curvcture-to-nozzle-height is main- 

: .> 
hined between the two model sizes. The large model corresponds to the 7.62 cm 

9.- -? 
? t 

radius small-scale configuration st 30" snd 60' deflectioli angles with nozzles _ I  
:ST': ;. ..'* - .. of aspect ra:ios 4 and 8. Circular nozzles were provided also. ! I i 
." ,-; . - i ! 

Flow visualizations provide a useful point of departue by showing in a 
. 1 qualitative way the extent and intensity of the flow field. Photographs of 

surface oil flow show flow attachment and spreading characteristi~s. Schlieren, 
being sensitive to density gradients in the flow, shows attachment in another 

I 
. ! 

: I  I 
perspective in addition to showing turning shocks, the overall jet boundaries, . 1  
and possible large-scale structure in the jet. ! ..I 

I - 'j 
i , . . j  

Previous studies have indicated that the major source of USB noise is ! I . _  . ,  
located in the vicinity of the trailing edge. For that reason, mean velocity I , . &  _ , 
and turbulence profile measurements were concentrated there. Fairly extensive i 
sets of wake velocity and turbulence intensity profiles were obtained using the I ,  

small-scale static model and a single-channel linearized constant temperature I i  
anemometer. The hot-wire was positioned parallel to the trailing edge and 
moved normal to the upper surface of the flap. Centerline values received the 
most attontion because they more nearly represent two-dimensional behavior 
(which is easier to handle analytically) and because she centerline flow is I 

I 
more firmly a.ttached to the surface, thereby having steeper velocity gradients 

, and higher turbulence levels generated near the surr'ace. 



Space-time oorre la t ione  of f l uo tua t ing  ve loo i t i ee  were measured i n  the  : 
. ;  % 

v i o i n i t y  of t he  trailiw sdge. C ~ r r e l a t i o n a  of eaoh aomponent of t he  f luc tu-  *; 

a t i n g  ve loc i ty  would have provided a b e t t e r  unde re t ad ing  of t he  turbulenoe I 

e t ruoture  a d  its r o l e  i n  noise generation. However, component-by-component .. j i 
3 ,  o o m l a t i o n  was not  f eae ib l e  at the  time bemuse only two-ahamel memometry - . I  

1 
oapabi l i ty  was read i ly  ava i l ab l e  and because t h e  yawed-wire technique is too -.! 
oumbersome. Therefore, useful oorrelution measurements r a r e  mtlde u s i w  two .; 
l i n e m i z e d  hot-wire channels with an on-line d i g i t a l  cor re la tor .  

iUdSULTS ANT) DISCUSSION 

Plow V i s u ? t z a t i o n s  

O i l  flow v i sua l i za t ions  were used early i n  t h e  inves t iga t ion  t o  determine I 
Whiah confi&urations had at tached flow at  the  tmiling edge. Typical visual- 
i aa t ions  of separated and attaohed flow a r e  shown i n  f i g u r e  3. These o i l  flow 

l 
i t  

photographs were m d e  with the  aspect  r a t i o  2 nozzle toaching the  w i n g  a t  t he  
2C$ ohord looa t ion  and the  5.08 om radiua 60" def lec t ion  f l ap .  The flow at t h e  
t r a i l i n g  7dge i e  seen t o  be eeparerted at 0' impingement engle  and at taohed a t  
lo0 and 20°. 

For nozales disllhsrging a t  t he  eurfaoe, flow impingement q l e  o l ea r ly  i s  
an important va r i ab l e  r e l a t i v e  t o  flow at tachnent .  For nozzles loca ted  o f f  t he  
a u f a o e ,  t h e  height  of the  noaale above the  wiw is equally important. With 
the  e x o e p t i ~ n  of t h e  o i r cu la r  nozzle, a t tached flow was obtained from a l l  noz- 
z l e s  at an impingement engle  of 20'. The c i r c u l a r  nozzle due t o  i ts narrow 
width (almost zero) a t  t h e  wing sur face  and i t s  high oenfer of momentum re- 
quired rr 30" impingement angle  t o  achisve attachment. 

Some o o n f i ~ u m t i o n e  whiah exhib i t  a t taohed flow at the  t r a i l i n g  e Q e  have 
l o c a l  separat ions over t he  curved f l a p  seo t ion  as avidenced by the  bubble seen 
i n  the  o i l  f low photograph f o r  a 10" impingement angle. A l l  nozzles except t h e  
aapeot r a t i o  8 nozsle  ( t he  th innse t  ore) showed a tendency toward t h i s  kind of 
10-1 separation. Nozzle locatior,  a d  nozzle height  a f f e c t  t he  tmdency t o  
form a separat ion bubble. Moving t'ne nozzle aft from the  2@ ohord l o w t i o n  
towtaxi t he  f l a p  inoreases  the  tendency toward separat ion p r e s w b l y  by allow- 
irg l e e s  opportunity f o r  flow epreading and f o r  ve loc i ty  d e w  before the  high- 
ourveture f l a p  i s  encountered. Greater  nozzle i no l ina t ion  angles  t m d  t o  re- ? 
duoo o r  e l iminate  sep6ratiox: bubbles by p r o i n o t i ~  flow spreading. , i 

i 
Schiieren photogrephs taken i n  the  spanwise d i r ec t ion  more o l ea r ly  show 

eeparation than do the  o i l  flow photographs whioh eu f fe r  somewhat from the  
e f feo te  of i n e r t i a .  Sahl ieren photoa iphs  provide a rueme f o r  d i s t inguiehing  
batween a weakly at tached and a eeparated flow when the  o i l  flow observetione 
a r e  inoonolueive as often is  the  caoe whec the  o i l  e t reake near  t he  t rcr i l ing 
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edge a r e  approximately p a r a l l e l  and cover only a narrow s p a .  The Schl ieren 
visual in ,at ions i n  f i g u r e  4 covdr t he  range from separated through at tached flow 
with the  aspect  r a t i o  8 nozzle and the  7.62 cm radius 60' f l ap .  

The o i l  flow photographs i n  f i g u r e  3 were used i n  ctn atternyt t o  quant ify 
flow spreading. A spreading parameter defined as the  s u m  of the  scrubbed 
widths measured at the  nozzle e x i t ,  t he  start and end of curvature,  and the  
t r a i l i n g  edge was evaluated f o r  severa l  configurationti. The r e s u l t s ,  p lo t t ed  
in  f igu re  5 ,  show the  s t rong  inf luence of impiqement angle ,  nozzle s i z e ,  and I I nozzle loca t ion  on flow spreading. The d i f fe rence  i n  scrubbed a rea  between the  , 
20h chord loca t ion  and the  50$ chord loca t ion  ac tua l ly  is g r s a t e r  than t h a t  in-  I : 
dicated on the  f igu re  because the  spreading parameter ignores the  a r ea  increase , ! 

which r e s u l t s  from increased flow path le14th.  . d 1 
' / 

i i 

Velocity and Turbulence P ro f i l e s  

=." 

i4em veloc i ty  and turbulence i n t e n s i t y  p r o i i l e s  f o r  four  d i f f e r e n t  noz- 
z l e s  a r e  shown i n  f i gu res  6 and 7. These p r o f i l e s  were taken along t h e  center- 
l i n e  behind a 5.00 cm radius 60' de f l s c t ion  f l ap .  The nozzles were touching 
the  wing at the  forward (2@ chord) loca t ion  anc! were inc l ined  20° r e l a t i v e  t o  

-. . . 

, 

t he  wing. The c i r c u l a r  nozzle and the rectangular aspect  r a t i o  4 and 8 nozzles 
a r e  t v i ce  the  area of tne aspect  r a t i o  2 rectangular  nozzle - 20.26 s q  cm 
as opposed t o  10.13 sq  cm. The aspect  r a t i o  2 ar,d 4 nozzles have a cnmon noz- 
z l e  height - 2.25 cm. The c i r c u l a r  nozzle and aagect r a t i o  8 nozzles have 
heights  af 5.08 crn and 1.58 cm, respect ively.  Several c h a r a c t e r i s t i c s  of USB 
flow can be seen in these  p ro f i l e s .  

I.. . _ /  
Consider t h e  shapes of t he  mean v e l ~ c i f y  p r o f i l e s  i n  f i g u r e  6. The pro- 

f i l e s  f o r  t he  AR2 and A38 nozzles a r e  broader than t he  o ther  two p ro f i l e s  and 
have more rounded peaks +,ban does the  p r o f i l e  f o r  the AT.4 nozzle. The m q p i -  
tudes of t he  peak v e l o c i t i e s  decrease i n  t he  order; c i r c u l a r ,  AR4, AR2, and 
AR8. The loca t ion  ( i n  nozzle heights)  of the  peak ve loc i ty  moves away from 
the  surface i n  t he  order: AR4, LY8, c i r c u l a r ,  and A%?. Thus, we see  t h a t  the  
magnituciee and loca t ions  of t he  peak velocit ,y do not vary syst?matically w i t h  
nozzle s i z e ,  height ,  o r  aspect  r a t i o  when these  va r i ab l e s  are taken 
individual ly.  

The turbulence i n t e n s i t y  p r o f i l e s  in f i g u r e  7 correspond t o  the  previous- 
l y  discussed mean ve loc i ty  p ro f i l e s .  These p r o f i l e s ,  some with one peak and 

. .* , . ,*.. . others  with two peaks, axe l e s s  similar i n  shape than the  mean ve loa i ty  pro- 
. .  f i l e s .  The dip between the  peaks i s  r e l a t ed  t o  t he  extent  of development of 

t h e  flow mixing p ro f i l e .  A deep d ip  ( a s  does a high peak ve loc i ty)  ind ica tes  a 
region of flow rel~,tive&;r unaffected by mixing and by Lo-mdary l aye r  growth. 

. . . . Tile rounded p ro f i l e s  f o r  the AR2 and AR8 nozzles a r e  cha rac t e r i s t i c  of a more 
. . advanced s t a t e  of turbulence p r o f i l e  development. . - 



It ie believed that praotioal oonaiderationa suoh as internal loeaee and 
etructu~~l compatibility ultimstely will require nozzles of low aepect ratio, 
say lee8 than four. This reaulte in a jet-dimeneion-to-flow-psth-length which 
is short in tern of flow field development. More importantly, the inner pro- 
file at the trailing edge ie in the initial stage of transitian from a boundary 
layer profile before the edge to a jet mixing profile some diatance into the 
wake region. Therefore, similarity ,rofiles are not expected. However, peak 
values of m a  velocity should vary consietently with the major geometric and 
operational variablee . 

The peak velocity and the turbulence intensity value at the knee of the 
turbulence profile were examined at the trailing edge in the mid-span plane for 
attached flow casea. Knee turbulence is used because the peak value, particu- 
laxly for longer flow lengths, oft= oczurs far from the edge and far from the 
high shear area where the noise source i6 presumed to be. Figure 8 shows how 
peak velocity and knee turbulence vary with the nozzle installation variablee. 
The measured values were found to be "well behaved" with reepect to the chosen 
variables. Peak velocity decreases at: impingement angle increases and in- 
creases as the nozzle ia mwed aft (tcward the flap) along the w i n g  while main- 
taining a constant flow length. The first tendency is believed to be the re- 
sult of Jet spreading which increases the effective length-to-diameter ratio of 
the jet flow. !?he reason for the increase in velocity with nozzle chordwiee 
position is not clear, although it might be related to the partial development 
of the flow before the flap is reached. 

The effects of flap variables on peak velocity are shown in figure 9. 
Peak velocity decreases with increasing flap deflection, flap radius, and flow 
length. Only the relati-rely smll decrease with increasing flap radius is sur- 
pising. The intuitive thought prior to testing had been that, other thing8 
being equal, peak velocity would decrease with decreasiw radius of curvature 
because of the higher radial acceleration of the flow, and its greater tenden- 
cy to separate. 

Jet velocity profiles are expected to be functions of a length-to- 
diameter ratio. In the case of non-circular jets. hydraulic diameter is used 
with free jets and nozzle height (or jet thichess) is used with wall jets. 
Length usually is measured from the nozzle exit along the jet axis. In USB 
configurations where th~? jet follows a curved surface, flow length along that 
surface from the nozzle to the trailing edge is an appropriate length variable. 
It was reasoned that pure hydraulic diameter was inappropriate because it fail- 
ed to account for the reduction in rrixing area caused by the presence of the 
surface. Ultimately a modified hydraulic diameter based on nczzle perimeter 
diminished by the nozzle width was successful with "well attached" flows from 
all the small-scale static tests and some of the luge-scale tests. The re- 
sults are seen in figure 10. 



! v I .1' 

Correlation Meaeurewmte ! 6, - 
;i: 

. . ,. . 
A typioal eet of space-time oroee oorrelatione of fluotuating velooitiee , - ". 

i e  shown i n  f igure 11. Theee correlation measurements are nornrrlised t o  the , . ,. 
maximum value of the  auto-correlation f o r  the upstream wire which was located 

I '  

1.6 cm a f t  and 0.1 cm above the t r a i l i ng  edge. Both hot-vq --es were para l l e l  t o  : : : 
tho t r a i l i ng  edge. . , t ,.; . 

t 
5 

Two things can bs learned from the peake of the cross-correlation curves. 
The slope of separation distance plotted against delay time a t  which the corre- 
sponding correlation peaks oocur is the convection velocity of the turbulent 
f ie ld .  It represent6 the velocity a t  which the.turbulent structure is  convect- 
ed past the measuring locations. The envelope of the peaks provides a measure 
of eddy lifetime. By following the peaks, the observer effectively is  moving 
with the eddy. The eddies lose t he i r  ident i ty  o r  coherence by dewy and by 
coalescence. The time required fo r  the oorrelation coefficient t o  rsach l/e of 
i ts  maximum i e  defined a s  the eddy lifetime. It is  a measure of the length of 
time the turbulent structure maintains its s p e o t ~ a l  identi ty.  

Ihe cross correlations at zero time-delay provide a measure of the s ize  
and isotropy of the turbulent structure. The length scale f o r  a typical  addy 
is  defined as the area under the curve of the zero-time cross-correlation co- 
eff ic ients  plotted against the corresponding separation distances. The length 
scale or  sddy s ize  is a measure of the distance over which the structure main- 
ta ins  an aariount ~f coherence. These length scales a r e  defined in al l  direc- 
tions - l a t e r a l  and transverse as well as longitudinal. The ra t ios  of the 
scales a re  meascles of the isotropy of the turbulence. A r a t i o  of unity indi- 
cates isotropic tcrbulence; other ra t ios  indicate deviance from isotropy. We 
have wed the r a t i a  of streamwiee t o  spanwise eddy s izes  as the s ca l e  of aniso- 
tropy of the turbulence. 

The correlation measurements shown in figure 11 were made i n  the wake of 
the 7.62 cm radius 60' deflection f l ap  with the AR9 nozzle inclined 20' rela- 
t ive  t o  the wid% a t  the 2C$ chord location. The measuements were made with a 
nozzle pressurc r a t i o  of 1.1. The ccrreeponding peak t r a i l i n g  edge velocity is  
74 m/a. The following values were obtained f.-om that  f igure and a correspond- 
ing s e t  of spanwise c o r r ~ ~ l a t i o n  measurements: 

I / 

Convection Velocity rn 0.90 Peak Trai1ii.x Edge Velocity 1 
, + , I 

S t r a ~ ~ i i s e  Length S a l e  = 0.84 am , , 
i : 

Spanwise Length Scale I 0.37 cm . I .- 
$a Scale of Anisotropy I 2.5 
%I .L..- 

The use of those quanti t ies i n  noise prediction i e  described i n  reference 2. . , 
, . .. 
. . 
, .-. 
, , 



11 CONCLUDING REMARISS 

'I 
It has been shown that the flow fields of realistic USB configurations 

are ttuell behavedt' r ?  least in respect to thoee gross chs,-scteristica, such as 
peak velocity, which are imyortant in noise generation. Trends of peak veloc- 
ity and turbulence intensity levels with respect to installational and opera- 
tional variables appear to be reasonable and therefore should be usable in 
analyses of noise genemtion and of performanoe trends. These peak velocity 
trends when combined with a modified hydraulic diameter yielded a reasonable 
collapse of t he  peak t r a i l i n g  edge ve loc i ty  da t a  over a wide range of vari- 
ables including model sca le ;  f l ap  rad ius ,  de f l ec t ion ,  and length;  and nozz;e 
s i ze ,  shape, loca t ion ,  and impingement angle. 

The variation of trailing edge turbulence structure with geometric vari- 
ables m y  be established with a more sophisticated experimental program using 
either four channel hot-wire anemoinetry or the four channel laser :rtilocimeter 
developed recently a$ Lockheed. 
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Z I., -= s**J e= \ .  - 4  1 (:q CHARACTERISTICS OF USB NOISE* 

J. S. Gibson and N. Searle 
Lockheed-Georg ia Company 

SUMMARY 

1, .: An extensive series of noise measurements, for c variety of geometric and operational 1 !  

! .  parameters, have been made on niodels of upper surface blowing (USB) powered-lift systems. 

: i The data obtained have been analyzed and the effects and tre~ds of parametric variation 
have been defined. From these resvlts, insight can be gained into the behavior and nature 
of US0 noise and the design sf USB systems with low noise characteristics. 

acoustics work which i s  qiven in the next paper. In this discourse, primary emphmis is  i 
placed on observed far field acousi ic effects and trends resulting from geometric and opera- { !  !. 

? tional parameter variations. Most of the results to be covered relate to static, cold flow, I 

' r i  j 
blended nacelle, upper surface blowing configurations. The majority of the results are for 

i f ;  1 
I attached flow cases; however, also briefly covered are some separated flow cases, as well . . ' as some vectored thrust cases, flow temperature effects, and forward speed effects. j /  ! 

f ,  I 

j ; 
j: .~ 

: 1 
f :  i 

! 
EXPERIMENTAL FACILITIES 1 : 

INTRODlJCTlON 

This paper i s  concerned with the USB parametric acoustic evaluation program that i s  a 
companion effort to the flow field work described in the preceding paper, and the analytical 

1 

, 

The majority of the acoustic data were obtained in an anechoic room, illustrated in 
! 

- 1 figure 1. The small scale USB model which has a 51 cm (20 in.) wing span i s  shown inverted 
'i 

; 1 
* .  ! and mounted to the end of a foam-covered muffler and air pipe system, This is  the same f . 
: I 

model that i s  described in the preceding paper. Several microphone arches, each on a 2.44 
i meter (8 f t  .) radius,can also be seen, as we1 l as the room itself. Noise measurements were 

I made at many locations, but the typical experimental trends discussed in this paper were 

I taken from the microphone directly opposite the bottom of the wing, unless otherwise 
I 

i .  stated. This location corresponds to an observer located directly under an aircraft. 

: * Work performed under NASA Contract NASI-13870 with NASA-Langley Research Centei-. 



The outdoor facility, which accepts models larger by approximately a factor of two 
and a half, i: shown in figure 2. Parametric data primarily for scaling purpcse were obtained 
at this facility. The model, also described in the preceding paper, i s  mounted in the center 
of the test pad, being fed by a muffled piped air supply. The moveable, motorized 6.1 meter 
(20 ft.) rodius microphone arch, model air supply, and al l  data acquisition systems are re- 
motely controlled from a control room located in the building in the backg:ound. 

The final facility used in this propram i s  the anechoic wind ,unnel sliown in figure 3. 
This i s  a 0.76 x 1.09 meter (30 x 43 inches), continuous free-jet type facility. Tunnel air 
flow i s  from left to right into the foam lined collecfor. The model, which i s  the same size 
and uses the same flaps as the static anechoic rocm and flow study model, can be seen 
mounted to a fairing just inside rhe tunnel flow field. The nozzle i s  fed from a muffled 
pipe which qoes along the upstream rumel centerline. 

ATTACHED FLOW PARAMETR lC AND OTHER NOISE CHARACTER ISTICS 

The parametric results presented in this section are for attached flow conditions, 
except for thase few cases discussed under the heading of "separated flow effects." As 
mentioned previously, the trends shown in tkr figures are derived from typical Cara at a 
location which simulates an observers position directly under an aircraft. Trends at this 
location,in most casesfare similar to trends at other points below the wing as well. 

I 

Nozzle Exit Velocity 

Nozzle exit velocity has a major effect on USB noise. Both noise level and peak 
frequency increase as jet velocity increases. As indicated in fiqure 4, the peak frequency 
effect has been collapsed into non-dimensional form by convertinq the frequency scale to 
Strouhal ndmber, where f i s  the frequency in Hertz, Vi i s  jet exit velocity, and Lf i s  nozzle 
i o  flap trail inq edge flow lenqth . The spectral datc shown are for a series of jet velocities 
with a l l  other parameters constant, In Strouhal form, the spectrum shapes are similar. The 
level of noise at any frequency i s  typically proportional to v - ~ * ~  directly under the model; 
proportional to ~ ~ 5 . 0  in the forward quadrant; and varies to 'v* 705 in the extreme uft 
quadrant. 

I 

Nozzle Shape 

1 I Fiqure 5 shows the effect of nozzle shape. This fiqure i s  in conventional one-third 
octave band form. The very low and hiqh frequency ranqe of the spectra are essentially I! independent of nozzie shape. However, the relalively narrow peak frequency ranqe i s  
significantly affected. The trend i s  higher levels for lowur aspect ; atio nozzles. The 
variation i s  over about a 5 dB ranqe between a round nozzle and an aspect ratio (AR) 8 
rectangular nozzle. These effects ore sliqhtly greater in the aft quctdrant. The conclvsion 

.I i 



: .$?$q 
1 -1 .3.* ' 

here is  that the more spreod out on the flaps a qiven amount of jet flow is, the less noise is 
qeneratd in the peak frequency reqion. The reason why only the pod< frequency range i s  1 s;{; 

qi. 
affected i s  currently unknown. It may be associated with the flow f l  r i d  edge roll-up vor- 

i T. 
i .L , 

tices, which ore larger and stronqer for lower nozzle aspect ratios. 
, . . 

I . ?  
' 

I 

It should be pointed out that these peak spectrum effects would occur at rather low 
frequencies on a full scale aircraft grid may have more of an aircraft structural vibration 
and interior sourid proofing impact than a community noise impact. 

i .  

Nozzle Impingement Angle 

The result of impinqing tire nozzle at successively higher angles w i t h  respect to the 
winq i s  somewhat similar to increasinq nozzle aspect ratio, As the a n ~ f e  is increased, the 
Glow :?read out more over the winq and flaps. The noise spectrum, as can tze seen in 

I 

figure 6, is  a t tec td  significantly only in the mid-frequency range, where lower noise 
levels correspond to higher 3~yingement angles, The peak noise level varies over about o 
5 dB range as in the case of nozzle ~;1~;4. These data, as well as the nozzle shape data, 

I have been corrected to a constant flow rate. 

Flow Path Length 

The subject of flow path length i s  involved with two geometric parameters - nozzle 
horizontal location on the wing and flap trailing edge length. Either parameter changes 
the total flow path length between the nozzle exit plane and the flap trailing edge. As 
flow lenqth increases, hiqher frequency noise decreases reqardless of which of the two 
parameters' length was varied. As can be seen in figure 7, the data from several examples 
of nozzle location and trail ing edge lenqth variation collapse rather well when the fre- 
quency scale is  converted to Strouhal number form with total flow length, 4, as the char- 
acteristic dimension. The apparent exception i s  the noticeable peak in the 50% chord data. 
However, this peak i s  due to an aeroacous:ic resorance phenomenon (a tone or whistle sound) 
that appeared sporadically in the expsrimental program, Resonances of this type were re- 
lated to flow disturbances near the beginning of the flap radius section, feeding back energy 
to the nozzle exit plane instability area. They are apparently a function of wing-flap joint 
smoothness rather than any of the basic parametric variables, When the surface was smoothed, 

: I 

the tone disappeared and the anomalus peak then collapsed with the other data in figure 7. 1 1 
! I  

Flap Rodius of Curvature 
1 ;  
i I  

I 

While flow path length i s  an important parameter, the shape of the path is  apparently i ! ' not important at al l  to noise for attached flow. Over a wide range of flap knee radius of 

I curvature, no systematic trend could be found and the variations observed were inconse- f 

quential. Th is  corresponds to the results of the companion flow field study where radius of i cu~vatun had a small effect, in fact the smallest effect of any of the experimental vniables. I 

! 

I 
1 
i 

I 
i 
I 



Even in cases where flow separation "bubbles" were noted on the flap, no significant noise 
trend was seen as long os the flow reattached prior to leaving the trailing edge. 

Flap Angle 

Flap angle i s  one of the more obvious variables in a USB system, but i t  has a rather 
small effect on noise under the wing. There i s  mainly a low frequency shift, or increase, 
as indicated in figure 8. The sound field, or directivity pattern, moves with the flap as 
the flap i s  rotated downward. However, this directivity effect is  relatively insensitive 
over the 60' range investigated. 

I 
Jet Temperature 1 1  : 

Vectored Thrust 

A limited investigation of jet temperature was performed, As indicated in figure 9, 1 I ' 1 
when the temperature i s  increased from 24OC (75OF) over a range of jet velocities, the over- 
la!l noise levels drop, stay the same, or increase. To convert these results to constant thrust 
conditions, the 9 3 ' ~  (200°F) data should be shifted up about i dB. Actually the velocity ' 1  

In addition ti, the blended type nacelle, the use of over-the-wing pylon mounted 
nacelles with vectored down iet f l om for low speed performance shows promise as a viable 
powered l i f t  configuration. Up to thl; point, only the blended or 'ully integrated nacelle 
and wing installations have been discussed. Fipsr* 10 shows how a typical vectored instal- 1 1 
lation compares with the blended type. In qeneral, as ;!;:e exhaust nozzle i s  brought up 1 
from the wing surface, and vectored downward, noise throughoui m y t  of the spectrum in- 
creases and the spectrum sl1ap broadens. The largest changes occur in tns hiah frequency 
range which could affect community noise since subjeclive noise ratings are more soi:.si+ive 

0 
to high frequency noise. The example shown i s  for a nozzle vector anqle of 40 where the 
nozzle height, or gap between the nozzle and wing surface, was 30% of the nozzle dia- 
meter, For lower vector angles and lower nozzle heights the noise increases are smaller. 
This i s  really a rather complex situation needing more study sincs uur investigation was 
limited in the number of configurations tested. 

i 
i 

exponent i s  reduced when the temperature i s  increased, thereby changing the slope of the 
noise versus velocity curve. In this case, the low temperature curve was proportional to 
v - ~  .' and the high temperature curve was proportional to vi4a8. These relationships are 

: 

I 
I 

somewhat different at other microphone locofions as were the basic jet velocity trends with 
location as mentioned previously. 1 

I 



, , 

t 

, ' . 
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Scal ing Trends 

Figure 11 indicates thct, over the range of a factor of two and a half in model size 
was utllixed in this program, spectral scaling i s  rather good bused on linear size and 
i ty  factors for the frequency scale, and on 10 Log nozzle area ratio for the noise level 
(as was done in this figure). Therefore, basic USB noise scaling apparently behaves 
same manner as normal subsonic iet noise, a conclusion that has cliso been observed 

by other invest igaton . 
We also hod one case where the wing, flap, and other parameters ware kept constant, 

except that the nozzle area was reduced by a factor of two (round nozzles in both instances). 
A negligible spec:rum effect was noted and the overall noise level scaled as in the small 
versus large complete model example. 

Separated Flow Effects 

A l l  of the results to this paint hove had flow attachment at the trailing edge and 
reasonably good flow turning. To determine what effect poor attachment and turning would 
have, a special series of test runs were made and the trends illustrated in figure 12. The 
upper curve i s  a typical attached flow case, where the nozzle was flush r. -vnted on the 

0 
wing with a nozzle impingement aryle of 10 . The middle curve is  for a case where every- 

0 
thing i s  the same, ex~ep t  the nozzle impingement angle was reduced to 0 , causing the flow 
to separate just upstream of the trailing edge. These are low-and mid-frequency noise reduc- 
tions, but the high-frequency range i s  about the same. Th is  result helps to substantiate the 
idea that much of the low-frequency nor,@ of a USB system i s  related to flow - trailing edge 
interaction. The lower curve is  for a case where the nozzle is  above the wing and the flow 
i s  not vectored down. This results in the jet flow being completely unattached and not 

.f turned down at all. The corresponding noise levels across the spectrum are reduced, due to 
: - 1 

no flow - structure interaction and no downward turning of the jet noise directivity pattern. 

Effect of Forward Speed 

A short series of tests were run in the anechoic wind tunnel to obtain some data on the ! j  
a fhc t  of forward speed on US6 noise. Typical results are as indicated in figure 13. At low 1 + 

irequency, up to the peak, there i s  a noise decrease with forward speed of several dB, about \ 
4 dB in this pc,iticulca case. However, throughout the mid- and high-frequency range, there 
i s  only about a 0.5 dR reduction. These trends are largely independent of observer location 

0 
arid c ~ c  also similar for a 60 flap case, as well as for an over-the-wing vectored nozzle 
case that was ruii. n o  reorons for these results are still under investigation. 



CONCLUDING REMARKS 

ft has been shown that the primary variables controllfnq far field noise for atiached 
flow US0 systems are jet velocity, flow path length, and nozzle vertical location. Other 
parameters, including f l a ~  angle, nozzle shape, nozzle impingement angle, and jet tem- 
perature also have noticeable and systematic effects, but are generrlly considered of 
secondary importance for far fi3ld or community noise. Those several parameters causing 
low,-frequc nc y noise increases, however, wi l l  undoubtedly increase the aircraft problems 
of structural vibration, sonic-fatigue, and passenger compartment noise. 

Koise results have been presented independently of quantitative oeropropulsion per- 
formance effects. A study of the tradeoffs between low noise design features and good air- 
craft performance is a phase of the program that is  not complete at the time of this writing. ! 
Therefore, the use of the noise trends alone in a US0 aircraft design study should be done 
with care so that low noise featu~es wi l l  not be offset by aircraft performance penalties. ! 1 

I 

Finally, i t  should be noted that not a l l  the acoustic effects we have observed can be ' I 

explained with any degree of satisfaction. There i s  still much to be learned about the basic 

nature of USB noise and real istic USB nozzle-wing-flap installations for optimum low noise 
, I., 

airplane design . ' I  I ; .  
, 1'. 

i I 
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F.gure 5 . -  Effect  of nozzle shape. Jet  v e l o c i t y  215 m/s; nozzle  
locat ion 20% chord; nozzle impingement angle 20°; f l a p  angle 30'. 
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v e l o c i t y  215 d s ;  nozzle  locat ion  20% chord; f l a p  angle 30°. 
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Figure 7 . -  Effect  of flow p ~ t h  length.  J e t  v e l o c i t y ,  Vj, 215 n/s ;  
AR4 nozzle;  nozzle  impingement angle 20°; f l a p  angle 30°; nozzle  
locat ion,  X ,  and flow path length,  L f ,  a s  indicated.  : 
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Figure 8 . -  Effect  of f i a p  angle.  Je t  v e l o c i t y  215 m/s; AR4 nozzle;  
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nozzle locat ion 20% chord; nozzle  impingement angle 20'. i . .  
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Figure 9 .  - Temperature trends.  AR4 n3zzle;  nozzle  impingement angle 20'; 
nozzle  locat ion  20% chord; f lap  angle 30'. 
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Figure 1 0 . -  Vectored thrust trends.  Jet  v e l o c i t y  215 m / s ;  round nozzle;  
nozzle  locat ion  2@% chord; f l a p  angle 30". 
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impingement angle 20'; nozzle location 20% chord; f lap angle 30'. 
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Figure 12 . -  Effect of flow attachment. Jet ve loc i ty  315 m/s; A R ~  nozzle; 
nozzle l x a t i o n  20% chord. 
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ANALYTICAL DEVELOPMENTS FOR DEFINITION 

AND PREDICTION OF USB NOISE* 

N. N. Reddy and C. K. W. Tam** 
Lockheed-Georgia Company 

SUMMARY 

A sys temat ic  a c o u s t i c  d a t a  base  and a s s o c i a t e d  f low d a t a  were used i n  
i d e n t i f y i n g  t h e  no i se  genera t ing  mechanisms of upper s u r f a c e  blown f l a p  con- 

c a l  reasonings  t o  p r e d i c t  t h e  n o i s e  l e v e l s .  

INTRODUCTION 

I t  i s  c l e a r  from previous i n v e s t i g a t i o n s  ( r e f s .  1-3) t h a t  most of t h e  f a r -  
f i e l d  sound f i e l d  of upper s u r f a c e  blown f l a p  conf igura t ions  of STOL a i r c r a f t  

i I .  

is  from t h e  i n t e r a c t i o n  of t u r b u l e n t  j e t  flow .,-it'n wing and f l a p  s u r f a c e s .  . :I: 
Analysis  of the  sound produced by i n t e r a c t i m  between t u r b u l e n t  f low and r i g i d  1 . ,  1 .. f 

s u r f a c e s ,  s t a r t i n g  from t h e  f i r s t  p r i n c i p l e s ,  is very  d i f f i c u l t  i f  not  impos- 
s i b l e .  Therefore ,  i t  is necessary  t o  r e l y  upon exper imenta l  d a t a .  Using t h e  ! I- 
f l o w  and n o i s e  d a t a  genera ted from a sys temat ic  e x p e r i m e ~ ~ t a l  program a t  

1 *.I 

i 1 
Lockheed under c o n t r a c t  t o  NASA-Langley, t h e  n o i s e  c h a r a c t e r i s t i c s  of USB a r e  
def ined.  The imporcant source  from a community s t andpo in t  i s  i d e r i t i f i e d  a s  t h e  
n o i s e  genera ted i n  t h e  v i c i n i t y  of t h e  t r a i l i - g  edge. There fo re ,  t h e o r e t i c a l  

1 -1  
a n a l y s i s  i s  performed f o r  t h e  sound f i e l d  produced by t h e  f low i n  t h e  t r e i l i n g  - 1  ; 
edge wake, where t h e  v e l o c i t y  gradie, l t  and tu rbu lence  i n t e n s i t y  a r e  l a r g e ,  us ing  
exper imer~ ta l ly  obta ined flow c h a r a c t e r i s t i c s .  An empi r i ca l  method is  a l s o  

I j ;  
I , .  

developed using t h e  no i se  d a t a  base  and phys ica l  arguments which may be used t o  i 4 
p r e d i c t  t h e  n o i s e  l e v e l s  - a t  l e a s t  u n t i l  t h e  theory is developed f u r t h e r .  

. 1 -  
, - .  

a d d i t i o n ,  a b r i e f  d i s c u s s i o n  of t h e  e f f e c t  of a j r c r a f t  motion and n o i s e  I . {  . :! 
suppress ion is  presented.  . i . ;  - I 

*~esearch performed under NASA Contract NASI-13870. 
**Professor, Department of Mathematics, FZoridrr State University, TaZZahassee, 

FZor ida .  
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The aerodynamic n o i s e  produced by t h e  upper s u r f a c e  blown f l a p  (USB; system ; .. - 

i -, ' 
may be summarized and i d e a l i z e d  a s  t h e  n o i s e  generated by t h e  i n t - r f e r e n c e  of a  

! 
t u r b u l e n t  jet wi th  f i n i t e  r i g i d  su r faces .  Based upon t h e  experimental  and theo- 1 1 ! ,,. 
r e t i c a l  i n v e s t i g a t i o n s ,  i t  is hypothesized t h a t  t h e  p ropu ls ive  l i f t  r e l a t e d  ! {  .. . , I 

'. r 

sound may be a t t r i b u t e d  t o  e i g h t  p o s s i b l e  sources  which d i f f e r  i n  t h e i r  geomet- :I . , . .  r i c  l o c a t i o n  and n o i s e  genera t ion  and propagation mechanisms. These sources  a r e  ,, ... .I- 

i l l u s t r a t e d  i n  f i g u r e  1. ; / . ' , ,‘-' 

k L . .. 

Engine I n t e r n a l  Noise 

Noise generated wi th in  t h e  engine,  which inc ludes  fan ,  compressor, and 
t u r b i n e  n o i s e ,  i s  known as i n t e r n a l  noise .  This  propagates i n  t h e  forward as 
w e l l  as i n  t h e  a f t  d i r e c t i o n s .  The forward-radiated n o i s e  is n o t  p e c u l i a r  t o  
USB c o r f i g u r a t i o r ~ s ,  but most of t h e  a f t - r a d i a t e d  sound is sh ie lded  from t h e  
comnunity by t h e  wing and f l a p .  T'nis s u b j e c t  i s  r e a l l y  ,beyond t h e  scope of 
t h i s  paper and thus  w i l l  not  be discussed i n  any d e t a i l .  

Jet Mixing Noise I I 
The j e t  flow p r i o r  t o  i ts impingement is def ined as t h e  USB j e t  mixing 

region.  The n o i s e  gener r t ed  i n  t h i s  region is c a l l e d  j e t  mixing no i se .  The 
fundamental f low mixing i s  modified by t h e  presence of t h e  r i g i d  s u r f a c e .  
Therefore,  t h e  no i se  genera t ion  process  of flow mixing i n  t h i s  r eg ion  may n o t  
be  t h e  same as f r e e  j e t  mixing without t h e  presence of t h e  wing. In  t h e  case  
of USB, however, t h i s  region of f r e e  je: mixing i s  c l o s e  t o  t h e  nozz.Le e x i t  and 
above the  wing. Therefore,  most of t h i s  n o i s e  w i l l  be sh ie lded  from t h e  com- 
munity by t h e  wing and f l a p  a s  i n  t h e  c a s e  of engine i n t e r n a l  noise .  

J e t  Impingement Noise 

When t h e  jet is d e f l e c t e d  og to  t h e  wing from an  e leva ted  p o s i t i o n ,  a s  i n  
t h e  c a s e  of pylon-mounted engines ,  t h e  jet exhaust  flow impinges on t h e  wing 
s u r f a c e .  This  t u r b u l e n t  flow impinging on t h e  s u r f a c e  generates  a d d i t i o n a l  
n o i s e  gznera l ly  known a s  "impingement noise." Even though t h e  s t r e n g t h  of t h i s  
source  could be s i g n i f i c a n t  (depending on t h e  c o n f i g u r a t i o n ) ,  t h e  r a d i a t e d  sound 
from t h i s  source  below t h e  wing f o r  a  t y p i c a l  a i r c r a f t  conf igura t ion  may be 
n e g l i g i b l e  because of i ts geometric loca t ion .  I n  c e r t a i n  extreme cases ,  t h i s  
n o i s e  may r a d i a t e  toward t h e  forward quadrant.  

Wall J e t  Boundary Layer Noise 

The wal l  j e t  boundary l a y e r  on t h e  wing and f l a p  s u r f a c e  w i l l  have a  high 
mean shear  and can produce a  htgh turbulence l e v e l ,  and n o i s e  is thus  generated 
by t h e  induced f l u c t u a t i n g  presst:res on t h e  s u r f a c e .  The c o n t r i b u t i o n  of t h i s  



w a l l  jet boundary l a y e r  n o i s e  t o  t h e  comrrunity is  very small because (1) t h e  
volume of turbulence of boundary l a y e r  is small compared t o  t h e  volume of o t h e r  
noise-producing regions ,  and (2) t h e  n o i s e  is generated above t h e  wing and 
t h e r e f o r e  sh ie lded  by t h e  wing/flap.  

Wall J e t  Mixing Noise .- , : ,-< 
I , .  I, : I .  

! . : 
The developed w a l l  jet w i l l  be formed immediately a f t e r  t h e  impingement of I ,  

; .., 

t h e  j e t  flow on t h e  wing sur face .  The mixing of jet flow with  t h e  en t ra ined  
air  i n  t h i s  region r e s u l t s  i n  f l u c t u a t i n g  s t r e s s e s  similar t o  f r e e  jet mixing. 

j :; 
? The n o i s e  generated i n  t h i s  r eg ion  i s  known a s  w a l l  jet mixing noise .  The in- ! { _.. 
, \ .  

t roduc t ion  of curva tu re  on t h e  s u r f a c e  modif ies  t h e  w a l l  j e t  th ickness  and , . , . 

v e l o c i t y  decay r a t e  and a m p l i f i e s  t h e  turbulence l e v e l s  i n  th,? flow. The con- 1 I 1 \ ':, 
t r j b u t i o n  of sound from t h i s  source  is pr imar i ly  i n  t h e  direct'on above t h e  i 'r 
wing and poss ib ly  i n  t h e  a f t  quadrant below t h e  wing. 1 ,..: 

i ..r . ,. . 
1 ; .  
, , , , 

T r a i l i n g  Edge Noise 

Noise generated i n  t h e  v i c i n i t y  of t h e  f l a p  t r a i l i n g  edge is genera l ly  
known as t r a i l i n g  edge noise .  A l l  t h e  previous experiments and ana lyses  ind i -  
c a t e  t h a t  t h e  con t r ibu t ion  of sound from t h i s  source ,  p a r t i c u l a r l y  i n  t h e  
d i r e c t i o n  below t h e  wing, is dominating. However, t h e r e  is no agreement among 
t h e  va r ious  i n v e s t i g a t o r s  about t h e  noise-generat ing mechanism. For example, 
Hayden ( r e f .  4) has  hypothesized t h a t  t h e  t u r b u l e n t  f low leav ing  t h e  s u r f a c e  
a t  t h e  t r a i l i n g  edge gendrates  a s t r o n g  d i p o l e  source  wi th  p r e f e r r e d  a x i s  
perpendicular  t o  t h e  su r face .  Ffowcs Williams and H a l l  ( r e f .  5),  on t h e  o t h e r  
hand, analyzed t h e  r a d i a t e d  sound f i e l d  f o r  quadrupole n o i s e  sources  i n  t h e  
v i c i n i t y  of t h e  edge of a s e m i - i n f i n i t e  r i g i d  s u r f a c e .  Both of these  a n a l y s e ~  
gave e s s e n t i a l l y  the  same d i r e c t i v i t y  and s p e c t r a l  d i s t r i b u t i o n .  However, 
c l o s e r  examination of experimentally obta ined,  r a d i a t e d  sound f i e l d  axid flow- 
f i e l d  d a t a  i n d i c a t e  t h a t  t h e  t r a i l i n g  edge n o i s e  could be generated i n  t h e  
shear  l a y e r  of t h e  t r a i l i n g  edge wake. This w i l l  be discussed f u r t h e r  unde, 
"Mathematical Model. " 

Wall J e t  Ro?.l-Up Noise 

It is  observed t h a t  t h e  j e t  r o l l s  up a: t h e  edges of t h e  s u r f a c e  and grows 
as t h e  a x i a l  d i s t a n c e  from t h e  nozxle inc reases .  This rol l -up phenomenon be- 
comes s t r o n g e r  a s  t h e  curva tu re  i n c r e a s e s  and f u r t h e r  a m p l i f i e s  a s  t h e  aspec t  
r a t i o  of t h e  nozzle  decreases.  The n o i s e  generated by t h i s  type of flow in- 
s t a b i l i t y  is known a s  wa l l  j e t  ro l l -up  no i se .  I t  appears  t h a t ,  f o r  l a r g e  
aspec t  r a t i o  nozzles  o r  f o r  t h e  case  where t h e  j e t  f low spreads  f a i r l y  well, 
t h e  no i se  generated by rol l -up is small. However, f o r  smal l  a s p e c t  r a t i o  
nozzles,  t h i s  may not  be n e g l i g i b l e .  



mi 
Flow Separation Koise 

There are certain operational and geometrical configurations where the jet 
flow can separate before it reaches trailing edge. In fact, separation was ob- 

1 served in the wind tunnel experiments with forward speed far some cases where 
there is no separation during static tests. This phenomenon of separation obvi- 
ously generates additional noise as discussed by Siddon (ref. 6). This 
separation noise could be significant in the aft quadrant, depending on the 
separation location. 

3 
In addition to the noise sources discussed so far, there may be acoustic 

feedback mechanisms which can result ifi large magnitudes of discrete frequency 
noise. Since it is obszrved that this type of noise is very sensitive to op- 
erational and geometric parameters, it i,,: assumed that these conditions may be 
avoided with a careful design. 

RADIATED SOUND FIELD 
\ 

In order to identify the dominant noise source contributing in various di- 
rections, the spatial distribution of the one-third octave spectra is examined. 
Figure 2 illustrates the typical spectra in various directions in ti-.; fly- 
over plane. It may be observed that, as the angle 8 from the forward axis of 
the wing plane increases, the noise levels -particularly in the high-frequency 
range -increase. As we approach the direction above the flap surface (for 0 > 
150°), the noise levels further increase an? then start decreasing with the 
increase in 0 .  From these results and ;he results presented in the previous 
papers (refs. 7 and 8) and with the assumption that most of the noise generated 
upstream of trailing edge is shielded from radiating below by the wing and flap 
surfaces, it may be conjectured that the trailicg edge noise is a doainant 
source from a community noise standpoint. In order to examine this hypothesis 
further, the sound pressure level spectra for different flap angles shown in 
figure 3 are studied. it may be observed that there are two peak sound levels 
at about 0.8 kHz and 2.0 kHz with a dip at 1.0 kHz. This type of spectral dis- 
tribution is consistent with most of the tests, including tests at NASA (refs. 
3 and 9). This observation led some investigators to conjecture that i+u 
sources, with low- and high-frequency dominance, contribute to the radiated 
sound in this direction. But closer examina2ion of the experimental data indi- 
cates that the frequencies of these humps and dip are independent of flap 
angle, as shown in this figure, and they are also independent of jet velocity 
as shown in figure 4. It is suspected that the sound generated in the trailing 
edge wake and diffracted by the wing leading edge and rigid surfaces of the 
test rig, such as nozzle flange and the wing/flap end plates (as seen in one 
of the model descriptions of ref. 8), could cause the reinforcement and can- 
cellation of radiated sound at certain frequencies. These possibilities are 
explored further experimentally by using sound absorbent material on several of 
these surfaces. The results are shown in figure 5. As can be seen, the humps 
and dip are eliminated in the frequency range of 500 to 2000 Hz by avoiding 
the surface diffraction. Therefore, iz may be inferred that the spectral 
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distribution of radiated sound without diffraction is broad-band type at least 
m 

in the low-frequency range up to 2000 Hz. 

; ...& 
From these results, it is postulated that only the trailing edge is a . ,  2 . "$ . 2 ,\ <*I 

I ]  

dominant source contributing below the wing, and some of the other aeroacoustic ,' .. , ,+*:a ,.". t -*;; 
sources discussed in the previous section -including the trailing edge noise- F.. . . . . ,  -, .5+,rs i'.. ., \.'" 

.-m could contribute above the wing. Since the noise characteristics below the . , 1 ;@d 
wing are more pertinent from community noise standpoint, further analysis is .'.. : $3 

'a -; :&:, made on the trailing edge noise source. 
, : , ~*"-& 

MATH EMAT LCAL MOGEL 

A closer examination of the experimentally measured sound and flow field 
revealed that there was no clear-cut evidence to associate the trailing edge 
noise to either dipole model, as depicted by Hayden (ref. 41, or the diffracted 
quadrupole, as formulated by Ffowcs Williams and Hall (ref. 5). The typical 
flow characteristics just downstream of the trailing edge wake which are shown 
in figure 6 indicate that the velocity gradient and turbulence intensity are 
very large near the edge. In fact, it may be observed that the turbulence in- 
tensity is maximum where the velocity gradient is maxinum. Experience tells 
us that the by-product of turbulence generation is noise generation or a noise 
source. Therefore, a mathematical model was developed for the turbulent mixing 
noise of che highly sheared trailing edge wake flow. In this model, the 
sheared flow downstream of the trailing edge is assumed to be locally two- 
dimensional and spatially homogeneous with respect to any plane parallel to the 
shear Layer. These assumptions are justified experimentally, as discussed in 
reference 7. In addition, it is also assumed that the fluid within the shear 
layer is incompressible, which is reasonable for the flow velocity very much 
smaller than sonic velocity. With these assumptions and the equations of 
motion (Poisson's equation), the pressure flactuations associated with turbu- 
lent mixing are found in terms of unsteady velocity components with the use of 
the Fourier transform.  his result is then used to form the space-time near- 
field pressure cross-correlation function. Assuming only the shear components 
are important for radiated noise, these terms alone are retained. 

This analysis illustrates that, for a practical upper surface blown flap 
configuration, the turbulent mixing in the vicinity of the trailing edge is a 

j dominant noise source. The radiated noise is primarily a function of the flow 
parameters in the trailing edge wake. However, the typical streamwise space- 

! time cross-correlation function of fluctuating velocities in the trailing edge 
I wake, shown in iigure 7, exhibit similar ~haracteristics as in the shear layer 

,t/ close to the nozzle exit of the free jet. A function of the following form is 
, derived as given by Maestrello (refs. 10 and 11): 
i 



- 
where (see appendix for additional symbols) -- 

5 = 1x1 - xll 1 streamwise (longitudinal) separation distance 

5 -  IY' -Y"I epanwise separation distance - 

e '  ,zl' lateral neasurenent locations . . 

delay time 

longitudinal decay rate of the cross-correlation function ! -  * , ' ..., 
/ ,  1 ':*;\ 
I _ 1  

the shear layer thickness : , {  

U maximum velocity in the trailing edge wake 1' : ' f ' i  I 1.3 -4 

"c eddy convection velocity 
1 I : . ?  

. -1 

scale of anisotropy (ratio of longitudinal to the lateral 
length scales) 

G(z' ,z") traiisverse correlation function of zero time delay 

ai and A i  the empirical constante to describe the shape of the 
power spectrum of t1.2 fluct~ating velocities 

The far-field sound pressures were calculated by considering the fluctuat- 
ing pressure components with supersonic p!lase velocity as given by Tam (ref. 
12). The detailed discussion of the analysis of radiated sound from the trail- 
ing edge wake sheared layer of USB using experimentally obtained fluctuating 
velocity characteristics is presented in a paper to be presented in the AIAA 
aeroacoustics conference in July 1976 (ref. 13). The final expression for 
the radiated sound pressure per unit area of shear layer per unit solid angle 
in the direction $ from the flow direction and per unit frequency at a 
frequency of w, O($,w) is given as 



, 

M is t h e  f low Mach number based on ambient speed of  sound 

G ( x )  is  t h e  z e r o t h  o r d e r  modified Bessel  f u n c t i o n  1.- .i 
dC/dz1 is t h e  v e l o c i t y  g r a d i e n t  i n  t h e  shea red  l aye r .  ..I .: -1  

The flow c h a r a c t e r i s t i c s  were measured us ing two s i n g l e  ho t  wi res  f o r  a  
conf igura t ion  shown i n  f i g u r e  6 i n  t h e  mid-span j u s t  downstream of t h e  t r a i l i n g  
edge. A rec tangu la r  nozz le  wi th  a s p e c t  r a t i o  of 8  and e x i t  a r e a  of 20.26 
square  cen t ime te r s  waa used. The wing and f l a p  c o n s i s t e d  of 60° f l a p  a n g l e  
wi th  7.62 cm r a d i u s  of cu rva tu re .  The flow leng th ,  def ined a s  t h e  l eng th  be- 
tween t h e  nozzle  e x i t  t o  t h e  t r a i l i n g  edge of t h e  f l a p ,  was 21.8cm. The follow- 
i n g  va lues  were obta ined from t h e  hot-wire c o r r e l a t i o n  and v e l o c i t y  and 
turbulence  i n t e n s i t y  measurements f o r  maximum v e l o c i t y ,  convection v e l o c i t y ,  
and l eng th  s c a l e s :  

Shear l a y e r  th ickness  6 is def ined as t h e  height  from 10% t o  90% of maximum 
v e l o c i t y .  

A i ' s  ar.d ~ i ' s  a r e  determined us ing  t h e  measured a u t o  c o r r e l a t i o n  func t ion  
shown i n  f i g u r e  9 a s  

One-third octave  band sound p ressure  l e v e l s  a r e  c a l c u l a t e d  us ing t h e s e  
va lues  of flow p r o p e r t i e s  i n  equat ion ( 2 )  i n  va r ious  d i r e c t i o n s  a t  c e n t e r  f r e -  
quencies of 400, 1600, and 6300 Hz. These r e s u l t s  a r e  corn~ared wi th  t h e  
measured r a d i a t e d  sound i n  f i g u r e  10. Comparison is  a l s o  made i n  f i g u r e  11 be- 
tween measured and c a l c u l a t e d  one- th i rd  octave  band sound p r e s s u r e  l e v e l  
s p e c t r a  i n  the  d i r e c t i o n  of 10' t o  t h e  flow. I t  may be observed fram t h e s e  two 
f i g u r e s  t h a t  t h e r e  is a  favorab le  agreement, p a r t i c u l a r l y  i n  t h e  high-frequency 
region.  The t h e o r e t i c a l  c a l c u l a t i o n s  may be improved i f  the  turbulence  
p r o p e r t i e s  axe  measured more p r e c i s e l y  by cons ide r ing  t h e  components o i  each 
d i r e c t i o n .  This may be accomplished wi th  more s o p h i s t i c a t e d  hot-wire system o r  
l a s e r  velocj.meter developed r e c e n t l y  a t  Lockheed. 

This  a n a l y s i s  i l l u s t r a t e s  t h a t ,  f o r  a  p r a c t i c a l  upper s u r f a c e  blown f l a p ,  
the  tu rbu len t  mixing i n  t h e  v i c i n i t y  of t r a i l i n g  edge is a  dominant no i se  
source.  The r a d i a t e d  no i se  is  p r imar i ly  a func t ion  of t h e  flow parameters i n  



i 

t h e  t r a i l i n g  edge wake. However, i n  o r d e r  t o  e s t i m a t e  t h e  e f f e c t  of geome t r i c  
and o p e r a t i o n a l  parameters  on n o i s e  c h a r a c t e r i s t i c s ,  i t  is n e c e s s a r y  t o  e s t a b l i s h  
t h e  r e l a t i o n s h i p  between t h e  t r a i l i n g  edge f low c h a r a c t e r L s t i c s  and t h e  v a r i o u s  
pa rame te r s .  But,  t o  do s o  would r e q u i r e  e x t e n s i v e  ~ v ~ c r i m e n t a l  measurements 
which are n o t  a v a i l a b l e  a t  t h e  p r e s e n t  t i m e .  Thcr .  E, :!sing t h e  s y s t e m a t i c  
f a r , - f i e l d  sound measurements f o r  v a r i o u s  c o n f i g u r a t i o n s  and w i t h  t h e  p h y s i c a l  
r e a s . m i r ~ g s ,  an e m p i r i c a l  mctnod of  USB n o i s e - p r e d i c t i o n  methsd has  been 
developed ,  

l i  . 
EMPIRICAL METHOD OF NOISE PREDICTION 

F: 
i t  
' I  

i j .  
) :  . 

I n  deve lop ing  a  n o i s e - p r e d i c t i o n  program, a n  a t t e m p t  is made t o  g e n e r a l i z e  I! : 
t h e  o b s e r v a t i o n s  made i n  t h e  e x t e n s i v e  f l a w  and a c o u s t i c  d a t a  base  and t o  i n -  ' \ :  

c o r p o r a t e  them i n  t h e  e m p i r i c a l  moae!., S i n c e  t h e  primary i n t e r e s t  i s  i n  t h e  t ! ' .  
, . 

d i r e c t i o n  below t h e  wing, i t  is  a s s u n r d  t h a t  t h e  dominant n o i s e  i s  from t h e  
t r a i l i n g  edge sou rce .  The re fo re ,  t h e  n o i s e  l e v e l s  should  be c o r r e l a t e d  w i t h  
t h e  g r o s s  parameters  i n  t h e  t r a i l i n g  edge waks such  as  v e l o c i t y ,  t u r b u l e n c e ,  

a r t ,  i t  is no t  p o s s i b l e  t o  r e l a t e  t h e s e  t r a i l i n g  edge pa rame te r s  t o  o p e r a t i o n a l  
and j e t  t h i c k n e s s  a t  thr + r a i l i n g  edge. However, a t  t h e  p r e s e  t s t a t e  of  t he  f l !, 

and geome t r i c  parameters .  Thus, the e m p i r i c a l  r e l a t i o n s  a r e  d e r i v e d  u s i n g  t h e  
r e a d i l y  a v a i l a b l e  eng ine  and ~ ; i n g / f l a p  pa rame te r s .  Geae ra l  v a r i a t i o n  o f  n o i s e  
c h a r a c t e r i s t i c s  a s  a  f u n c t i o n  of geome t r i c  and operational parameters  i s  
d i s c u s s e d  b r i e f l y .  

Nozzle Area and Shape 

The r a d i a t e d  sound i n t e n s i t y  is found t o  b e  d i r e c t l y  p r  l o r t i o n a l  t o  t h e  i 
n o z z l e  a r e a .  G e n e r a l l y ,  t n e  n o i s e  i e v e l s  i n c r e a s e  a s  t h e  a s p e c t  r a t i o  de- 1 I _  

i 1 

c r e a s e s .  For  n o i s e  p r e d i c t i o n ,  s p e c t r a l  shape  i s  assumed independent  of shape .  i , 

! 

Nozzle E x i t  V e l o c i t y  

The sound i n t e n s i t y  i s  found t o  i n c r e a s e  as  t h e  j c t  v e l o c i t y  i n c r e a s e s ;  
! 

t h e  v e l o c i t y  exponent  v a r i e s  from 5.0 t o  7.5 depending on t h e  d i r e c t i o n  as shown i 

i n  f i g u r e  12. The f requency  is d i r e c t l y  p r c p o r t i o n a l  t o  t h e  jet v e l o c i t y .  i 
I 

Radius of  C u r ~ a t u r e  

The magnitude and s p e c t r a l  c h a r a c t e r i s t i c s  a r e  independent  o f  r a d i u s  o f  
c u r v a t u r e ,  which means t h e  sound i n t m s i t y  and s p e c t r a l  d i s t r i b u t i o n  da  not  de- 
pend on t h e  s h a r p n e s s  of t h e  f low t u r n  provided  t h a t  t h e  f l ow  was comple t e ly  
t u rned  and a t t a c h e d  t o  t h e  complete  l o n g i t u d i n a l  l e n g t h  of  t h e  f l a p  s u r f a c e  
w i thou t  f low s e p a r a t i o n .  



t . : Length 

Flow leng th  appears  t o  be an important  pa rene te r .  A s  t h e  f lcw l e n g t h  in-  
c r e a s e s ,  both t h e  sound i n t e n s i t y  and t h e  frequency of t h e  spectrum decrease .  
This  is due LO t h e  reduction i n  v e l o c i t y  and perhaps due t o  i n c r e a s e  i n  t h e  j e t  
th ickness  a t  t h e  t r a i l i n g  edge. 

Flap Angle 

For a constant  a n g l e  wi th  r e s p e c t  t o  t h e  f l a p  (f low d i r e c t i o n  i n  t h e  
t r a i l i n g  edge wake), t h e  sound i n t e n s i t y  i s  indeperl.lent of t h e  f l a p  angle .  How- 
ever ,  t h e  peak frequency of t h e  spectrum is  reduced a s  t h e  f l a p  angle  is  in- 
creased.  Again, t h i s  may be due t o  i n c r e a s e  i n  t h e  j e t  th ickness  a s  t h e  f l a p  
ang le  inc reases .  

An i l l u s t r a t i o n  of nonciimensional s p e c t r a l  d i s t r i b u t i o n  de r ived  from t h e  
d a t a  t o  develop t h e  p r e d i c t ' m  procedure is  given i n  f i g u r e  13. Here, it is 
assumed t h a t  t h e  sound p r e s s u r e  v a r i e s  a s  j e t  v e l o c i t y  r a i s e d  t o  t h e  power 
7 ,  and t h e  nondimensional frequency is a func t ton  of flow le:,gth, j e t  v e l o c i t y ,  
and f l a p  angle .  It nay LC observed i n  t h i s  f i g u r e  t h a t  t h e  + a t a  c o l l a p s e  very 
we l l  us ing  t h e s e  v a r i a b l e s  f o r  d i f f e r e n t  j e t  v e l o c i t i e s .  i?., l e n g t h ,  and f l a p  
angles .  

T5e development cf t h i s  empi r i ca l  method f o r  USB n o i s e  p r e d i c t i o n  j.s s t i l l  
i n  progress .  Sowever, t h e  pre l iminary  f ormulat *.,n us ing t h e  d a t a  from small-  
s c a l e  model s t a t i c  t e s t s  wi th  the  j e t  flow a t  -:*bient t expera tu re  is given 
below. 

- -  n,  (el1,$) 
SPL(SN) a 10 log  (z) + 10 l o g  - A~ - 20 log  - R 

A 0  Ro 

where 

S N nondimensiosai frequency (Strouhal  number) 

f c c e n t e r  frequency of one- th i rd  octave  band 

C f f l a p  angle  ( rad ians  j 

n(e l ' ,@) v e l o c i t y  expo;lent a s  a func t ion  of d i r e c t i o n ,  8" and $I 
( f o r  d e f i n i t i o n  of 8" and $ s e e  f i g u r e  12) 



"J j e t  v e l o c i t y  (m/s) 

o r e fe rence  v e l o c i t y  = 180 m / s  

AN nozzle  e x i t  a r e a  (m2) 

A, re fe rence  nozzle  a r e a  = 1 m' 

R d i s t a n c e  from nozzle  t9  measurement l o c a t i o n  (m) 

b re fe rence  d i s t a n c e  = 1 m 

A R ~  aspec t  r a t i o  of nozz le  (width-to-height I r t i o )  

DH hydrau l i c  d i m e t e r  of t h e  nozzle  e x i t  (m) 

The no i se  l e v e l s  are c a l c u l a t e d  us ing  equa t ion  (3) f o r  small s c a l e  model 
aad l a r g e  s c a l e  model s t a t i c  cases .  These r e s u l t s  a r e  compared wi th  t h e  mea- 
sured d a t a  i n  f i g u r e s  14 and 15. The agreement Is very  reasonable .  

U n t i l  more d e t a  a r e  a v ~ i l a b l e  and analyzed,  t h e  e f f e c t  of a i r c r a f t  motion 
may be incorporated i n  t h e  same way a s  g iven i n  r e fe rence  13. The pre l iminary  
i n d i c a ~ i o n s  of t h e  recen t  d a t a  from ~ o c k h e e d " ~  Acoustic Free-Jet  f a c i l i t y  a r e  
t h a t  t h e  j p e c t r a l  c h a r a c t e r i s t i c s  of sound change a s  t h e  free-stream flow is 
introduced.  Th2 high-frequency n o i s e  does pot  reduce i n  t h e  a f t  quadrant .  The 
e x m i n a t i o n  of t h e  flow c h a r a c t e r i s t i c s  r evea led  chat  t h e  j e t  f low separa ted  
from t h e  s u r f a c e  j u s t  ahead of t h e  t r a i l i n g  edge wi th  t h e  forward speed. There- 
f o r e ,  i t  is necessary t o  cons ide r  t h i s  a spec t  - €  t h e  problem i n  ana lyz ing  and 
i n t e r p r e t i n g  t h  d a t a  on t h e  forward speed e f f e c t .  

CONCLUDING REMARKS 

Ar. e m p i r i c ~ t ~  no i se  p r e d i c t i o n  method has been developed us ing  t h e  e x t e n s i v e  
acous t i c  experimental  d a t a  f o r  USB conf igura t ion .  The method is simple t b  use  
and c o r r e l a t e s  reasonably w e l l  wi th  t h e  a v a i l a b l e  s t a t i c  t e s t  d a t a .  The e f f e c t  
of forward speed and t h e  ground r e f l e c t i o n s  f o r  tho c a s e  of a i r c r a f t  i n  f l i g h t  
may be e a s i l y  incorporated i n  t h e  program. 

It is conjectured from the  exper imer ta l  d a t a  t h a t  t h e  no i se  genera ted i n  
the  v l c i n i t y  of the  t r a i l i n g  edge is  a dominant source  c o n t r i b u t i n g  t o  t h e  rad i -  
a t ed  sound f i e l d  i n  the  d i r e c t i o n  below t h e  wing. A mathematical model has  been 
developed t o  p r e d i c t  t h e  d i r e c t i v i t y  and s p e c t r a l  d i s t r i b u t i o n  of the  n o i s e  
generated i n  the  sheared l a y e r  of the  t r a i l i n g  edge w; :. These r e s u l t s  -ire i n  
good agreement with t h e  experimcr- ' l y  measured d a t a ,  kh ich  i n d i c a t e  t h e  domi- 
nant no i se  i s  generated b) t h e  F i l  - ,nixing where the  v e l o c i t y  g r a d i e n t  i s  very  
l a rge .  

The r e s u l t s  presented h e r e  i n d i c a t e  t h a t  one of t h e  ways of reducing USB 
noise  is t o  modify t h e  shea r  l a y e r  and thus  modify t h e  turbulence  genera t ion  i n  

250 
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the trailing edge wake. Accomplishment of this noise reduction requires ,mre , * 
experimental and theoretical study. 

More exploratory study is necessary to evaluate the flow characteristics .$ 
in the trailing edge in order to correlate the relationship between the trail- [ s +1 ,. .,ti : 
ing edge flow and the geometric and operational parameters. This would yield 1:; : ;q . . .. ." 
a better analytical approach to predict the noise levele and also reveal the - I . , ,I .. 
ways of controlling USB noise. 1:: -::;$ . , 
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APPENDIX 

SYMBOLS 

Additional symbols used i n  t he  t ex t  and i n  f i gu re s  a r e  
appendix . 

aspect r a t i o  

chord 

nozzle height 

flow length 

longi tudinal  length s ca l e  af eddy 

spanwise length s ca l e  of eddy 
L, . , 

,%. . ,;j f l a p  radius  of curvature 

% co r r e l a t i on  function 

5 mean ve loc i ty  

".I j e t  e x i t  ve loc i ty  

X nozzle locat ion 

- 
x separat ion d is tance  

.; j . - 
X '  streamwise loca t ion  of f i r s t  hot wire 

x" streamwise loca t ion  of second hot wire 

Y' spanwise loca t ion  of f i r s t  hot wire 

Y" spanwise loca t ion  of second hot wire 

z ' l a t e r a l  pos i t ion  of f i r s t  hot wire ' I  

z ') l a t e r a l  pos i t ion  of second hot wire 
i 

: I 

0 angle from forward a x i s  of the  j e t  i n  the  flyovet plane ! 

9' angle of the wing sur face  i n  the flyover plane 

o w  angle from t r a i l i n g  edge sur face  i n  t he  flyover plane (see f i g .  12) i 
i 
1 
i 

. %  
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nozzle impingement angle 

density of the flow 

azimuthal angle (angle from the wing plane) 
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i Figure 3.- Effect of flap angle on sound spectrum in flyover plane. 
, . I 

O = 30'; R, = 7.62 cm; LF = 22.66 cm; VJ = 215 m/s; i I \: 
AR of nozzle = 4; X = 20% C; = 20'. L i I .  

I jc: 

- VJ = 285 MIS 
--- V, = ao MIS 
----- V l  = 2 1 5 M / S  

60 L I I I I J 

. 2  . 4  i. 0 2.0 4.0 10.0 20.0 40.0 
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i 

Figure 4.- Effect of jet velocity on spectral distribution in flyover 
plane. (3 = 90'; Rc = 7.62 cm; LF = 22.66 cm; AR of nozzle = 4; 1 . .  ; X = 20% C; ON = 20'. 
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Ffgure 7.- Typical streamwise space-time cross correlaticns in 
the trailing edge wake. 
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!I  
: 1 Figure 8.- USB configuration used for flow measurements. 
' r  
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Figure 9 .- Autocorrel-at ion funclion of turbulence just 
downstream of trailing edge. 

Figure 10.- Comparison between calculateu and measured sound. 



CALCULATELl (EQUATION 2) 
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Figure 11.- Comparison between calculated and measured spectra. 
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Figure 12 .- Velocity exponent for USB noise.  
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Figure 15.- Comparison of empirical predJction with experimental 
data in flyover plane. AN = 113.8 cm-; AR of nozzle = 4; 
6f = 30'; 0 = 130'. 



ANALtlTICAL MODELING OF UNDER-TEE- WING EXTERNALLY SIX)WN 

FLAP POWERED-LIFT NOISE 

Daniel J. McKinzie, J r .  
NASA- Lewis Research Center 

i 

I s  : : .  SUMMARY 

1 
The sound field produced by the interacticL of 2 subsonic jet with a large-scale . . 

i t 
model of the undercthe-wing externallj blown flap in an approach attitude was analyzed. 

I ;  I The andysis was performed to cbtain a better understanding of the dominant noise . i 

sources m d  the mech: ni:qms p - e d n g  the peak sound-pressurc+level frequencies of 
I the broadband spectra. Aq ~malytical expression is derived which incorporates h o  

available theories and expc 'tal data, the exgression predicts the sound field along 1 ,  I .  
a circular a r c  of approxim.ztely 1203 measured from the upstream jet axis in the fly- 
over plans. The analysis compares fzvoFiuly with test r e s ~ t s  obtained from two 
large-scale models, one using cold air from a conical norzle and the other using hot 
gas from a TF-34 lmbofan engine having a coziical exhaust no7zle with a 12-lob inter- 
nal forced mixer. The frequency a t  which the peak sound pressure level nc?urs a p  ! - 

pears to be governed by a phenomenon w',.id\ produces periodic formation slid shedding 
of larg* sc3,se turbulence structures from the nozzle lip. I .  - !  

I 

MTRODUC TION 
! '  

The engine exhaust of the under-the-wing (UTW) externally blown flap (EBF) short 
takc.df and la-tding (STOL) aircraft i~ deflected downward by the wing flaps during take ! 
off and approach. Noise levels from 10 to 18 decibels greater than thc jet n o i ~ e  a re  

i gewrated by the impingemenl of the jet on the flap surfaces (refs. 1 and 2). 
- 1 
i NASA has conducted experimental research ~ n d  developm2nt work to measure and 

, ! 
1 

define the flap interaction noise field for  a variety of UTW configurations, a s  discussed , 
j in raferen-e 3. After a review of the poise characteristics produced by ench corfigu- I 

I ,  

1 ratic.1, rererence 3 notes that the overall sound pressure level was dependent on the I i a  
j ,. 

i ~ i ~ t t  power cf the peak impingement velocity ana on the Tirst power cf the impingement , i d  

1 are:, :or each of thess I- . 'i~urations. Thus, the dominant noise sources were cot sig- 1 
nificantly r l t rred o r  e1i:ilnated by the d i f f ~ r e n ~ ~ s  in the configurations. m e r e  results r 
established a ceed for greater understanding of the dominant noise source r-echanisms \ 1 ;  

; I :  
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; I SYMBOLS 

in order to help develop noise suppression techniques that might be used to reduce the 
noise sources and thus meet noise wals. 

<.< .. , . . 
, - 
.. - 

! - - -  

t 
A actual correlation area, m 2 

.: '.I 
ideal cor~elation area, m 2 

*c 

(c~) steady-state effective lift coefficient slope, deg- 1 
v 

- 
, .  . . . . . 

*.. : 

these techniques are  presented as  functions of geometric and gas dynanic variables, , . 
they do not ad-tely explain h ~ w  o r  by what mechpnisms the sound is produced. In 
reference 6 however, a mechanistic approach is t . k e ~  in d j z i l ? ~  the noise generated I . . 

: .:I C 
speed of sound, d s e c  

D nozzle exit diameter, m 

F;. fluctuating lift force, N (fig. 4) 

Ixa references 4 and 5 presentations are  made of correlation and scaling-law tech- .. . 

niques used to predict jet flap interaction noise for UTW EBF configurations. Although .' 1 

f frequency, Hz 

fr  characteristic: frequency of fluctuating lift forcss, Hz 

Mi jet exit Mach number 

- .  

M2 local Mach number evaluated on jet axis 

by the interaction of a jet exhaust impinging on flat and curved plates. This approach . , 
i s  extended in reference 7 to large-scale test results of a U W  EBF configuration in , . ;.= . . 
which achve and passive ncise suppression techniques were studied. 2 

! , . 
The primary objeciive of this paper is to present, in summary form, the results of : ! 

the U1W EBF analysis reported m reference 7 and to compare calculated estimates of . . - . 
, 

the olrera.11 sound pressure level -with two sets of test results. One set of data was ob- + - 

: - 1  : i 1 

tained from a large- scale twwflap, non- swept-wing, cold-flow model of a UTW EBF - . l  

! 1 
. . configuration in an approich attitude (fig. I). The second sot of data was obtained from 1 . . 

j a full-scale, three-flzp, swept-wing version of a UTW EBF configuration in m. approach ; 1 I 

attitude using a TF-34 turbofan enghe (ref. 8). :I 
Although the prediction of the sound directivity for the U I'W EBF takeoff configura- 1 ;  

! ' tion is not considered in this paper, the models of tke noise sources presented are  be- ! 1 , 
! ( , C ;  

lieved .qualitatively applicable to the takeoff configuration. 
I / t 
i I ! ' 



distance between obsel der and trailing edge, m (fig. 3) 
2 sound pressure 14'18l, dB re 20 j t ~ / m  

mean flow velccity, m/sec 

velocity is equal tc ~,.,.,/2 at trailing edge of flap, m (fig 3) 

Cartesian coordinates (fig. 3) 

normalized turbulence intensity (ref. 11) 

angle between iluctuating force vsctor and observer, deg (fig. 4) 

thickness of boundary layer, m (fig. 3) 

radiation angle measured from nozzle inlet axis, deg (fig. 5) 

density of undisturbed fluid, kg/m 3 

density of fluid evaluated at point where U1 is determined, kg/m 

aagle, deg (fig. 3) 

angle, deg (fig. 3) 

impact impact 

impinge impingement 

jet exit con3tion 

local 

trailing ec,s 



ANALYSLS OF JET-FLAPLINTERACTION NOISE 

In figu-e 2 the jet impingement on an EBF two-flap wing in an approach attitude is 
depicted by ;he dashed lines. The major noise sources, show in figure 2, a re  as- 
sumed to be tie result of oblique jet impingement, surface scrubbing, jet interaction I .; 
with_ t!ie leading and trailing edges, free shear layer mixing over the surface of the de- ! i . . 

, . .. 3 

£leded flaps, and inflow about the most downstream (second) flap. . . 
I - < - . 

In referenct! 6, the noise resulting from oblique jet impingement, surface s c r u b  . . :  

bi7g and free sh--layer mixing is termed impact noise. Impact noise OASP4 . I  

"P"" i - ' 

is defined as  all tl e noise produced on a flat surface that is sufficiently large to exc ude '1  
'1 

leading- and trailin.?-edge noise. The noise produced by inflow about the wing o r  flaps 
is referred to in +is paper a s  inflow noise. Leading- edge noise is not considered bt+ : " i  

11 
i 

cause it is estimated tl be less than trailing-edge noise, as  reported in reference 9. 4 
' 1 

1 - Thus, it is assi:med that trailing-edge noise, impact noise, and inflow noise are domi- 
nant. By assumiqg that t h ~ q e  sound sources are  uncorrelated (as proposed in refs. 6, 1 ! 

.I 
7, and lo), o?e may approdm.>te their combined sound field by superposition. The re  

I 
, 4 .  fore, the total jet-fiap impingemtrlt OASPL is expressed a s  the logarithrmc sum of 
b '.. 

the impact, tr.ailing-edge, and inflo v contributions: ' ,  
i. 

t 1~ 

OASPLimpinge = 10 

Tfiis summation is referred to in this paper as  impingement noise. The following sec- 
tions present analytical expressions (in SI units) used to estimate trailing- edge, inflow, 
and impact noise. 

Tr~ilin,l;- Edge Noise 

i I 

Trailing-edge noise may be estimated from the theoretical approach of refer- t 1 , - 
: 1  ' 

ence 11 in the form presented in reference 6, where the details of the derivation are  I f  
5 presented. This noise source has a velocity dependence of U . F.'gure 3 is a sketch, 1 i 1 I :  

1 used in the derivation of reference 6, which shows the coordinatn systeri~. The overall i ] . 
1 I sound pressure level of trailing-edge noise OASPLTE for zero . .;eep mgle is given 

I I (ref. 6) as follows: 
I _ !  

I 1  



\ : ! I  
1 i i :  

, 4 ' ; : . 7 . 1 . , 4 . ; ; .J ,.<:;%A 
*-- , .<;:,; .:;. . - : , :> . .  - * .  

. - .  

8 2 2  1.15~10 a! p 
. ! 

(2) . '4 . ,! 

C f . 
* ,  

6 as a function of the acoustic I . ,  

M o w  Noise 

A derivation of the noise produced from inflow effects is given in reference 7. The 
derivation is based on reference 12, in which the l a r e  scale turbulence structures of 
the jet flow field (ring vortices) a re  assumed responsible for what is referred to as in- 
flow noise. Figure 4 is a sketch of the coordinate system used in the derivation of rd- 
erence 7. The overall sound pressure d inflow noise OASPLidoW is given in refer- 
ence 7 as  follows: 

+ 10 log r. - r 
+ 10 log C O S ~ ~  + 10 log(0.23 fJ (3) 

determined graphically in reference 7 as a function of the acoustic 

. . 

Impact Noise 
! , ?  

Although the specific mechanism which produces impact noise i s  not known, it is 
assumed as  in reference 6 that impact noise is produced, in part, by the large-scale 

. turbulence structures of the jet flow field impacting the flaps. In reference 13 the 
I 

' ,- 1 noise field produced when a 5.2-centimeter-diameter jet impacts a very large smooth 
.: flat board i s  presented. In 'he absence of an explicit theoretical expression and as  

i 
. . . .. 
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i I 

I 
I 
I 
I .' 

I ? *  

proposed in reference 6, these small-scale test results of reference 13, reproduced i 

include leading- and trailing-edge noise, but did include the remaining noise sources 

4 . .  
deflected flat surface). The test conditions of reference 13 included nondimensional ! . .! , 

\ . , :  geometric and fluid flow conditions similar to those of the cold-flow test described in . - , ,  . 

this paper. Therefore, the data of reference 13 were used after interpolation for the I- 1: 
9 a~ 

appropriate Mach number and normalized for differences in nozzle diameter D and I 
microphone location r according to geometric scaling laws of reference 14. i , !  

.I 
. .> . 
! ; '.! - 

COMPARISON OF CALCULATED AND MEASURED 
i % ,  .. -1 

JET- FLAPINTERACTION NOISE . !I 1 I 
Ovez 11 sound pressure levels representing the total jet-flap impingement noise 

(eq. (1)) are compared with two se.s of experimental data: first, the large-scale, 1 1 
cold-flow, t w e J a p  model data of reference 7; and second, the unpublished full-scale I I-, i 
hot-flow, three-flap model data obtained by using a TF- 34 turbofan engine. Each con-/ 1'. 
figuration was positioned with the flaps in an aj.i>proach attitude. 

Cold- Flow, Two- Flap Model 

The cold-flow model tests of reference 7 were conducted at the large-scale test I 1 
facility schematically shown in figure 6. A primary airflow system supplied ai r  to t h 4  1 
33-centimeter-diameter conical nozzle. The nozzle was located 7.33 nozzle diameter4 .: 

I 

upstream of the flaps. Sound data were taken at nozzle exit Mach numbers of 0.5, 0.7i  : 
! 

and 0.8 along the circumference of a 15.24-meter-radius microphone circle over a 1 ,; ; 
smooth blacktop ground plane. . , 4 

: ' 8  

The cold-flow model OASPL data a re  plotted as a function ol' radiation angle 0 j j 
I .  

measured from the nozzle inlet axis in figure 7. Discrete ground reflection effects - ' ; 
were eliminated by matching acoustic data taken at ground level and at 3.58 r r ~ t e r s  , , . i 
above it. This procedure produced spectra which were essentially free-field plus 2.59 

, . ' 
decibels. As shown in figure 7, the data were taken along an arc of the microphone 
circle from 10' to 115~. Thc data are restricted to this range of 0 because these are  , - 
the limits of the useful impact 2oise data obtained in reference 13. A disproprti~nate ! .. 
increase in noise level v Ith increased jet exit Mach number M i s  clearly shown he- 

j 
tween 70' 5 6 5 115'. . 

268 

. 
I 



! i r i i i  i 

- 1 :  
: .; . 

. , , 
" , . 

- !  a .  
? . - t  :I I -  . i t  

I }  
--- ...I-....- L 

Overall- souna-pressure- level data taken at a jet Mach number M of 0.7 (from 
j 

fig. 7) are compared in figure 8 with the total jet-flap impingexent noise calculated 
lid curve). Also included in figure 8 a r e  estimates of each noise - [ .  

e total impingement noise. These include trailin:-edge noise 

applied to the second flap (eq. (2)), inflow noise applied to the two flaps and wing 
(eq. (3)), and the empirical estimate of the impact noise. The local gas properties and 
turbulence intensities used in the calculations were estimated, a s  in reference 7, from 

tex structures (tick mark @) occurs at apnroximately the same frequency as the pezk 
value of the spectra. Thus, the ciominant noise produced by jet impingement on the 

velocity decay profilt?~ and small-scale turbulence intensities available in the literature. 
From 8 = 10' to 80' in figure 8, inflow noise from the second flap (having a U 6 

dependence) dominates the noise field; hawever, trailing-edge noise froill the second 1 

flap (kaving a IJ5 dependence) is also a significant contributor. In the r e g i ~ n  from 1 ;  
90' to at least 120° impact noise (having a u8 dependence) is dominant, and inflow 
noise and trailing-edge noise do not significantly affect the noise level. The agreement 1 ,  
between the measured data and the curve representing impingement noise (eq. (1)) in I r I 

i 
figrlre 8 is considered good. i 

In the lower portion of figure 8 the velocity exponents determined from the experi- 1 
I 

mental d indicate that OASPL varies nominally a s  u5* for the rang. of O be- 
8.4 and U7.3 tween 10 and 70'. Above 80'. however, OASPL varies a s  u ~ . ~ ,  U , 

at radiation angles of 85O, loo0, and 115O, respectively. Comparing these results 
with the .:urves representing the dominant sound sources indicates general agreement t 

with thc expected values based on the present =alysis. 
Sound-pressurelevel spectra. - A typical spectral plot for the cold-flow EBF con- 

figuration is presented in figure 9 (from ref. 7) for  a radiation angle 0 of 85'. These 
data demonstrate the distinct broadband character cf the sound field for values of jet 
exit Mach number 9 of 0.5, 0.7, and 0.8. Also showr. in figure 9 are  two tick 
marks positioned along each curve. These tick marks represent the frequencies at 
which two modal forms ~f the large-scale turbulence structures in a jet flow field a re  
predicted to occur (ref. 15). Tick mark @ represents the fundamental axisymmet- 
r ic  vortex mode (applicable at  M < 0. 3 3 ,  m d  tick mark represents the f irst  

j 
1 

harmonic of the axisymmetric vortex mode. The parameter 3 upon which these modes 
i 

1: 
depend are  given in r e f e r e n c ~  6. it ;I 

The possibility that the large-scale turbulencs structuras in a jet flow field a re  I 

! j 
associated (through transfer functions) with the dominant nclise produced during jet im- i I 

1 I 
pingement on a flat plate is considered in reference 6. It ;s shown in reference 6 that 1 i 
the fiyst harmonic mode of these structures occurs at  ap~roximately the same fre- /I 
quency a s  the peak value of the far  field sound pressure level. In figure 9, as  with the 
flat plate data of reference 6, the d&.i show that the f irst  h a r m o ~ ~ i c  mode of these vor- 



flaps appears to be associated with the large- scale turbulence structures ; I- the jet flow 
- ,  

field. . : I '  

Plugs in slots. - I .  order to teet the noise source model further, an effort was 1 : i,' i I 

made to reduce substantially o r  eliminate the noise produced by inflow of the jet about 1 , : . ,  

the wing and flaps. Short spanwfse covers, referred to as  plugs, were placed over the i . a: I ~ i .  
I 

slots between the wing and the first flap and between the first and second flaps with the 7 
I 

I 

flaps deployed (fig. 10). These plugs were smooth fairings positioned on the flaps and : !  i ? 
I '  

centrally located in relation to the intersection of the nozzle axis with the flaps. They I ,. : 
had spanwise lengths of approximately 2 and 3 nozzle diameters (fig. 10) and were de- , .  

signed to prevent most of the impinging jet flow from passing through the spaccl be- I I 

_ I  ' I 

1 ' s  tween the wing and the flaps. Thus, they redirected the jet flow over and downstream I I ? i I 

on the impingement side of the flaps and effectively reduced local inflow of the jet about 
, . / I , . 

the wing and flaps. The rest of the flap ~ystern in the spanwise direction was unaltered, ' . ' 1 ' ' ' i  

1 1 
which permitted normal aerodynamic operation of the flaps. ' l i 8 1  i 

i , . . i  
' 1 

The OASPL distribution for the cold-flow model with plugs in the slots between ' I i I 
the wing and flaps is presented in tigure 11 (ref. 7). The calculated trailhg-edge noise 1 [ I t 
(eq. (2)) is also shown, along viith the empirically based estimate of impact noise and I !  i I !  

I 
the logarithmic sum of impact and trailing-edge noise OASPLimwt, TE (from eq. (5) 
of ref. 7), which is expressed by the following equation: 

I 

Inflow noise is not included in equation (4) because of the assumption that the p lup  ef- 
fectively eliminate noioe from this source. 1 1  1 I 1 :  At a jet Mach rank r of 0.7 (fig. 11) close agreement is shown between the mea- l .  

I 

5 sured data and the curve of OASPLimpmt, TE. Trailing- edge noise (eq. (2), U de- j ; 8 I 
I .  

pendence) is dominant between 8 = 10' and 40°, while impact noise (u8 dependence) b I dominates from 80' to 115~. The dominance of these two noise sources is supported I I , 
! j .  

, . 
by the velocity exponents deter ied fmm the measured data and shown at the bottom 1 ; [ ' 1 : 
of the figure. 

1 i 1 , , ; :  
j 

Hot- Floc, Three- Flap Model i 
I 
I 

Figure 12 shows the full-scale, ~'lree-flap, swept-wing (25' sweep angle) U1W 
EBF in an approach attitude (first, second, and third flaps in 15O, 35', aud 55' posi- 
tion, respectively, ref. a), using a TF-34 turbofan engine having a couical exhaust 

270 



nozzle with a 12-lobe, internal forced mixer. The axis of the nozzle intersected the 
leading edge af the third flap at approximately 4 nozzle diameters downstream from the 
exit plane of the nozzle. Also, the trailing-edge was oriented so that the included angle 
between a tangent i3 the fhp surface and the jet axis was approxiaately 55'. The ori- 
en-aeon of the engine to the three-flap swept-wing UTW EBF configuration was, there- 
fore, not the same as that of the cold-flow model discussed in the preceding sections. 

Oveixll- sound- pressure- level data taken at a jet lvlach number of 0.5 a re  com- 
pared in figure 13 with the calculated estimate of the total jet-flap impingement noise 

( (1)) The calculated impingement noise (solid curve) includes free-field estimztes 
of trailing-edge noise applied to the third flap (eq. ( A ) ) ,  i d o w  noise applied to each of 
the three flaps (eq. (3)), and impact noise estimated from the data of reference 13. No 
velocity profile data were obtained at the trailing edge of the third flap in reference 8; 
 us the velc.city profiles from the tweflap, cold-flow test data of references 6 and 7 
were scaled up to estimate the boundary-layer height used in the calculations of 
trailing-edge noise. The local gas properties requircd in the calculations were deter- 
n d e d  :ram jet velocity profile and total temperature profile data for a conical exhaust 
nozzle with a 12-lobe internal forced mixer (unpublished data obtained from J. A. 
Schoei~ster of tne Langley Research Center and N. E, Samanich of the Lewis Research 
Center). The local turbulence intensities in the vicinity of the flaps were estimated 
from the literature, as was doue for the cold-flow model. The acoustic data were ob- 
tained by using 1.27-centimeter-diameter condenser micmphones positioned on the 

ground. 
In the region between 8 = 40' and 8 ~ '  in figure 13, inflow noise from the t? i rd  flap 

(having a lJ6 dependence) dcminates the noise fiele however, trailing-edge --oise 
from the third flap (having a dependence) is a160 a significant contributor. In the 
regon 90' to 120' impact noise (having a u dependence) is dominant, and inflow 
noise and trailing-edge noise do not significantly affect the total impingement noise 
level. For the three data points shown the calculated total impingement w i se  (eq. (1)) 

is within &I. 5 decibels of the measured data. 
In the lower portion of the figure the velocity exponents determine? from the ex- 

perimental data indicate that OASPL varied as u5* ' at radiatioi: angles of 70' and 

go0, but at 110' the dependence increased to u'. '. Comparing these results with the 
curves representing the sound sources at 70°, go0, and 110' indicates that these norni- 
nal results and trend would be expected on the bwis of the present analysis. 

A spectral plot of the noise is presented i r  figure 14 for a radiation angle 0 of 
90' and a jet exit Mach number M of 0.5. Also shown i? figure 14 are the two tick 

j 
marks representing the large-scale vortex modes discussed previously for the cold- 
flow model. The value of th.? jet exit velocity used in the calculations of the vortex 
mode frequencies ia based 0,. mass average flow conditions computed in the exit plane 



' I  
. 

I : ,  :j ; 
I ' U  

of the nozzle. It is shown that the first harmonic mode of the large-scale turbulence , . ., .I 

structures in the jet flow field (tick mark @ ) occurs at approximately the same f re  
quency as the peak value of the sound spectra. Thus, as with the cold-flow model, the 
dominant noise produced by jet impingement on the flaps apgears to be associated with 

I !  the largescale turbulence structures in the jet flow field. i 

I ; 
I I i : / , I '! 

CONCLUDING REMARKS 1 .  
I a ; 1 

i i - .  
0 < 

An analytical expression has been developed which approximates the overall sound 1 I 
, 

pressure level and directivity of data obtained from hvo large-scale UTW EBP configu- f j , c 
" !  

I / 

rations in an approach attitude. Three dominant noise sources are  modeled; two are  ! 1 ,. 
I '  

I 

i 
based on analydcal theories, and the third i s  based on scal9d experimental data. The 1 1 , ' 

i . ? ,  
noise sources include the following: first, impact noise prsduced by the jet exhami 

! 1 

impinging on the surface of the most dc mstream flap; second, inflow noise, produced 
by the jet exhaust flow about the wing and flaps, which in turn produces a fluctuating 
lift response to an upwash disturbance; and third, trailing-edge noise, produced by the ! I i I .  

1 1 ,  
jet ilow passing over the trailing edge of the most downstream flap. ; t  1 1 I 

, .  The analysis wss compared with experimental data obtained by using a su?monic 
cold-air jet impinging on a twc~flap wing and a subsonic hot- bas jet from a TF-34 
turbofan engine impinging on a three-flap swept wing. The agreement between the 

, . ardytical expression and the data is considered guod in both cases. 
. ., 

The dominant noise at 90' under the wing appears to result from the jet impact .. 
.*, . - 
. 1  (eighth power dependence on jet velocity) rather than a fluctuating lift dipole (sixth 

! 
power) o r  a trailing-edge disturbance jfifth power). ' 1 / 

The frequency at which the pea.  soimd pressure level occurred appears to be 1 
governed by the periodic formaJ;on and sh, dding of large-scale turbulence structures 
(ring vortices) from the outlet of the jet nozzle. I l i I  
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(a) Tes t  ins ta l lat ion .  

Ib) Approach a t t i t u d e .  

Y 
Figure 1 .- Cold-flow iiodel of two-f lap EBF with conical nozr! e. 
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Figure 2.- Noioe sources resulting from jet impingement on 

EBF two-flap vfng i n  its approach att i tude.  

Figure 3.-  Coordinate system of j e t  impinging 0. semi-irlf i n i t e  
half-plane near its tra i l ing  edge (ref .  6 ) .  



Figure & .- Coortfinate system for inzlow roise (ref. 7). 
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Figure 6.- Diagram of EBFlarge-scale test facility showing 
primary airflow system (ref. 7). 
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Fiqure I . -  Overall-sound-pressure-level distribution for two-flap 
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attitude). Microphone radius, 15.24 m. 
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Figdre 5.- Comparison of measured and calculated overall sound pressure 
1e~:el for cold-flow configuration (approach attitude). Mj = 0.7; 
Uj = L?7 m/sec (ref .  7 ) ;  rnicrophonc radius, 15.24 m .  
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Figure 9.- Sound-pressure-level spectra for two-flap EBF cold-flow 
configuratior with 30° to 600 flaps (approach attitude). O = 8 5 O  
(ref. :j ; microphone radius, 15.24 in. 
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Figure 10.- Plug fairings in slots between wing and first flap and 
first and second  flap^ (ref. 7). 
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Figure 11.- Comparison of measured and calculated overall sound 
pressure level for cold-flow configuration with plugs (approcch 
attitude). Mj = 0.7; UI - 227 m/sec (ref. 7); microphone 
radius, 15.24 m. 
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(b) Approach at t i tude .  

Figure 12.- Hot-f loor model of thrze-flap EBF d e h  TF-54 turbofan 
engine (ref. 8). (All d imenaions in meters . ) 
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c o r e  v e l o c i t y ,  2 5 0  m/sec;  c o r e  tempera tuze ,  749 K;  microphone 
r a j i u s ,  30.48 m. 
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Figu re  1 4 .  - Measured f  ree-f i e l d  sound p r e s s u r e  l e v e l  s p e c t r a  f o r  
f u l l - s c a l e  t h r e e - f l a p  c o n f i g u r a t i o n  w i t h  TF-34 t u r b o f a n  eng ine  
(approach a t t i t u d e ) .  Mj = 0.5; O = 90" ( r e f .  8) ;  microphone 
r a d i u s ,  30.48 m. 



USB NOISE REDUCTION BY . . -. 
NOZZLE AND FLAP MODIFICATIONS 

Richard E, Hayden 
Bolt  Beranek and Newman I n c ,  

SUMMARY 

Upper s u r f a c e  blown (USB) system c o n f i g u r a t i o n  parameters  
a r e  chosen wi th  both  t akeof f  and c r u i s e  perfcrmance i n  mind. In- 
d i c a t i o n s  a r e  t h a t  c o n f i g u r a t i o n  requi rements  f o r  c r u i s e  may com- 
promise t h e  a b i l i t y  t o  d e r i v e  low t a k e o f f  and l and ing  n o i s e  from 
USB des igns  by s e l e c t i o n  of n o z z l e / f l a p  l o c a t i o n s  and des igns  
which a r e  i n h e r e n t l y  q u i e t .  Thus, additional n o i s e  r e d u c t i o n  a t  
t h e  source  w i l l  be r equ i red .  

This  paper  reviews t h e  development of concepts  f o r  reducing  
USB f l a p  n o i s e  a t  t h e  source  through f l a p  modi f i ca t ions  a2d spe- 
c i a l  nozz;es. I n  p a r t i c u l a r ,  r e c e n t  r e s u l t s  ob ta ined  an t h e  aero-  
dynamic and a c o u s t i c  performance of f l a p s  w i t h  porous s u ~ f a c e s  
rzar t h e  t r a i l i n g  edge and so -ca l l ed  m u l t i - s l o t t e d  nozz les  a r e  
reviewed. Considerable  r e d u c t i o n  (6-10 dB) ~f t h e  c h a r a c t e r i s t i c  
low frequency peak has  been shown. The aerodynamic performance 
i s  compared wi th  convent ional  sys tems,  and p r o s p e c t s  f o r  f u t u r e  
improvements a r e  d i scussed .  

INTRODUCTION 

Upper s u r f a c e  blown powered l i f t  a i r c r a f t  appear  t o  be 
a t t r a c t i v e  from an aerodynamic p o i n t  - view. However, t h e s e  
a i r c r a f t  i n c u r  no i se  problems a s s o c i a t e d  wi th  t h e  b a s i c  p h y s i c a l  
phenomena re spons ib le  f o r  t h e  powered l i f t  a t tachment  of t h e  
engine exhaust  flow t o  a  s i n g l e  f l a p ,  o r  s e r i e s  of f l a p s .  Because 
of t h e  s t r i n g e n t  community n o i s e  g o a l s  s e t  f o r  p ropu l s ive  l i f t  
a i r c r a f t ,  much a t t e n t i o n  is  be ing  focussed on t h e  f l a p  n o i s e  
problem i n  t h e  a i r c r a f t  concept d~>velopment  s t a g e .  The problem 
p e c u l i a r  t o  USB a i r c r a f t  i s  a  pronounced low frequency peak i n  
t h e  r a d i a t e d  n o i s e  spectrum. This  peak c o n t r i b u t e s  t o ,  b u t  does 

I not  dominate t h e  commonly accepted  m e ~ s u r e  o f  community n o i s e  6 ,  , . . 



fr?m a i r c r a f t  - t h e  p e r c e i v e d  n o i s e  l e v e l  (PNL o r  PNdB). 
However, t h e  low f requency  peak i s  expec t ed  t o  produce a  community 
:~a.!:ie impact due 50 secondary  e f f e c t s  such  a s  t r a n s m i s s i o n  i n t o  
a?*: c x c i t a t i o n  o f  b u i l d i n g  s t r u c t u r e s .  Thus, s i g n i f i c a n t  reduc-  
:;:.$I: o f  t h e  low f r e q u e r . 2 ~  peak i s  d e s i r e d .  The h i g h  f requency  
,a ,-)Cry d l e v e l s  produced by t y p i c a l  USB sys tems  appea r  t o  be  w i t h i n  
.I. I'etc dB o f  t h e  d e s i r e d  g o a l  and,  t h ~ l s ,  w i l l  r e q u i r e  a  lesser 
degyee o f  r e d u c t i o n .  

Cabin i n t e r i o r  n o i s e  i s  an impor t an t  a r e a  f o r  b o t h  c o m e r -  
e l&:  and m i l i t a r y  a i r c r a l l  a p p l i c a t i o n s .  The USB powered l i f t  
sys tem produces  : . g n i f i c a r i t l y  h i g h e r  s o u r c e  l e v e l s  o f  low f requency  
n o i s e  t h a n  c o n v e n t i o n a l  j e t  a i r : - a f t ,  w i t h  a r e s u l t a n t  i n c r e a s e  
i n  n o i s e  l e v e l s  i n s i d e  t h e  cab in .  Thus,  due t o  t h e  r e l a t i v e l y  
poor n o i s e - a t t e n u a t i n g  c a p a b i l i t i e s  o f  c o n v e n t i o n a l  a i r f r a m e  
s t r u c t u r e s  a t  low f r e q u e n c i e s ,  c o n s i d e r a b l e  a t t e n t i o n  must be  
g i v e n  t o  r e d u c i n g  t h e  l e v e l s  o f  t h e  s o u r c e  i n  t h e  low f requency  
range .  

TYPICAL NOISE CHARACTERISTICS 

F i g u r e  1 i l l u s t r a t e s  t y p i c a l  f l y o v e r  n o i s e  s p e c t r a  f o r  a 
USB sys tem under  s t a t i c  c o n d i t i o n s .  The l e v e l s  and f r e q u e n c i e s  
a r e  s c a l e d  from model d a t a  (Ref.  1 )  t o  a " f u l l  s c a l e "  (26,800 N 
(6000 l b )  t h r u s t )  e n g i n e / f l a p  c o n f i g u r z t i o n  a t  a  152 m (500 f t )  
f l y o v e r  d i s t a n c e .  The n o z z l e  p r e s s u r e  r a t i o  (1 .38)  i s  r e p r e s e n t a -  
t i v e  o f  t h e  upper  p a r t  cf t h e  range  c u r r e n t l y  b e i n g  c o n s i d e r e d  
f o r  powered l i f t  a i r c r a f t .  The s i n g l e  26,800 N (6000 l b )  eng ine /  
f l a p  n c i s e  l e v e l s  s c a l e  t o  about  95 PNdB a t  t h e  152 m (500 f t )  
d i s t a n c e .  Four  such  e n g i n e s  and f l a p s  would add 6  dB t o  thl?se 
l e v e l s .  [Note t h a t  a  s i n g l e  88,960 N (20,000 l b )  t h r u s t  e n g i n e ,  
i d e n t i c a l l y  mounted on a f l a p  sys tem whose dimensions  were 
s c a l e d  t o  t h e  n o z z l e  d i a m e t e r ,  would produce a n o i s e  spec t rum 
5  dB h i g h e r  i n  l e v e l ,  and one o c t a v e  lower  i n  f requency  t h a n  
t h e  s i n g l e  26,800 N (6000 l b )  eng ine . ]  

The pronounced low f requency  peak i s  e v i d e n t  i n  F i g .  1. 
Leve l s  i n  bo th  t h e  low and h i g h  f r equency  r ange  a r e  t y p i c a l l y  
w i t h i n  a 5  dB 2ange a t  a l l  az imuths  i n  t h e  f l y o v e r  p l a n e ,  e x c e p t  
i n  t h e  immediate a r e a  o f  t h e  d e f l e c t e d  e x h a u s t .  Nozzle and f l a p  
d e t a i l s  w i l l  a f f e c t  t h e  d e t a i l s  o f  t h e  far  f i e l d  sound s p e c t r a ,  
s o  t h e  d a t a  i n  F i g .  1 shou ld  o n l y  be r e g a r d e d  a s  t y p i c a l  examples.  

F i g u r e  2  compares p r e d i c t e d  c a b i n  i n t e r n a l  n o i s e  l e v e i s  
w i t h  t h o s e  a c t u a l l y  measured on a isange o f  CTOL j e t  a i r c r a f t  
( i n c l u d i n g  a l l  p o s i t i o n s  i n  t h e  a i r c r a f t ) .  The e s t i m a t e s  f o r  



t h e  USB system were made from f u s e l a g e  s i d e w a l l  f l u c t u a t i n g  p'essure 
d a t a  measured on an a c t u a l  USB c o n f i g u r a t i o n  (Ref.  1) combined w i t h  
a n a l y t i c a l  and e m p i r i c a l  e s t i m a t e s  f o r  a c o u s t i c  and aerodynamic 
t r a n s m i s s i o n  l o s s  o f  a c t u a l  a i r c r a f t  f u s e l a g e  s t r u c t u r e s  (Ref .  2 ) .  

F o r  t h e  USB model t e s t e d ,  t h e  j e t  exhaus t  n o i s e  a l o n e  ( a s  
measured w i t h  f l a p s  removed) shows a  s i g n i f i c a n t l y  lower  l e v e l  
and compares f a v o r a b l y  w i t h  l e v e l s  i n s i d e  c u r r e n t  CTOL pas senge r  
j e t s ,  From t h e s e  comparisons ,  i t  i s  c l e a r l y  e v i d e n t  th t : t  b o t h  
f l a p  s o u r c e  n o i s e  r e d u c t i o n s  a t  low f r e q u e n c i e s  and f u s e l a g e  
s t r u c t u r a l  d e s i g n  changes  w i l l  be  needed t o  r educe  USB c a b i n  n o i s e  
l e v e l s  t o  a n  a c c e p t a b l e  r a n g e .  

F i g u r e  3 shows measured c o n t i n u o u s - t r a v e r s e  d i r e c t i v i t y  o f  an  
unmodified USB f l a p  system (60° f l a p  s e t t i n g !  in t h e  f l y o v e r  p l a n e .  
The ev idence  i s  t h a t  t h e  f l a p  s o u r c e s  a r e  n o t  s t r o n g l y  d i r e c t i o n a l .  
Other  measurements have shown t h s t  t h e  d i r e c t i v i t y  i s  even  weaker 
( i . e , ,  more u n i f o r m ) ,  excep t  a t  t h o s e  az imuths  i n  t h e  v i c i n L t y  of  
t h e  d e f l e c t e d  f low a x i s .  The d i r e c t i v i t y  p a t t e r n  h a s  been observed  
t o  r o t a t e  w i t h  t h e  f l a p  d e f l e c t i o n  which c l e a r l y  i m p l i c a t e s  t h e  
f l a p s  a s  a major s o u r c e  o f  n o i s e .  From t h e s e  and e x t e n s i v e  s i m i l a r  
d a t a ,  It i s  concluded t h a t  one cannot  r e l y  on u t i l i z i n g  d i r e c t i v i t y  
e f f e c t s  in deve lop ing  low n o i s e  d e s i g n  s t r a t e g i e s .  

NOISE REDUCTION AT THE SOURCE 

I d e n t i f i c a t i o n  o f  P h y s i c a l  Pa rame te r s  

Noise r e d u c t i o n  of  f l a p  s o u r c e s  i n v o l v e s  first i d e n t i f y i n g  
t h e  p h y s i c a l  parameter ;  r e s p o n s i b l e  f o r  sound g e n e r a t i o n  and t h e n  
deve lop ing  concep t s  which modify t h e  most impor t an t  p a r a m e t e r s .  
F i g u r e  4 shows s c h e m a t i c a l l y  how USB f l u i d  mechanica l  pars mete?^ 
combine t o  r a d i a t e  sound. The problem can  be summarized b y  s t a t i n g  
t h a t  t h e  f a r  f i e l d  sound i n t e n s i t y  [ I ( r , 0 ) ]  i s  r e l a t e d  t o  t h e  span-  
wise sum o f  i n d i v i d u a l  sou rce  i n t e c s i t i e s  whose s t r e n g t h  i s  a  
funce ion  of  t h e  f l u c t u a t i n g  f l u i d  f o r c e s  F ,  f r equency  w o f  t h e  
f l u c t u a t i n g  f o r c e s ,  and t h e  d i r e c t i v i t y  D(0)  o f  t h e  l o c a l  s o u r c e .  

Examination of  each  e lement  o f  F i g .  4 w i l l  l e a d  t o  i d e n t i f i c a -  
t i o n  of t h e  p h y s i c a l  pa rame te r s  wh:ch can  be modi f ied  by n o z z l e  
and f l a p  d e s i g n  changes .  The f l u c t u a t i n g  f o r c e s  c a n  be viewed a s  



1 
f a  produc t  01' f l u c t u a t i n g  p r e s s u r e s  and t h e  r e s p e c t i v e  c o r r e l a -  $ ~ n  

a r e a  of  v a r i o u s  p r e s s u r e s .  The f l u c t u a t i n g  p r e s s u r e s  on a  USL 
f l a p  are i n t e n s e ,  o f t e n  b e i n g  as h i g h  a s  .03 - .1 o f  t h e  l o c a l  
dynamic p r e s s u r e  qo, and may v a r y  s i g n i f i c a n t l y  w i t h  l o c a t i o n  on 
the f l a p .  The c h a r a c t e r i s t i c  s i d e  s h e a r  l a y e r s  of s USE f l a p  sys -  
tem produce i n t e n s e  low f r equency  pl s s u r e s ,  w h i l e  t h e  a t t a c h e d  
f low a l o n g  t h e  n o z z l e  c e n t e r l i n e  h a s  g r e a t e r  h i g h  f requency  c o n t e n t .  
The f r equency  w of t h e  f l u c t u a t i n g  f o r c e s  w i t h  r e s p e c t  t o  a s t a t i o n a r y  
o b s e r v a t i o n  p o i n t  on t h e  f l a p  i s  a  r a t i o  o f  t h e  l o c a l  convec t ion  

I ~ I  v e l o c i t y  o f  t u r b u l e n t  e d d i e s  U c ,  t o  t h a  eddy l e n g t h  s c a l e  i n  t h e  
s t reamwise  d i r e c t i o n  a x  ( i . e . ,  w a Uc/Lx). The c o r r e l a t i o n  a r e a s  
a r e  s imply  t h e  p roduc t  o f  t h e  l o c a l  s t reamwise  and  spanwise  l e n g t h  
s c a l e s ,  which are i n  t u r n  p r o p o r t i o n a l  t o  t h e  l o c a l  s h e a r  l a y e r  
t h i c k n e s s ,  6 .  Both t h e  f l u c t u a t i n g  p r e s s u r e s  and c o r r e l a t i o n  a r e a s  
can be reduced  5 y  f l a p  and nozz l e  m o d i f i c a t i o n s .  D i a g n o s t i c  c r o s s -  
c o r r e l a t i o n  s t u d i e s  have sh-wn t h a t  t h e  a c o u s t i c a l l y  impor t an t  f l a p  
p r e s s u r e s  on a USB sys tem o c z u r  between t h e  knee of  t h e  f l a p  and t h e  
t r a i l i n g  edge ,  w i t h  t h e  h i g h  f requency  components b e i n g  c o n c e n t r a t e d  
a t  t h e  t r a i l i n g  edge.  

The f l u c t u a t i n g  hydrodynamic f o r c e s  must a c c e i e r a t e  t h e  a c o u s t i c  
medium t o  cause  f a r  f i e l d  sound. The e f f i c i e n c y  o f  conve r s ion  o f  
f l u c t u a t i n g  hydrodynamic f o r c e s  t o  f a r  f i e l d  sound i n c r e a s e s  w i t h  
f r equency ,  u s u a l l y  as t h e  s q u a r e  o f  t h e  f r equency ,  excep t  a t  v a l u e s  
g r e a t e r  t h a n  u n i t y  o f  t h e  r a t i o  o f  f l a p  o r  wing chord  ( C )  t o  a c o u s t i c  
wavelength X ( X  = co/w). T h i s  a c o u s t i c  " t r a n s f e r  f u n c t i o n "  can  
be i n f l u e n c e d  by f l a p  m o d i f i c a t i o n s  t h rough  vary:ng t h e  r a t e  of 
change of  s u r f a c e  flow r e s i s t a n c e  i n  t h e  v i c i n i t y  o f  t h e  t r a i l i n g  

, edge  o r  by p roduc ing  a r e a c t i v e  component o f  u n s t e a d  s u r f a c e  p re s -  
' s u r e  i n  t h e  n o i s e  produc ing  r e g i o n s  n e a r  t h e  t r a i l h e ,  edge.  

The d i r e , c t i v i t y  o f  t h e  f l a p  s o u r c e s  ( ~ i g .  4 )  i s  maximum a', a  
d i r e c t i o n  -9O0 f rom t h e  p l a n e  o f  t h e  f l a p  s u r f a c e  n e a r  t h e  t r a i l i z g  
edge a ~ d  minimal i n  t h e  downstream d i r e c t i o n  a l i g n e d  w i t h  t h e  f l a p  - , c  j 

c, 1 

s u r f a c e .  I n  t h e  ups t ream d i r e c t i o n ,  t h e  p r e s s u r e  of  t h e  wing s u r -  _. -. + 

f a c e  l e a d s  t o  s i g n i f i c a n t  sound r a d i a t e d  forward .  L i t t l e  can  be +,2,k 

done t o  a f f e c t  t h e  b a s i c  d i r t  s t i v i t y  c h a r a c t e r i s t i c s  of' t h e  f l a p  -. 
sou rces .  Hcwever, t h e  f l a p  aqd  wing may be used e f f e c t i v e l y  t o  4 , . 
s h i e l d  sou?d from s o u r c e s  l o c a t e d  above t h e  f l a p  s u r f a c e ,  a s  Is I ! . .';:I 

I. 

a l s o  shown i n  F i g .  4 .  Such s o u r c e s  i n c l u d e  t h e  f r e e  s h e a r  l a y e r  ... 4 : : , I  n e a r  t h e  nozz l e ,  t h e  nozz l e  l i p  and d e f l e c , t o r ,  blowing s l o t s ,  and , . 
engine  i n t e r n a l  n o i s e .  1 

To a r r l v c  a t  t h e  t o t a l  f a r  f i e l d  n o i s e  spec t rum,  one must add 1 : h j  
up t h e  c o n t r i b u t i o n  of a l l  i n d i v i d u z l  s o u r c e s ,  i n c l u d i n g  s o u r c e  I .  

. . , _ I  

s t r e n g t h ,  r a d i a t i o n  e f f i c i e n c y ,  d i r e c t i v i t y ,  and s h i e l d i n g .  The 
e f f e c t i v e  number of  source; ,  m ,  on a  USB sys tem i n c r e a s e s  w i t h  fre-- . . , . 
quency, approximate ly  1in:rly. I n  deve lop ing  n o i s e  r e d u c t i o n  , ., .. .. 

:-,< >. . '. - ,. 
' ., 't 
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concep t s ,  it must be  k e p t  i n  mind t h a t  d e v i c e s  f o r  r z d u c i n g  s o u r c e  
s t r e n g t h  at  a  g i v e n  f requency  may l e a d  t o  i n c r e a s i n g  t h e  number of 
s o u r c e s  c o n t r i b u t i n g  t o  t h e  fa r  f i e l d ,  t h u s  l e a d i n k  t o  a  l e s s e r  
amount o f  n o i s e  r e d u c t i o n  t h z n  expec t ed  from s o u r c e  s t r e n g t h  
r e d u c t i o n .  

Source  Noise  Reduc t ion  S t r a t e g y  

The above d i s c u s s i o n  may be  summarized i n  t h e  form o f  a 
" s t r a t e g y "  f o r  de-re loping n o i s e  r e d u c t i o n  t e c h n i q u e s  as f o l l o w s :  

Reduce f o r c i n g  f u n c t i o n  - f l u c t u a t i n g  p r e s s u r e s  - t u r S u l e n c e  l e n g t h  s c a l e s  
Reduce t r a n s f e r  f u n c t i o n  between hydrodynamic f o r c e s  and 
r a d i a t e d  sound - make s u r f a c e  d i ~ c o n t l n u i t y  more g r a d u a l  a t  t r a i l i n g  edge - add r e a c t i v e  i n t e r f e r e n c e  w i t h  s o u r c e s  

Take advantage  o f  s h i e l d i n g  b e n e f i t s  
- move s o u r c e s  away from t r a i l i n g  edge o r  s u b s t i t u t e  

h i g h  f r equency  s o u r c e s  away from edge f r  * low f r e -  
quency s o u r c e s  

The l a t t e r  p c i n t  may be implemented w i t h  a  p e n a l t y  i n  t h e  
number of e f f e c t i v e  s o u r c e s  c o n t r i b u t i n g  t o  t h e  f a r  f i e l d .  

NOISE REDUCTION CONCEPTS 

S e v e r a l  n o i s e  r e d u c t i o n  concep t s  have been developed from t h e  
above-descr ibed sou rce  r e d u c t i o n  s t r a t e g y .  I n  t h i s  s e c t i o n ,  t h e  
z p p l i c a t i o n s  of f l a p  s u r f a c e  m o d i f i c a t i o n s  and  n o z z l e  m o d i f i c a t i o n s  
t o  USB s o u r c e  r e d u c t i o n  a r c  d i s . + u s s e d .  

Porous F l a p  S u r f a c e  Concept 

The b a s i c  i d e a  of  t h e  poroxs s u r f a c e  ( o r  v a r i a b l e  impedance 
s u r f a c e )  concept  i s  t o  r e p l a c e  t h e  a c o u s t i c a l l y  r i g i d  f l a p  s u r f a c e  
w i t h  a  porous s u r f a c e  w i t h  a p p r o p r i a t e  back ing  a i r  c a v i t i e s ,  o v e r  
at2 a r e a s  of s - g n i f i c a n t  sound g e n e r a t i o n  on t h e  f l a p .  F i g u r e  5 
i l l u s t r a t e s  t h e  application 02 t h i s  concept  t o  a  s i m p l i f i e d  USB 

The e f f e c t s  o f  a porous s u r f a c e  a r e  bo th  hydrodynamic ( s o u r c e  
r e d u c t i o n )  and a c o u s t i c  ( m o d i f i c a t i o n  a f  t r a n s f e r  f u n c t i o  ) ,  a l t h o u g h  
t h e  r e l a t i v e  e f f e c t s  o f  each  have n o t  been c o n c l u s i v e l y  de te rmined .  



7 . 1 ~ r i a t i o r ? s  on t h e  b a s i c  porous  edge d e s i g n  a r e  a l s o  shcs  
i n  F i g .  5. These a r e :  

, - 

(1) F u l l y  porous t a p e r e d  edge w i t h  a c o n s t a n t  f low r e s i s t a n c e  
p e r  u n i t  t h i c k n e s s ;  t h e  t a p e r i n g  g i v e s  a  d e c r e a s i n g  f iow 
r e s i s t a n c e  +.award t h e  t r a i l i n g  edge 

, (2) Cons tan t  impedance porous s u r f a ~  . s  o n l y ,  on upper  and , . 

I lower f l a p  s u ~ . f a c e s  ! 

( 3 )  Porous up2er  s u r f a c e  w i t h  a  s imp le  c a v i t y  formed by t h e  1 & .  
r i g i d  lower  s u r f a c e  ! 

( 4 )  Porous upper  s u r f a c e  w i t h  i n d i v i d u a l  compartments f .I. med i 
i 

by f l a p  lower  s u r f a c e  and f l a p  i n t e r n a l  s t i u c t u r e ;  , 

such  compartments can be t a i l o r e d  t o  a c o u s t i c  and ae ro -  i dynamic d e t a i l s ,  i f  t h e y  a r e  known f o r  a g iven  con f ig -  1 

u r a t  i o n  I i 
I i 

Noise r e d u c t i o n  has  been ac ' l i eved  on a  wide Pange of' c o r f i g u r a -  I 1 t i o n s  r a n g k g  from a  s lmp le  a i r f 1 ) i l  :o  a n  aerodynamica l ly  optimized 1 .  

USB f l a p  a t  h i g h  turning a n g l e  s s ? t t i n g  ( ~ i g .  6 ) .  F i g u r e  7 sum- 
mazBizes t h e s e  r e s u l t s .  The ~ i r f j i l  shown was o p e r a t e d  i n  t h e  cone 
of a  f r e e  j e t  and had a s imp le  " l p e r e d  porous  edge.  Noise reduc-  
t i o n  of t h e  low f requency  n o i s e  a r i s i n g  from f r e e  j e t  s h e a r  l a y e r  
i n t e r a c t i o n  w i t h   he t r a i l i n g  edge and o f  t h e  a i r f o i l ' s  d i s c r e t e  , 1 .  I ) .  
f requency wake n o i s e  was ach i e . ed ,  A s imp le  wall j e t  h a s  been ! 

t e s t e d  by b o t h  BBN and Bohn o f  Boeing (Fief. 3 ) .  The n o i s e  re- i : 
d u c t i o n  shown is a t y p i c a l  r e d u c t l o n  which was maximum a t  t h e  i 

S t rou i i a l  peak and l e s s  a t  h i g h  f r e q u e n c i e s .  Peak r e d u c t i o n s  of I i ; .  
i 

a t  l e a s t  1 0  dB were commonly ach i eved .  E a r l y  t e s t s  on t h e  p o t e n t i a l  ; I 

a p p l i c a b i l i ,  o f  porous edges  t o  USB sys tems  were conducted b y  ! .  

BEN (Re f .  4 )  on a  s m a l l  s c a l e  (.1/20) IlSH t u r n i n g  f l a p  w i t h  a  
10:l AR nozz l e  k icked  down at, about  15'. A s  s!-c)wn i n  Pik:-,- 7 ,  t h e  
f l y o v e r  n o i s e  r e d u c t j o n  a t  t h e  S t r o u h a l  peak was s u b s t a n t i a l  f o r  , . 

bo th  a  s imp le  porous  edge and one w l t h  a s imp le  c a v i t y  b a c k i ~ s .  1 , I. 

However, t h e  c a v i t y  rqcduced t h e  f i y o v e r  n o i s e  l e v e l s  i n  t h o  h i ~ h  I :  

f r equency  regime and was q u a l i t a t i v e l y  round t o  improve t u r n t n g .  
1 : 
: Recent ly-completed e x p l a r a t o r y  t e s t s  011 a n  aerodynamica l ly  

op t imized  VSR c o n f i g u r a t i o n  ( F i g .  6 )  were conducted by BEN under  1 
. , 

, . 
N A S A  Langley c o n t r a c t  (Ref .  1) .  The o b j e c t i v e  o f  t h e  s tudy  was t o  I , , 
show t h a t  s i p n i f i c a n ?  n o i s e  r e d ; l c t i o n  c o u l d  be  ach i eved  wi thou t  

h 

Impairing t h e  a e r o d y n a ~ t c  performance o f  t h e  "SB system.  It was ! 
a l s o  d e s i r e d  t o  deve lop  a  d a t a  Sase  t o  improve t h e  u n d e r s t a n d i n g  

I '  , o f  t h e  impor t an t  pa rame te r s  i n f ! aenc ing  n o i s e  rbeduc t l -n .  
1 i i  

, . 
A s a m p l i ~ ~ g  of  key r e s u l t s  from t h e  Aero Commander US3 t e s t s  I I .:. 

are shown i r  F i g .  7 .  ! ,oise r e d u c t i o n  was ach i eved  over  a wide r a g e  I , - 
of f r equenc i l t s  st a l l .  o b s e r v a t j r  p o i n t s  under  t h e  wing and a l o n g  
tile s ideL1ne.  Curves a r e  shown f o r  a  s imple  porous  f l a p  w i t h  t h e  



e n t i r e  f l a p  s u r f a c e  t r e a t e d  wi th  a 0.9 pc f low res i s t ance"mate r l a1 ,  
t h e  same s u r f a c e  t rea tment  wi th  a s o l i d  lower f l a p  s u r f a c e  i n  
p lace ,  and a cavity-hacked c o n f i g u r a t i o n  where only  t h e  last  20% 
o f  t h e  f l a p  chord was t r e a t e d .  The la t ter  c o n f i g u r a t i o n  had s u p e r i o r  
aerodynamic performance as i s  d i scussed  below. The peak n o i s e  r e -  
duct ion  was about t h e  same f o r  a l l  f l a p  c o n f i g u r a t i o n s ,  while  h igh  -s frequency no i se  r educ t ion  was b e t t e r  f c r  t h e  f u l l y  porous t r e a t -  
ments than  f o r  t h o s e  wi th  t h e  last  20% only  t r e a t e d .  I n  c a s e s  
where a l a r g e  a r e a  was t r e a t e d ,  t h e  f low f a i l e d  t o  s t a y  a t t a c h e d  
at h igh exhaust velocities. This  l e d  t o  an apparent  i n c r e a s e  i n  
high frequency no i se ,  such a s  i s  shown a t  t h e  110° p o s i t i o n .  I n  
f a c t ,  t h e  h igh  frequency no i se  was merely t h e  f r e e  jet from t h e  
nozzle,  being almost i d e n t i c a l  i n  l e v e l  and frequency t o  t h e  
s p e c t r a  wi th  the f l a p s  removed. 

From t h e s e  tests, it mag be concluded t h a t  porous s u r f a c e  
t reatment  may be s u c c e s s f u l l y  a p p l i e d  t o  an  aerodynamically 
s a t i s f a c t o r y  USB c o n f i g u r a t i o n  t o  ach ieve  around 6 dB of r e d u c t i o n  
of  t h e  low frequency peak and 3-6 dB reduct icr?  of  h igh  frbequency 
l e v e l s .  F u r t h e r  op t imiza t ion  s t u d i e s  could improve t h e  n o i s e  
r educ t ion  through s p a t i a l  v a r i a t i o n  i n  s u r f a c e  impedance and 
b e t t e r  matching of c a v i t y  geometry t o  l o c a l  p r e s s u r e  f i e l d  d e t a i l s .  - 

-= 
USB NOZZLE MODIFICATIONS 

. Y The d e t a i l e d  flow parameters  p rev ious ly  shown t o  i n f l u e n c e  
f l ap - rad ia ted  no i se  a r e  a  func t ion  of t h e  USB c o n f i g u r a t i o n  d e t a i l s ,  
namely : 

Nozzle shape, aspect  r a t i o ,  kickr2own ang le  

Nozzle a x i a l  l o c a t i o n  

a Flap r a d i u s  and l eng th .  

These d e t a i l s  a f f e c t  t h e  i n t e n s i t y  of t u r b u l e n t  p r e s s u r e  f l u c t u a -  
t i o n s  and t h e  s c a l e  a t  t h e  t r a i l i n g  edge. The s i d e  chear  l a y e r s  
a r e  p r imar i ly  r e spons ib le  f o r  t h e  c h a r a c t e r i s t i c  low frequency 
peak i n  both community no i se  and i n t e r i o r  no i se .  Thus, i f  t h e  
I n t e n s i t y  and s c a l e  of  turbulence  can be reduced, t h e  source  
s t r e n g t h  w i l l  be reduced, and t h e  c h a r a c t e r i s t i c  frequency w i l l  
i n c r e a s e ,  t h u s  t a k i n g  advantage of s h i e l d i n g  b e n e f i t s  f o r  community 

i 

*pc = dens i ty  x sound speed of ambient medium 
I = a c o u s t i c  impedance of  a i r  



S e v e r a l  b a s e l i n e  v a r i a t i o n s  on USB nozzles  (such a s  d e f l e c t o r s )  
can produce up t o  5 dB reduc t ion  of t h e  low frequency peak, but  
cause a comparable i n c r e a s e  i n  h igh  frequency l e v e l s  (Ref. 1). 
This  s e c t i o n  d e s c r i b e s  a  c l a s s  o f  multi-segmznt nozzles  which wken 
i n t e g r a t e d  with t u r n i n g  f l a p s  have shown cons ide rab le  p o t e n t i a l .  
F igure  8 shows t h e  3 a s i c  concept whi2h combines i d e a s  de r ived  
from concen t r i c  c y l i n d e r  low n o i s e  f r e e  jet  nozz les  (Ref. 51, and 
f l a p  t r a i l i n g  edge blowing {Ref. 6 ) .  

The expected b e n e f i t s  o f  mult i -segment ,  o r  m u l t i - s l o t  nozz les ,  
a r e  both  hydrodynamic ( reduce  j n t e n s i t y  and s c a l e  o f  t u r b u l e n c e )  
and a c o u s t i c  ( r e p l a c e  low f requenc jes  wi th  high frequ5ncy sources  
above t h e  wing t o  t a k e  advantage of s h i e l d i n g ) .  Aerodynamically, 
nigh t u r n i n g  a c g l e s  can be achieved wi th  a s h o r t  f l a p  chord. A l l  
c o n f i g u r a t i o n s  involve  us ing  a smal l  f l a p  wi th  t h r 5 e  o r  moye 
t a n g e n t i a l  blowing slcts a t  tP.2 knee and t r a i l i n g  edge blowing 
s l o t s .  The f i x e d  nozzle  is e i t h e r  a s i n g l e  low aspec t  r a t i o  
nozzle  wi th  d e f l e c t o r  ( " s p l i t  flow".) o r  a s e r i e s  o f  f i x e d  s l o t s  
deployed dur ing  t h e  powere4 l i f t  mode of f l i g h t  ("7-slot"  nozzle  
o r  "14-slot" n o z z l e ) .  The p r i n c i p a l  o b j e c t i v e s  3f t h e s e  i n t e -  
g r a t e d  nozz le / f l ap  des igns  were t o  reduce t h e  low frequency n o i s e  
peak and achieve  h igh t u r n i n g  ang les  wi th  a  s h o r t  f l a p .  The r e -  
s u l t s  of s e v e r a l  t e s t  programs (Refs.  7-9) a r e  summarized below. 

A l l  t h r e e  multi-segment n o z ~ l e s  were compared wi th  a  6 : l  AR 
Coanda nozzle  and f l a p .  The b a s e l i n e  nozz le / f l ap  system had a  
l o 0  kickdown bu t  no d e f l e c t o r  a11d t h u s  cannot be considered t h e  
most advanced des ign .  Figure 9 shows t y p i c a l  r e d u c t i o n s  o f  com- 
munity no i se  wi th  va r ious  inu l t i - s lo t  nozzles .  The low frequency 
peak was reduced by 10 - 15 dB, while  h igh  frequency l e v e l ?  in-  
crea3e4 by up t o  5 dB i n  t h e  importi.nt frequency range.  Above 
t h e  wing, hign frequency l e v e l s  inc reased  by  up t o  15 dB, but  
sound r a d i a t i o n  t o  t h e  hemisphere above t h e  wing i s  inconsequen- 
t i a l .  The seven s l o t  nozzle was t n e  q u i e t e s t  o v e r a l l  a t  t he  
s i d e l i n e  p o s i t i o n .  Also shown i n  F i g .  9 i s  a  si~;nif ' icant reduc- 
t i o n  of cabi.7 no i se  i n  t h e  low frequency regime. The i n t e r i o r  
no i se  curves  were based upon a n a l y t i c a l  e s t i m a t e s  of t h e  sound i n  
t h e  n e a r f i e l d  of t h e  nozzles  and not  upon a c t u a l  s idewal l  pres-  
s u r e  measurements a s  was t h e  case  f o r  t h e  curves  p resen ted  i n  F i g .  
2 .  Due t o  s h i e l d i n g  e f f e c t s  of t h e  f low, t h e  a c t u a l  high f r e -  
quency l e v e l s  might be lower than  shown i n  Fig .  3.  

From t h e  t e s t s  summarized above, i t  i s  concluded t h a t  t h e  
i n t e g r a t e d  multi-segment n o z z l e / s l o t t e d  f l a p  system o f f e r s  



potential noise reduution of over 10 dB for both low frequency 
uommunity r:.)ise al-.d Interior noise. Since the noise reduction 
with the 14-slot noezle was not significantly greater than the 
slmpler split flow nozzle, it mag be concluded that the tangential 
multi-slot blowing at tne high curvature region of the flap is 
the most important aspect of the noise reduction concept. It is 
also noted that porous edge treatment described earlier would pro- 
vide additive ncise reduction of edge sources producing the high 
frequency noise. 

The practlcal feasibility of flap and noezle m~difications 
proposed for noise ccntrol purposes depends upon the ability of 
the system to produce acceptable aerodynamic performance without 
excessive weight penalties. The porous flap and multi-slot nozzle 
concepts have been studied with aerodynamic performance and noise 
reduction treated simultaneously. In both cases, the aerodynamic 
performance of many configurations is comparable with baseline 
USB systems. A sample of the findlngs is given below. 

Porous Flaps 

The porous flap configurations were tested for aerodynamic 
performance by measuring axial (A) and normal (N) forces as a 
function of nozzle pressure ratio. The baseline solid flap pro- 
duce a linear variation of bcth axial and normal force coinponents 
as a function of nozzle pressure ratio. A11 porous flap config- 
urations follawed the linear variation of A and N forces with 
pressure ratic st low pressure ratios, and many were linear 
through the later~l range of nozzle pressure ratio. However, 
come of the highly porous canfigurations underwent flap separation 
prematurely; an example of the raw data curves obtained in Ref. 1 
is shown in Fig. 10. For those configurations for which flow 
separated, noise was evaluated at pressure ratios on both sides 
of the stall polnt. Those configurations treated on the last 20% 
of the flap did not stall and, as described above, produced 4 - 
8 dB cf noise reduction over n wide frequency range. 

The static turning of porous flap configuraticns tested is 
summarized in Fig. 11. It can be seen that the turning efficiency 
and turning angle performance are acceptable for most conf+igurations 
except the simple porous flap wjth no backing. No forwasd speed 
tests have been conducted to date. 



Mult i -S lo t  Nozzles 

The i n t e g r a t e d  m u l t i - s l o t  n o z z l e / f l a p  c o n f i g u r a t i o n s  were 
g e n e r a l l y  c h a r a c t e r i z e d  by e x c e l l e n t  t u r n i n g  performance a t  a l l  
f l a p  s e t t i n g s ,  i n c l u d i n g  90°, f o r  bo th  s t a t i c  and forward  speed 
tests.  T e s t s  were conducted by t h e  i o s  Angeles A i r c r a f t  D i v i s i o n  
(LAAD) ~f Rockwell I n t e r n a t - i o n a l  Corp. (Ref. 9) on t h e  same models 
tested a c o u s t i c a l l y  by BBN in t h e  low n o i s e  a c o u s t i c  wjnd t u n n e l .  

Yhe s t a t i c  t u r n i n g  c h a r a c t e r i s t i c s  o f  t h e  t h r e e  n o z z l e / f l a p  
c o n f i g u r a t i o n s  d e s c r i b e d  e a r l i e r  a r e  shown i n  F i g .  12 .  The s p l ' t  
f low n o z z l e  w i t h  s l o t t e d  t u r n i n g  f l a p  performed t h e  b e s t  a t  h igh  
f l a p  s e t t i n g s .  

F i g u r e  13 summarizes some o f  t h e  forward speed  performance o f  
t h e  m u l t i - s l o t  n o z z l e s  on a low a s p e c t  r a t i o  swept wing. Aga:n, 
t h e  s p l i t  f low n o z z l e  a p p e a r s  t o  have e x c e l l e n t  performance.  
Comparable d a t a  f o r  t h e  s i m p l e  Coanda f l a p  ace n o t  a v a i l a b l e ,  but 
t h e s e  d a t a  may s e r v e  a s  a u s e f u l  b a s e l i n e  f o r  c o m p a ~ i s o n  w i t h  
o t h e r  f l a p  sys tems .  

Canc lus ions  

The l i m i t e d  aerodynamic s t u d i e s  conducted t o  d a t e  on t h e  
porotis f l a p  and m u l t i - s l o t  n o z z l e  have shown t h a t  t h e s e  n o i s e  

CONCLUDING REMARKS 

T h i s  pape r  ha s  p r e s e n t e d  d a t a  which show t h a t  s i g n i f i c a n t  
n o i s e  r e d u c t i o n  o f  LISB f l a p  s o u r c e s  can  b e  ach ieved  w i t h  f l a p  and 
n o z z l e  m o d i f i c a t i o n s ,  w i thou t  s e r i o u s  compromise of  aerodynamic 
performance.  The porous f l a p  concept  can  be used t o  lleduce n o i s e  
from any b a s e l l n e  1 , -ve l  ach i eved  th rough  pr imary  c o n f i g u r a t i o n  
v a r i a b l e s .  The porous  f l a p  and mul t i - segnent  n o z z l ? s  can  un- 
doub ted ly  be ~ p t i m i z e d  f u r t h e r  t o  improve b c t h  n o i s e  r e d u c t i o n  
and aerodynamic performance.  



APPENDIX 

SYMBOLS AND ABBREVIATIONS 

a r e a  

a s p e c t  r a t i o  

a i r c r a f t  

Bol t  Beranek and Newmzn 

f l a p  o r  wing chord 

d rag  c o e f f i c i e n t  

l i f t  c o e f f i c i e n t  

maximum l i f t  c o e f f i c i e n t  

l i f t  c o e f f i c i e n t  a t  a = 0 

t h r u s t  c o e f f i c i e n t  

suund speed of ambient medium 

speed of sound 

f l u c t u a t i n g  f l u i d  f o r c e  

frequency 

i n L  - ; r ~ s i t y  

eddy l e n g t h  s c a l e  i n  streamwise d i r e c t i o n  

e f f e c t i v e  number o f  sources  

normal and a x i a l  f o r c e ,  r e s p e c t i v e l y  

1 4 - % s l o t  nozz le  

7 - s lo t  nozz le  

s p l i t  f low p a r t i a l l y  s l o t t e d  nozzle  



Qmax 

90 

r 

T 

USB 

U 

dynamic p r e s s u r e  

maximin dynamic p r e s s u r e  

l o c a l  dynamic p r e s s u r e  

r a d i a l  d i s t a n c e  

t h r u s t  

upper  s u r f a c e  blown 

v e l o c i t y  

l o c a l  convect ion  v e l o c i t y  of  t u r b u l e n t  e d d i e s  

e x i t  v e l o c i t y  

span  

a n g l e  of  a t t t x k  

l o c a l  sh?ar  l a y e r  t h i c k n e s s  

outboard f l a p  ang le  

t u r n i n g  f l a p  ang le  

a n g l e  between flow d i r e c t i o n  and o b s e r v e r  d i r e c t i o n  I .  . 
I I .  , ," . . 
f.., 5. a c o u s t i c  wavelength 

d e n s i t y  o f  ambient medium 

a c o u s t i c  lr.;)edance of' a i r  
! 

frequency of f l u c t u a t i n g  f o r c e s  

, . 

, , .  
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I Figure 5 . -  Noise reduction concepts. 



Figure 6.- Aero  Commander USB model. 
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Figure 10,- Velocity dependence on porous flap forces. 
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EBF N O I S E  REDUCTION THROUGH N O Z Z U / F L A P  P O S I T I O N I N G *  

Y .  Kadman and K.L. Chandiramani 
Bolt Beranek and Newman Inc. 

SUMMARY 

Iie:;ults a r e  presented of an experimental m d  ,maTgtif:G study of , , A ~  ae- 
pendence of  External ly  Blown Flap (EBF) rioise on the r c l s t i v e  pcs i t i on  and 
sh.?-pe o f  engine exhaust nozzle. Tests ,  conducted en a 1 / 1 5  sca le  model of  a 
trip'e-slotted EBF system, indicate that a significant reduction (of up to 10 

I to 15 dB f o r  no forward speed case and of slp t o  5 t o  10 dS f o r  forward speed 
/ casc)  is  possible  i n  t h e  low frequency (around 63 HZ) region of  t h e  noise spec- 
/ trm of  the  f u l l  s c a l e  device f o r  small nozzle/f lap s e p a r a t i ~ l  d i s t a i ce s .  The 
1 qvera l l  acoust ic  perfo-mance, measured i n  PNdB, does not exhib i t  s ign i f i can t  

reductions. The ar,alysis of t h e  EBF noise i s  ca r r i ed  out f o r  two l imi t ing  
cases: (1 )  a turbulent  j e t  being turned by a r i g i d  corner,  and (2 )  an i so l a t ed  
a i r f o i l  i n  a f r e e  j e t .  The ana ly t i ca l  r e s u l t s  a l s g  suggest t h a t  l 3 w  frequency 
noise can be reduced by placing t h e  nozzle c lose  t o  t h e  flow-turning elements. 

INTRODUCTION f :  
The noise from m in tegra te?  propulsive l i f t  system a r i s e s  from t h e  engine 

and from t h e  exhaust flow in t e rac t ing  with lift-augmenting f laps .  Noise goals 
establ ished fo r  jet-powered STOL a i r c r a f t  incorporating t h e  propulsive l i f t  
concepts of under-the-wing ex terna l ly  blown f i c p  (EBF) , over-the-wing (OTW) 
blown f l a p  ( ~ o a n d a  f l a , r ) ,  i n t e r n a l l y  blown f l a p ,  augmentor wing, o r  modifica- 
t ions  of t he  above concepts require  t h a t  t h e  noise from t h e  exhaust flow! 
l i f t i n g  surface . interact ions be reduced subs tan t ia l ly .  Since muffling of these  
sources is  not f ea s ib l e ,  t h e  generation of noise must be minimized. This re- 
quires  an understanding of how noise is  generated by turbulent  flow i n t e r a c t i r a  . . * .# t .  
with f lap-l ike sur faces ,  and what physical parameters (such as j e t  ve loc i ty ,  
eddy s i z e ,  e t c .  ) a f f ec t  t he  noise.  Such an understanding is now s u f f i c i e n t l y  . , . . 
i n  hand t o  allow one t o  systematical ly  seek nethods f o r  modifying the  appropi-i- 
a t e  physical paraneters  i n  order t o  acconiplish a reduced source l eve l .  How- 
ever,  one must be constrained i n  t h i s  pursu i t  by the  fundamental necess i ty  of  
maintaining adequzte l i f t  augmentation of t h e  engine/flap system. 

I t  is  within these cons t ra in ts  t h a t  the present e f f o r t  was mdertaken t~ 
explore t h e  e f f e c t  r i '  one parameter - t he  nozz le / f lap  separation - on the 
acoust ic  and aerodynsn-ic performance of an EBF sysxem. 

'The above work was supported by contract  from the  NASA I e w i s  Research Center. 
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The experimental part of t h i s  e f f o r t  was ca r r i ed  on E. 1/15 s c a l e  model of  
a t r i p l + s l o t t e d  EBF system. The acoust ic  performance of t he  m ~ d e l  w a s  meas- 
ured f o r  a range of X/D from 0 t o  3. Two exhaust nozzles - one round and one 
rectangular (Aspect r a t i o  = 3.5) - were tes ted .  A l l  the  acous t ic  da t a  were 
compared a t  constant l i f t  force. 

The t e s t  r e s u l t s  show t h a t  a reduction of up t o  15 dB is possible  i n  the  
iov frequency (around 63 Hz) region of the noise spectrum of the  f u l l  s ca l e  
device f o r  small nozzleff lap separat ion dis tances.  The ove ra l l  acous t ic  per- 
formance, when measured i n  PNdB, did not exhib i t  s ign i f i can t  reductions. 

The achizved l a rge  reductions of low frequency noise a r e  considered im-  
w r t a n t  s ince  one of the  m i n  problems associated with EBF systci..: i s  t h e  high 
l e v e l s  o f  noise and v ibra t ion  ins ide  t h e  a i r c r a f t .  

The analysis  of  t h e  EBF noise problem w a s  ca r r i ed  out f o r  two l imi t ing  
cases.  The f i r s t  case is t h a t  of a turbuient  j e t  being turned by a r i g i d  
corner,  and t h e  second case i s  t h a t  of  an i s o l a t e d  a i r f o i l  i n  a f r e e  j e t .  

The r e s u l t s  o f  the analysis  f o r  both cases show t h a t  reducLion of low 
frequency noise can be achieved by placing t h e  nozzle close t o  t h e  flow- 
turning elements. 

Flap noise f o r  EBF systems i s  dominsted Sy three  m i s e  source mechanisms: 

Fluctgat ing forces  on the  whole f l a p  ( i . e . ,  l a rge  sca le  f luctua-  
t i ons  ) 

Small s ca l e  pressure f luc tua t ions  a t  t he  lsading edge of those 
f l aps  exposed t o  high ve loc i ty  

Trailing-edge noise from the  f l aps  t u b u l e n t  boundary l a y e r  and 
wake. 

Secondary niechanisms a re  thought t o  be r e f l ec t ions  of j e t  noise and 
surface-generated flow noise.  

We expect t he  la rge  sca l e  f luctuat ions t o  determine t h e  low frequency 
noise m d e r  inves t iga t ion .  

EXPERIMENTAL STUDY ! 

i l  ' 
F a c i l i t y ,  Model md Instrumentation 

The experimental phase of t h i s  e f f o r t  was car r ied  out i n  BBN's l a rge  wind 
tunnel f a c i l i t y  i n  Cambridge, Massachusetts. For these experiments, the  wind 
tunnel was f i t t e d  with a 28- by 40411. nozzle which allows open j e t  v e l o c i t i e s  
of up t o  92 m / s  (300 f t l s e c )  . A compressor, with flow capaci ty of 3 m3/min 
(6000 ft3fmin) a t  103 400 Pa (15 p s i )  overpressure,  supplied the  high pressure 
a i r  t o  the  propulsive nozzle. A muffler on the  high pressure l i n e  assured quie t  
flow t o  the  EBF model. The tunnel t e s t  chamber was i n  the anechoic mode of 
operation, A deta i led  descr ip t ion  of t h i s  high performance acoustic/aerodynamic 
t e s t  f a c i l i t y  is  given i n  reference 1. 
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The EBF model used in these tests was a triple-slotted type with 0.4-10 
(16-in.) flap span. Figure 1 is a drawing of the flap arrangement, showing both 
the takeoff (00-200-400) and landing (150-3S0-50°) flap con£ igurations . Only 
the takeoff configuration was tested in these series of experiments. 

The model is a 1/15 scale model of an inboard engine nacelle and wing 
section designed and tested previously by NASA h g l e y  Iiesearch Center. 
Ttrblz I sdmmarizes the importmt dimensions. 

I 
The size of the nozzles that simulated the engine jet was arrived at by , %  

k . 
assuming that the fuli scale engine will produce 44 480 N (10 000 lb) of thrust 
at engine jet velocity of 244 m/sec (830 ftlsec) (pressre ratio of 1.35). 

For cold flow of air, the above requirements will dictate a full scale 
nozzle area of 0.62 m2 (6.67 ft2) or a diameter of 0.89 m (35 in.). Tha model 
nozzle area will then be 0.303 m2 (4.4 id). 

, . 
Two nozzles were tested, a circular one, hwing a diameter of 0.06 m . . .  

(2.37 in.) and a rectangular one, 0.03 by 0.1 m (1.12 by 3.9 in.), having an 
aspect ratio of 3.5. The maximum thrust that these equal area nozzles can 
develop at jet speeds of 244 dsec (800 ftlsec) is 198 N (44.5 lb). , 

For the experiments, the EBF model was mounted on an extension 3f the wind 
i 

tunnel nozzle floor and the high pressure air was ducted to the propulsive noz- 
zle through an airfoil shaped duct so that interference between the main tunrel i 

jet and ducting would be kept to a minimum. The location of the EBF model with 
respect to the stationary nozzle was varied by using the X-Y table, and an 

I 
additional rotating table was used to adjust the angle of attack. 

> - 
The instrumentation used in the tests consisted of two Band K 114 in. type 

4135 microphones, one located 2.4 m (8 it) below the wing and the other at an 
angle of 2Z0 belcw the wing planform, at a distancz of 3.05 m (10 ft). This 

i 
! 

second location corresponds to a side line test point as defined in reference 2. i 

I 
Test Description . . 

Two series of tests - one static end the ~ther with forward speed - wpre 
performed. The investigatioil was confined to the range X/D = O to 3, with Y/D 
between 112 and 1. Larger values of Y/D a r e  impractical since part crf the flow 

I 
I 

misses the flaps and the lif't decreas~s drastically. I 

I The forward speed tests were performed with simulated forward velocity of 
44 mlsec (145 ftlsec) and nozzle flow velocitv of 152 m/sec (500 ft/sec) and 1 i ; 192 m/sec (630 ft/sec). All tests wcre carried out with the round nozzle and 
then repeated with the rectangular nozzle. 

j 
Criteria for EFF Perfcrmance Evaluation I 

, , 
< . 
! , .  

The basic premise tl~at underlies the present effort i r ;  that. when a purn- 
metric noise study of a propulsive lift device is condacted, the results should 
be compared at constant lift force. Although s more comprehensive evaluation , 

1 . ' -  scheme that includes power requirements and the size of the various elements 
! 
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of the system may be more useful, the constant-lift comparison is a first step 
in that direction. 

Since the lift coefficient of different systems - and even of the same sys- 
tem under different geometric conditions - vary, the lift force w i ,  correctea in 
all tests to 198 N (44.5 11) - which corresponds to the maximum possible lift 
force which can be obtained from the nozzles used at 244 m/sec (800 ft/sec). 
This value is somewhat arbitrary but it only serves as a common basis for com- 
parison of the acoustic performance. 

Tne e f f e c t s  o f  t h e  l i f t  c o r r e c t i o n s  on t h e  noise  generated by t h e  ERF model 
was computed by using s c a l i n g  laws. One has  two o p t i o ~ l s  of c a l c u l a t i n g  t h e  
e f f e c t s  o f  t h e s e  l i f t  c o r r e c t i o n s  on t h e  noise .  The f i r s t  i s  t o  a s s m e  in -  
c reased  jet  speed ( a d  a  h igher  p ressure  r a t i o )  and t h e  second is to increase 
n ' ~ z , l e  a r e a  at  a constant  j e t  sp.?el. 

The t h r u s t ,  o r  l i f t ,  and t h e  no i se  from an EB? obey apyroximately t h e  
following: 

Thrust  a (nozz le  a r e a )  ( j e t  v e l o c i t y  ) 

Noise a (nozzle  a r e a )  ( j e t  v e l o c i t y ) 6  

Doubling o f  t h e  t h r u s t ,  i f  achieved by i n c r e a s i n g  t h e  v e l o c i t y  by a f a c t o r  
o f  6 will ttcost" 9 dB in additional noise, whereas by doubling tltr nozzle 
a r e a  t h e  p r i c e  w i l l  be only  3 dB. 

It was decided t h e r e f o r e  t h a t  t h t  lift c o r r e c t i o n  w i l l  b e  done at  constant  
velocity (244 m/sec (800 ftlsec)) for all nozzlelflap configurations. 

It should be noted here  t h a t  t h e  above procedure con ta ins  t h e  i m p l i c i t  
assumption t h a t  t h e  l i f t  c o e f f i c i e n t  CL does not  change wi th  t h e  nozzle a r e a  
i-crease, but this is true only for small area changes. If the velocity is 
manipulated to increase the lift, no such assumption has to be made. 

The i n ~ a l i c a t i o n s  of t h e s e  l i f t  c o r r e c t i o n  methods on t h e  power p l a n t  o f  
t h e  a i r c r a f t  and t h e  r e l z t i v e  meri t  o f  each needs f u r t h e r  s tudy.  

Test Results 

Table I1 summarizes the predicted community noise in two locations, fly- 
over and sideline - both at a distance of 152 m (500 ft) from a 88 960-N 
(20 000-lb) thrust engine. Inspection of the table shows that when the noise 
is measured in PNdB, the acoustic performance of the EBF improves as one pro- 
gresses to larger X/D. One should note, however, that the differences between 
the lowest and highest PNdB values are small (on the order of 2 dB or less) and 
are comparable to . ile experimental spread. 

The individual pressure spectra for all of the 54 cases indicated in 
table I1 are reported in reference 3. Here, only a few selected spectra are 
displayed in figures 2 through 7. As in table I, the spectra refer to the full 
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s c a l e  s i t u a t i o n  (dis tance of 152 m (500 f t )  from a 88 960-N (20 000-lb) t h r u s t  
engine) and were obtained from the  model spec t ra  by the  following procedure: 

U~ F =F A~ s p 4 ( f F )  = sP$(fM) + 60 log -L - 20 log  ;- + log  - 
'J,M M 'k 

Here, subscr ip ts  F and M r e f e r  t o  t h e  f u l l  s ca l e  and model var iab les ,  SPL i s  
t he  sound pressure l e v e l ,  f  i s  the  frequency, U is  the  j e t  ve loc i ty .  r Is t h e  

J distance t o  t h e  observation po in t ,  A i s  t h e  nozzle a rea  and d i s  the character- 
i s t i c  nozzle dimension. 

Each of  t he  f igures  2 through 7 shows t h e  var ia t ion  i n  the  noise l e v e l  .as a 
f'unction of t h e  nozzle/f lap separat ion f o r  a constant Y/D value. A s  mentioned 
before,  t h e  f laps  were s e t  a t  takeoff  configurat ion (0~-20~-40 '  ) . Figures 2 ,  
3, and 4 r e f e r  t o  the  case of no forward speed, whereas f igures  5,  6,  and 7 r e f e r  
t o  t he  case  of  a fomard  speed of 44 m/sec (145 f t l s e c )  f o r  the  same 
configurations.  

The e f f e c t  of nozzle/f lap separat ion i s  evidenced c l e a r l y  i n  the  low Fre- 
quency region of these spec t ra  - a region which c o n t ~ i b u t e s  l i t t l e  t o  t h e  PNdB 
sca le .  The range of va r i a t i on  spans about 15  dB with no forward ve loc i ty  and 
about 10 dB with forward ve loc i ty ,  and o f f e r s  promise for  s ign i f i can t  a l lev ia-  
t i o n  of the  i n t e r i o r  no ise  and v ibra t ion  problems. 

The X/D dependence of ove ra l l  no ise  ( i n  PNdB) and of low frequency noise  i n  
oae octave band (31.5 Hz t c  63 Hz) is compared i n  f igures  8 and 9 f o r  t he  con- 
f igura t ions  selected f o r  f igures  2 through 7. Figure 8 shows the  comparison f o r  
the  case of no forward speed, and f igu re  9 shows the  comparison f o r  t he  case cf 
a forward speed of 44 m/sec (145 f t / s e c  j . A s  is evident from these f igures ,  t ke  
reduction i n  low frequency noise with lower X/D is s ign i f i can t ly  l a rge r  than the  
associated s l i g h t  increase i n  ove ra l l  noise. 

Tfie nozzle shape did not seem t o  a f f e c t  t he  noipc. Some improvement ir. t he  
low frequency region was detected but fu r the r  study i s  needed t o  cot~firm these 
trends. 

The e f f e c t  of forward -:elocity was a l s o  found t o  be about the same on both 
nozzle shapes and, i n  gener i l ,  reduced the  noise by about 2 t o  5 dh. As  re- 
ported e a r l i e r  ( r e f .  4 ) ,  forward speed e fzec t s  depend on the  f l a p  angles and, i n  
general,  do not reduce the noise by what may be expected from r e l a t i v e  ve loc i ty  
arguments. 

ANALYTICAL STUDIES 

Fredominant EBF noise generation mech. .isms a r e  dipole- l ike force fluctua- 
t i o n s  of t he  e n t i r e  f l a?  o r  f luc tua t ions  at, t he  leading edge. Additional 



sources,  espec ia l ly  i n  t.he high f'requency range occur at the  t r a i l i n g  edge o f  
- t he  f laps.  In  t h e  present e f f o r t ,  t h e  ana ly t i ca l  s tud ie s  of  t h e  EBF noise 

were ca r r i ed  out on two l imi t ing  cases: ( 1 )  sound rad ia ted  by L-.oss t u n i n g  
forces  due t o  a turbulent  j e t  being turned by a r i g i d  corner,  and (2)  sound 
rad ia ted  by f luc tua t ing  l i f t  at t he  leading edge of a t h i n  i s o l a t e ?  a i r f o i l  i n  
a f r e e  j e t .  

The EBF configuration i s  modelled as a simple smoothly f a i r ed  corner with 
a jet against  the  concave pa r t  of the  corner ( f i g .  10) .  It is  assumed t h a t  , 

i n  turnir,& the  corner,  t h e  only major change suffered by the  t o t a l  momentum 
f l u x  across t h e  j e t  cross-section i s  the  change iz Its d i rec t ion  by angle $, 
with no subs t an t i a l  change i n  i t s  magnitude o r  i n  i t s  various s t a t i s t i c s .  On 
the bas i s  of this assumption, t h e  s p e c t r a l  densi ty  % ( w )  of t he  f luc tua t ing  
force experienced by t h e  f l a p  i s  r e l a t ed  t o  the  s p e c t r a l  densi ty  %(a) of the. 
f luc tua t ing  momentuin f l u x  i n  t h e  flow d i rec t ion  by: 

These analyses a r e  described i n  d e t a i l  i n  reference 3. Here, we merely 

2 

mF(h) = $(o) { P  s i n  ( $ ) }  , 

<, " 4 :;, q - . ' i  ;:,: 

where $J is  the turn in3  angle of t h e  flow. The above r e l a t i o n  i s  l i k e l y  t o  be 
v a l i d  only f o r  l a rge  eddies ,  i . e . ,  f o r  low frequencies. 

Next, the  experimental da ta  f o r  round, subsonic j e t s  ( re fs .  5 through 
8) a r e  used t o  estimate %(w) f o r  var ious values of t h e  dimensionless parameter 
X/D, where X is the  a x i a l  loca t ion  of t he  turn ing  point  and D i s  the  nozzle 
diameter. For a given value of x/D, $(u) i s  a f m c t i o n  of t h e  flow dynamic 
head, t h e  mean ve loc i ty  p ro f i l e ;  the  spec t r a l  densi ty  of  t he  f luc tua t ing  veloc- 
i t y  i n  t he  a x i a l  d i rec t ion ;  and a t yp ica l  co r r e l a t ion  a rea  over t he  j e t  c ross  
sec tim, of t he  a x i a l  ve loc i ty  f luc tua t ions .  

: ;;- ou t l i ne  t h e  bas ic  ideas behind t h e  analyses and present the  calculated r e s u l t s .  

Sound from Fluctuat.ions i n  Gross' Turning Forces 

, . ,  
I .  

; 1. 
t 

Fina l ly ,  f o r  est imating the noise rad ia ted  t o  t h e  observation point I-, t he  
f luc tua t ing  force on the  f l a p  i s  modelled a s  a whole-body, coherent,  acoust ic  
dipole scurce, possibly . compact. Spec t ra l  densi ty  @ (r ,w) of the  rad ia ted  

. , / . . 
, ' , . ;  . 

. where k is  t h e  acoust ic  wavenumber at frequency w, ~ ( 0 )  i s  t he  d i r e c t i v i t y  . .., 
" .  f ac to r  &ual t o  css20 when 0 is  r e fe r r ed  t o  t h e  force axis  and b i s  a t yp ica l  , 

dimension (semi-chord: of  t he  source. !ri$;. Y ' - . - ~  
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Figure 11 shows the estimated noise for the following conditions: nozzle 
diameter D - 0.9 m (3 ft) ; flap X/D - 2 , 4 , 6 ;  turning angle JI = 60'; exit ve1.o~- 
ity = 213 d s e c  (700 ftfsec), observation point 152 m (500 ft) radius (f Iyover) . 

Sound frcm Fluctuat ing L i f t  a t  Leading Edge 
, . .. . % I  1 , 

An a i r f o i l  of chord 2b and i n f i n i t e  span i s  considered t o  l i e  i n  a  round :l 
' .! 

tuxoulent jet (see sketch in fig. 12). The airfoil is assumed to lie in the . I . ', 
A-y plane (i. e. , z = 0). I t s  leading edge coincides with the  x-axis and i s  a t  

I .  
l 

a dis tance X downstream of the  j e t  nozzle. I .  1 

- ,  . ; :.:: 
. 

'; A t yp i ca l  wave of f l uc tua t ing  ve loc i ty  w(x,y , t )  i q  the v e r t i c a l  z direc-  
t ion  i n  t h e  j e t  impinges on t h e  a i r f o i l  and c rea t e s  a  corresponding wave of 
f luc tua t ing  l i f t  on the  a i r f o i l ,  concentrated mainly at the  leading edge. The 
ve loc i ty  wave i s  given by: 

w(x,y,t) = wO exp { i ( k l x  + k2y - t o t ) ]  , I 5  

and the  corresponding lift L(y , t )  (of  dimension force/ length)  is  given by: 

(L(y,t) = 2npbw U T ( ~  ,k2) exp { i ( k 2 y  - w t ) }  , 
0 U 

(t;) 

where wo is the amplitude of the incident upwash wave, k~ and k2 are the wave- 
number components of the wave, p is the medjum density, U = w/kr is the mean 
velocity of the jet (dependent on the nozzlelairfoil separation X, and on the 
spanwise direction y) and T(kr,kz) is the dimensionless response function (taken 
from ref. 8). 

The experimental data of referances 5 through 8 are used again to generate 
a s t a t i s t i c a l  model of  t he  wavenumber spectrum @,(kl , k2 )  of  the up was?^ dis turb-  
ance and the  corresponding spectrum $T(k2)  of the  leading edge f luc tua t ions .  

F ina l ly ,  t h e  rad ia ted  noise i s  ca lcu la ted  on the  bas i s  of regarding the  
leading e&e l i f t  f l uc tua t ions  as s t a t i s t i c a l l y  independent d i s t r i b u t i o n  of 
point dipoles  of spanwise varying dipole s t rength .  For high fyequencies ( f o r  
which 2b/X > 1, A = acous t ic  wavelength! a  correct ion f ac to r  s imi l a r  t o  t h a t  
i n  equation 4 erlcountiilg f,or noncompact nature of l i f t  d i s t r i bu t ion  i n  t h e  
chordwise d i rec t ion  (only)  i s  introduced. 

Figure 12 shows the estimated noise for the following conditions: nozzle 
diameter D = 0.9 m (3 ft); chord 2b = 0.9 m (3 ft); X/D = 2,4,795,10; exit 
velocity = 244 m/sec (800 ftlsec); observation point 152 m (500 ft) radius 
(f lyover) . 

Discussion 

Both figures 11 and 12 indicate the same trend for low frequencies, i.e., 
l e s s  noise fo r  c lo se r  nozzle/f lap separat ions.  For higher  frequencies both t h e  
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f igures  i,..:i~?st-e t r m d s  not suggested by experimental. data.  Figure 11 suggests 
higher high frequency noise f o r  l a r g e r  x/D, contrary t o  experiments. The as- 
sumption, and elementary est imation,  of the  whole body force i s  undoubtedly not 
va l id  for  high frequencies where a typ ica l  edJy s i z e  is smaller than the  f l a p  
dimensions. Although high frequency noise is  seen t o  be l e s s  dependent on XID i 
figure 13, the  noise l eve l s  estimated a r e  higher than those indicated by data.  
Likely reasons f a r  higher estimated noise a r e :  (l! I n  the  approximate calcula- 
t ions  performed, adequate account could not be taken of r e l s t i v e l y  rapid decay, 
with high (k21 ,  of t he  l i f t  response function  IT(^^ , i C 2 ) 1  ( t h i s  aspect i s  of 
l e s s  c r i t i c a l  importance a t  lower frequencies) .  ( 2 )  ~ ( k ,  ,k,) of reference 9 
(and of r e l a t e d  work) i s  based on t4he asscmption t h a t  t he  impinging gust i s  
in f in i t , ? ly  extended i n  the  z di rec t ion .  Such an assumption may not be v a l i d  
f o r  s m ~ ~ l l  s c a l e  j e t  tu-bulence involved a t  higher frequencies.  

CONCLUSIONS 

The noise output of an EBF system i n  takeoff  configuration was shown t o  r;;:, 3 a .. , 
be s trongly dependent on the  flap/nozzle configuration only st the  ,ow fre-  1 . -: 
quency regicn on the spectl.um. The high frequei~cy ~ ~ e g i o n ,  which dominates the  
various nieasures of community noise leve ls  i s  only weakly a f fec ted  by t h e  
nozzlelf lap separat ion o r  the nozzle shape. 

1. i '. 
. / : I ; -  

I : '  I t  is  found tha t  simple ana ly t i ca l  models produce good approximations and 
trend predict ions for the so-called "whole body dipole" noise source of an EBF a 

system. This source dominates i n  the low frequency par t  of t he  spectrum and I : 

presents severe noise and v ibra t ion  problems t o  the  a i r c r a f t .  < .  

i 
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TABLE I.- EBF MODEL AND FIXL SCPLE DIMENSIONS 

Ping chord F i r s t  f l a p  Second f l a p  Third f l a p  a t  inboard chor2 n a c e l l e  chord chord 
-.- 

m i n .  m il;. m i n .  m i n .  -- 
Full s c a l e  a i r c r a f t  153 3 .8)  22.96 0.58 30.5 0.78 34.43 0.87 

Model 10 .2  .26 1 .53 .04  2.04 .05 2.30 .06 



TABLE 11.- EBF NOISE AT CONSTANT LIFT (IN PNdd) 

960-N (20 000-lb) thrust  engine a t  152 m 
(500 ft) distance; UJ = 244 m/sec (800 
f t /sec).  L i f t  corrections performed by 
changes i n  nozzle area 1 

No Forward Speed 
- 

Round Nozzle Rectangular Nozzle 

Fly over Sideline Flyover Sideline 
1 

X/D Y ID Y/D Y/D Y/D 

112 1 112 1 1/2  1 112 1 

0 100.4 99.4 96.2 96.4 100.8 96.8 95.2 96.1 

1 99.9 98.5 95.8 96.0 99.4 96.1 94.8 35.7 

2 99.14 97.6 95.3 95.6 98.0 95.5 94.4 95.4 

3 98.8 96.8 94.8 95.2 96 ': 94.8 94.0 95.1 - 
t 

With Forward Spted Urn, = 44 m/sec (145 f t / sec)  

Round Nozzle Reztangular Nozzle 

Flyover Sickline Flyover Sideline 
b - - 
K I D  Y/D Y/D Y/D Y/D 

112 1 112 1 112 1 112 1 

0 98.6 98.3 96.8 96.3 99.5 98.4 96.9 94.8 -- 
1 1 97.3 1 96.9 94.9 94.7 99.0 97.0 94.8 1 93.9- 

2 97.0 96.0 93.9 93.5 98.2 95.8 94.1 93.1 

3 96.3 95.2 93.2 92.8 97.0 95.3 93.9 92.7 



tC c 

Figure 1.- EBF model geometry. . A : -1 

ONE- THIRD OCTAVE BAND CENTER FREQUENCY (Hz ) 

Figure 2 . -  Flyover noise spectra. Round nozzle; no forward speed; 

U~ = 244 m/s (800 ft /sec)  . 
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ONE- THIRD OCTAVE BLND CENTER FREQUENCY (Hz 1 

Figure 5.- Flyover noise spectra. Round nozzle; U = 244 m/sec (800 ftlsec); 
U_ = 44 mlsec (145 f tlseej. 
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ONE - THIRD OCTAVE BAND CENTER FREQUENCY t Hz 1 Lf.$ 
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Figure 6.- Flyover noise spectra. Rectangular nozzle; UJ = 244 rn1se.r ,4', k .-, 
(800 ftlsec) ; Urn = 44 m/sec (145 ftlsec) . f:? 
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ONE- THIRD OCTAVE BAND CENTER FREQUENCY ( Hr 1 

Figure 7 . -  Sidel ine noise  spectra. Rectangular nozzle; UJ = 244 m/sec 
(800 f t l s e c ) ;  Urn = 44 m/sec (145 f t l s e c ) .  

L- 4 * OVERALL NOISE, PN(dB1 

8 8 A 1 
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LOW FREQUENCY NOISE, 
a 31.5 HZ To 6 3 H ~ .  I 
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ROUND NOIZLE, Y/D=1/2, FLYOVER MICROPHONE 

7 0  - A RECTAWGLAR NOZZLE,Y/D=lf2, FLYOVER MICROPHONE - 
8 RECTANGULAR NOZZLE, Y/D = 1 , SIDELINE MICROPHONE 

, 1 I I I 

Figure 8. - X/D dependence of overal l  and low frequency noise;  
no forward speed. 
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Figure 9.- X/D dependence of overall and low frequency noise; 
J, = 44 m/sec (145 f t/sec) . 
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Figure 10.- Externally blown flap as a smoothly faired corner. 
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Figure 11.- Estimated noise from fluctuations in gross turning forces. 
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Figure 12.- Estimated noise from fluctuati.:g lift at leading edge. 
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Figure 13.- Comparison of estimated noise m d  experimental data. 



OVERVIEW OF THE QCSEE PROGRAM 

Carl C. Ciepluch 
NASA Lewis Research Center 

INTRODUCTION 

The objective of the QCSEE (Quiet, Clean Short-Haul Experimental Engine) 
Program is to develop propulsion system technology for future powered-lift 
short-haul aircraft. As the title of the program indicates, one of the specific 
objectives of the program is to develop technology that will permit the develop- 
ment of lower noise propulsion systems. Low noise is particularly important 
for short-haul aircraft b~cause, by their very nature, these aircraft will 
operate out of small airports where the clcse surrounding community can be more 
easily disturbed. A second specific objective is tc develop technology which 
will allow the production of propulsion systems that produce very low exhaust 
emissions. Because of the prospect of strfxgent future government regulations 
in this regard, it is important to minimize the emissions of future prop~lsion 
systems. And, finally, the QCSEE Program has the objective of providing ac- 
ceptable propulsion system performance. This is a difficult task because low 
noise requirements generally result in performance penalties. However, it is a 
very important objective because of the recent interest in energy ,onservation 
and the need to provide a propulsion approach that will result in an economical- 
ly viable short-haul aircraft. 

In this paper an overview of the QCSEE Program is presented. Included in 
the overview will be a description of the technical requirements and the design 
features and characteristics of the two engines in the program. Finally, the 
progress made to date in the program will be reviewed. 

Inasmuch as this paper is an overview of the QCSEE Program, the informa- 
tion presented is limited. For further details on the acoustic design of the 
engines, the reader is referred to reference 1. Further information concerning 
other areas of the QCSEE design can be found in reference 2. 

POWERED-LIFT CONCEPTS 

In the QCSEE Program propulsion technology applicable to two powered-lift 
concepts is being investigated. The externally blown flap is one soncept being 
investigated (see fig. 1). The propulsion system for this concept is installed 
under the wing (UTW) in much the same manner as it is in many conventional air- 
craft. The second approach, commonljj referred to as the upper surface blown 
flap powered-lift soncept, is illustrated in figure 2. Here, the propulsion 
system is installed in an unconventional manner: the engines are mounted over 
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the wing (OW). These alternative approaches have their advantages and disad- ., :, 
vantages. The UTW concept, being more conventional, is simpler from both an 5 ., 

. . 
aerodynamic and mechanical installation standpoint. But the OTW powered-lift 
concept offers the advantage of lower aircraft noise: The wing surface chields .' : 

ground observers from much of the noise emanating from the aft end of the engine ' :  
and also the powered-lift generated noise. % ,., 

PROPULSION SYSTEM REQUIREMENTS 

The general technical requirements established for the QCSEE engines are 
listed in table I. As shown, the noise limits set for the engines are quite 
low. In regard to exhaust pollutants, the engines are being designed to meet 
the proposed EPA 1979 emission standards that are intended to apply to conven- 
tional types of aircraft. This is because of the absence of any specifi: pro- 
posed standards for the short-haul, powered-lift type of aircraft. The thrust 
requirements are primarily a result of the desire to provide technology in the 
88 960-N (20 000 lb) thrust class of engine and the use of the FlOl engine core 
which generally has the capability for this thrust class. 

Another challenging requirement of the QCSEE engines is the high installed 
thrust-to-weight ratios. One of the important aspects of the program is to re- 
duce the installation thrust and weight penalties. To illustrate the improve- 
ment in thrust-to-weight ratio being sought, the thrust-to-weight ratio of the 
CF-6 engine used in the DC-10 is about 3.5. And finally, we have set relatively 
short dynamic response times ior the QCSEE engines because short response time 
is required in short-haul, powered-lift propulsion systems. 

UTW PROPULSION SYSTEM 

A cross section of the UTW propulsion system, which also identifies the 
advanced technology features incorporated, is shown j.n figure 3. (For further 
detailed engine design information consult ref. 2.) As mentioned earlier, the 
F-101 engine core is used. The F-101 engine is being developed by the General 
Electric Company for use in the Air Force B-1 bomber. The engine core will em- 
ploy a modified, preflight rating test (PFRT) combustor. In order to meet the 
stringent pollution goals in the program, a double annular, dome combustor is 
being adapted to the F-101 combustor envelope. This adaptation will be evalu- 
ated in combustor rig tests. The double annular, dome combustor concept is one 
of the more successful types that are undergoing development in the NASA Clean 
Combustor Program (ref. 3). 

One significant feature of the engine is the variable pitch fan, which is 
attractive for lower pressure ratio fans because it results in a lighter weight, 
thrust reversing system than that obtained with the conventional target type of 
thrust reverser. It also offers other advantages, such as increased thrust re- 
sponse and improved engine performance and reduced noise under some operating 
conditions. A significant number of components of the engine are built of light- 
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weight composite materials. They include the fan frame, fan blades and the 
nacelle. The use of composite materials in these components i~ expected to re- 
duce their weight by some 25 to 30 percent below that of conventional metal com- 
ponents. These lightweight composite materials are important factors in obtain- 
ing the high propulsion system thrust-'0-weight ratios that are a goal of the 
QCSEE Program. 

I 
I The engine also incorporates lightweight, speed reduction gears between 1 the low pressure turbine and the fan. Because of the relatively low pressure ' ratio fan and corresponding low tip speed, the use of reduction gears reduces 

the cverall weight of the engine by significantly reducing the size and weight 
of the turbine. A unique high Mach number inlet is used to suppress fan inlet 

I noise. In addition, acoustic wall treatment, which employs a number of ad- 
vanced suppression concepts, is located in the inlet, the aft fan duct walls 
and the core nozzle. The acoustic design of the engine is described in more 
detail in reference 1. 

And finally, the engine is controlled by an engine-mounted di~ital elec- 
tronic control. This advanced control technique is ideal for the complex con- 
trol problem involved in the UTW engine. In arl, four variable engine compon- 
ents must be controlled. They include the usual fuel valve and the variable 
compressor stators as well as the variable pitch fan and the variable area ex- 
haust nozzle. 

OTW PR0P;TLSION SYSTEM 

A cross section of the OTW propulsion system is shown in figure 4. The 
siqnificant differences between it and the UTG: proyulsion system are (1) a 
fixed-pitch higher pressure ratio fan, (2) a combined core and fan flow exhaust 
nozzle, and (3) a target-type thrust reverser. The target-type thrust reverser 
is used in this engine bwause the higher fan pressure ratto results i~ a 
lighter weight system anu the OTW installation lends itself to the upward and 
forward discharge of the engine exhaust which is advantageous. The combined 
flow exhaust nozzle permits configuring for good powered lift in O W  installa- 
tions. The digital control contains an advanced feature, which is referred to 
as the "failure indication and corrective action system", that allows the control 
to function in the event that one or more of the engine sensors fail. This fea- 
ture will enhance digital control system reliability. The engine also uses the 
high Mach number inlet, reduction gears, and a composite material fen frame 
much the same as the UTW engine. 

ENGINE CHARACTERISTICS 

Table 11 shows some UTW and OW engine characteristics at takeoff. As can 
be seen, both engines have high bypass ratios. These bypass ratios are about 
twice that of current modern engines. The high bypass ratio is a consequence 
of the low fan pressure ratios. Low fan pressure ratios are necessary to re- 
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duca the combined noise of the engine acd that generated by the powered lift. 
The moderately higher fan pressure ratio of the OTW engine is a result of the F* 
noise shielding benefits of the OTW type of installation. Higher fan pressure 
ratios result in increased performance and accordingly decreased fuel conoump- ,& 
tion in s flight application. Higher overall pressure ratios can be obtained }>. :: 
by the addition of hooster stages and their incorporation would also improve t. i . .:: . . .  
performance. Doing this is not a technically difficult task; however, it is I , : . >.A! a> 

expensive and, accordingly, .it was not attempted in the QCSEE Program. . >i. , ..-.I . = 

PROGRAM SCHEDULE 

A schedule of program mflestcnes is shown in figure 5. The major part of 
the prograq Is being done by private companies under contract to the NASA Lewis 
Research Center. The prime contractor, the General Electric Co., is designing, ! .: 

1 :: 
fabricating, and testing twc QCSEE engine*. As Lsndicarad in figure 5, the de- 1 ; :-: 
sign wcrk is complete, the UTW engine assembly is nearing completion, and the 1 i :: 
assembly of the OTW engine has begun. The first of the UTW engine tests will 
begin in June. The program is about a month behittd schedule. Following test- I I \ , ... 

ing of both engined, they will be delivered to Lewis near the end of 1977. I 
NASA tests will inclsde acoustic evaltration of the engines with ving and flap 1 : - .  
sections installed to simulate the powered-lift condition, and additional eval- , 
uation of the control system and the engine altitude performance. 1,; 

A photograph of the composite fan frame prior to assembly into the engine 
is shown in figure 6. The frame is 1.98 m (78 in.) high and weighs about 
217.5 kg (480 lb) . In the photo the fan out-et guide vanes (viewing upstream! 
can be ueen along with the core flow passage towards the center of the frame, 
The frame is conatructed primarily of graphite izbers in an epoxy resin mptrix. 

APPLICATION OF ADVANCED TECHNOLOGY 

The QCSFE Program is investigating a broad rauge of advanced propulsion 
technologies, Although the main thrust of the program is directed toward 
powered-lift aircraft applications, many of the technology elementb can be ap- 
plied '0 other types of airplanes. (See table 111.) Thus the technology de- 
veloped in the program is expected to have the potential for wide application 
to future propulsion systems. 

CONCLUSIONS 

The QCSEE Program has progressed through the design phase and is well into 
the fabrication phase of the two engines in the program. In the near future 
the first engine will be tested. P. wide range of advanced propulsion system 
technologie~ are being investigated. These new technologies can be grouped 
into the areas of noise, emissions, and performance. Although the program is 
directed toward providing propulsion technology for powered-lift, short-haul 
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aircrcft, many of the technology elements in the program can be applied to oth- 
er types of aircraft. 

i 
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TABLE I. - QCSEL REQUIREMENTS 

Pollution I EPA 1979 emission levels 

- 
NOISE at 152.4-m (500-ft) sideline 

and 400 300 N (90 000 lb) thrust 

Thrust, N(1b) 

Forward - 
UTW 

om 
Reverse 

Takeoff and appr2ach - EYNdB 
Reverse thrust - PNdB 

Thrust-to-weight ratio: 

UTk' 

om 

9 5 

100 

Uninstalled Installed 

81 400 (18 300) 77 400 (17 400) 

93 4\70 (21 000) 40 300 (20 300) 

35% of forward thrust 

Dynamic response: 

Approdch to takeoff thrust, sec 

Reveree thrust, sec I 1.5 



TABLE 11. - TAKEOFF ETGINE CHARACTERISTICS 
UTW @W 1 

Bypass ratio 12.1 10.1 

Fan pressure ratio 1.27 1.34 

Fan tip speed, dsec (ft/eec) 289 (950) 354 (1162) 

Overall pressure ratio 14.3 17.3 

Thrust, N (lb) 77 400 (17 400) 90 300 (20 300) 

TAB;,E 111. - APPLICATION OF QCSEE ADVANCED TECHNOLOGY 

Technology area 

Powered-lift aerodynamics and acoustics 

High bypass ratio 

Variable pitch fan 

Reduction gears 

Noise reduction 

Emissions reduction 

'Jar., tble fan nozzle area 

Composite material frame 

Composite material blades 

Composite aaterial nacelle 

Digital electronic controls 

Type of aircraft 

Long 
haul 

1 
4 
V' 

J 
J 
4 
1 
4 

Powered-lift 
short haul 

4 
4 
4 
4 
4 
J 
4 
4 
4 
4 
4 

Conventional 
short haul 

4 
4 
J 
J 
4 
4 
4 
J 
J 
4 



Figure 1.- Conceptual UTW short-haul aircraft .  

- 

Figure 1.- Conceptual OW short-haul a i r c r a f t ,  
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Figure 5 . -  QCSEE Program schedule. 

Figure 6.- Composite materfal Znt~ frame. 
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ACOUSTIC DESIGN OF THE QCSEE PROPULSION SYSTEMS 

I r v i n  J. Loeff ler  
NASA L e w i s  Research Center 

Edward B. Smith and Harry D. Sowers 
General E lec t r i c  Company 

SUMMARY 

Acoustic design fea tures  and techniques employed i n  t he  Quiet Clean Short- 
Haul Experimental Engine (QCSEE) Program a r e  described. The r o l e  of j e t / f l a p  
noise i n  se lec t ing  the  engine fan  pressure r a t i o  f o r  powered-lift propulsion 
systems is  discussed. The QCSEE acoust ic  design f ea tu re s  include a hybrid i n l e t  
(near-sonic t h roa t  ve loc i ty  with acoust ic  treatment);  low fan  and core pressure 
r a t i o s ;  low fan t i p  speeds ; gear-driven fans  ; high- and low-f requency "stacked" 
core noise treatment; multiple-thickness treatment; bulk absorber treatment;  and 
treatment on the  s t a t o r  vanes. The QCSEE designs represent  an an t ic ipa ted  
acoust ic  technology improvement of 12 t o  16 PNdB r e l a t i v e  t c  t he  noise  l e v e l s  
of the  l o r n o i s e  engines used on current  wide-body commercial j e t  t ranspor t  a i r -  
craf  *. 

INTRODUCTION 

The overa l l  object ive of the Quiet Clean Short-Haul Experimental Engine 
(QCSEE) Program is  che development of propulsion system technology s u i t a b l e  f o r  
fu ture  powered-lift, sh7rt-haul a i r c r a f t .  One of the  program's major object ives  
is the development of te,:hnology fo r  producing very low propulsion system noise  
without excessive perform-mce penal t ies .  The program includes the  design, fab- 
r ica t ion ,  and s t a t i c  ground t e s t i ng  of two d i f f e ren t  engines f o r  ex terna l ly  
blown-flap (EBF) systems: an under-the-wing (UTW) design, and an over-the-wing 
(OW) design. (The designatiot: EBF i s  sometimes used i n  reference t o  a UTW - ,n- 
f igura t ion  and USB (upper-surface blowing) i n  reference t o  an OW conf i g u r a t ~  ,.I.) 

This paper presents  a discussinn of iicoustic design f e a t r r e s  and techniques 
employed i n  the  QCSEE program. It etophasfzes the  u n i q ~ e  probiems of designing 
l o r n o i s e  engines f o r  powered-lift propulsion systems i n  general. No attempt i~ 
made t o  present a de ta i led  ana lys is  and documentation of the  QCSEE engine acous- 
t i c  designs. Deta i l s  of the preliminary qcoustic design e f f o r t  a r e  provided i n  
references 1 and 2. Further acoust ic  desiLm and ana lys i s  r epo r t s  w i l l  follow 
completion of engine t e s t i n g  i n  1977. 

91 
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NOISE GOALS 

The very stringent noise goals of the QCSEE program present a formidable j challenge in aircraft engine design. Not only are tt:e noise goals far more 
severe than current levels, but a commercial transport paploying QCSEE engines 
must meet these goals without allowance for the additional noise associated 

-. 
L 

with a powered-lift system and with engines sufficiently powerful to allow 
takeoff and landing on a runway only 610 m (2000 ft) in length. Furthermore, 
the noise goals are to be achieved without serious penalties in engine perform- 
ance, size, weight, and cost. 

The QCSEE noise goals for both the UTW and OiW powered-lift aircraft with 
four QCSEE engines producing 400 kN (90 000 lbf) of thrust are illustrated in 
figure 1. With the engines at takeoff thrust and the aircraft at the altitude 
at which maximum noise is produced (approx 61 m (200 ft)), the 152.4-m- (500- 
ft-) sideline noise goal is 95 EPNdB. The same goal applies at approach, with 
the engines producing 65 percent of takeoff thrust. After the airplane has 

I I 
I I 

landed on the runway and the engines are producing reverse thrust equal to 35 f 
! 

percent of takeoff thrust, the noise goal is 100 PNdB. i 
I 
I 

The acoustic analysis and design effort to achieve these stringent noise 
goals includes the following elements: 

. I 
(I) Identification and assessment of nbise sources I 
(2) Minimizing source noise 

(3) Application of efficient suppression concepts 

The unrestricted pursuit of the last two elements could lead to unacceptable i 
penalties in engine aerodynamic performance, weight, size, cost, and operating 
economy. In a connnercially viable powered-lift propulsion system, each noise 
source must be reduced only to a near-optimum level relative to an established 
noise goal in order to produce a "balanced acoustic design." 

ACOUSTIC DESIGN OF EASIC ENGINE ; j  
: j  ; 

The UTW and OTW engine parameters associated with the acoustic design are . . , , 
..: i : . 

listed in table I. As discussed subsequently, a judicious trade-off between . I  a 

acoustic design and engine performance was involved in selecting some of these : / 

parameters. : I 
The major noise sources for the QCSEE engines ?re called out on the sketch I 

of the UTW powered-lift system in figure 2. The .,ugle-stage fan generates i 

tones and broadba~d noise that are radiated out through the inlet in the for- 
ward direction and also out through the fan exhaust passage to the rear. The 
broadband noise from the combustor is radiated rearward. The turbine generates 
both tones and broadband noise that are propagated through the core exhaust 
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duct.  The on1.y remaining major n o i s e  source  i s  a  combination of t h e  engine j e t  
n o i s e  and t h e  n o i s e  assoc ia ted  wi th  t h e  i n t e r a c t i o n  of t h e  j e t  and t h e  f l a p  
s u r f a c e s  dur ing t h e  production of powered l i f t ,  commonly r e f e r r e d  t o  a s  j e t /  
f l a p  n o i s e .  

I 
From p r e d i c t i o n  equat ions  and c o r r e l a t i o n s  and t h e  engine des ign parameters 

of t a b l e  I, no i se  s p e c t r a  a t  t akeof f ,  approach, and r e v e r s e  t h r u s t  as r a d i a t e d  
i n  t h e  forward and a f t  quadrants  from an a i r c r a f t  i n  f l i g h t  must be e s t a b l i s h e d  
f o r  each of t h e  major n o i s e  sources .  I n  t h e  example p l o t  of f i g u r e  3, t h e  
major source  s p e c t r a  f o r  t h e  UTW propuls ion system a f t  n o i s e  on takeoff  a r e  
presented.  P l o t s  of t h i s  type provide an  i n d i c a t i o n  of t h e  amount of sup- 
p ress ion  required t o  achieve a  balanced a c o u s t i c  des ign o r ,  i f  some suppress ion 
requirements a r e  s c e s s i v e ,  t h e  need t o  s e l e c t  ano ther  set of des ign parameters I 

t o  achieve a  better-balanced design. 

Figure  3  shows t h a t  t h e  j e t l f l a p  spcctrum is  e s s e n t i a l l y  broadband n o i s e  
t h a t  dominates t h e  ve ry  low-frequency end of t h e  spectrum. The n o i s e  from t h i s  
sour  -,, a s  shown by t h e  spectrum, f a l l s  o f f  r a p i d l y  a t  h igher  f requenc ies ,  of 
t h e  of 5 dB per  octave.  The f a n  no i se  r a d i a t e d  rearward inc ludes  t h e  
blade pass ing frequency (BPF) tone,  which l i e s  i n  t h e  1/3-octave band cen te red  
a t  3000 Hz; t h e  second harmonic of t h e  BPF tone,  which l i e s  i n  t h e  2000-Hz band; 
and t h e  f a n  broadband no i se .  Dominating t h e  s p e c t r a l  region between t h e  jet/  
f l a p  no i se  pcak and t h e  f a n  n o i s e  peak i s  t h e  broadband n o i s e  of t h e  combustor, 
wi th  a  peak a t  about 400 Hz. The combustor n o i s e  f a l l s  q f f  ve ry  r a p i d l y  below 
and above i t s  peak frequency. The broadband n o i s e  generated by t h e  low- 
pressure-fan d r i v e  t u r b i n e  a c t u a l l y  peaks a t  about 8000 Hz on t akeof f ,  but  be- 
cause  t h e  high f requencies  a r e  reduced by atmospheric a t t e n u a t i o n ,  t h e  propa- 
gated t u r b i n e  no i se  is represented by t h e  curve wi th  tile peak a t  about 5000 Hz, 
a s  shown i n  f i g u r e  3. 

Minor no i se  sources  were a l s o  considered i n  t h e  a c o u s t i c  design. These 
inc lude  compressor n o i s e  r a d i a t e d  through t h e  i n l e t ,  mechanical n o i s e  from t h e  f ; 
reduc t ion  gears ,  and n o i s e  generated by flow over a c o u s t i c a l l y  t r e a t e d  surf-.ces f 9 1 
and a i r f o i l s .  None of these  sources was s t rong  enough t o  add s i g n i f i c a n t l y  t o  

I 

t h e  c--era11 engine no i se  l e v e l .  9 I 

t 
1) 

J e t I F l a p  Voise 

Although j e t l f l a p  i n t e r a c t i o n  n o i s e  is generated e n t i r e l y  o u t s i d e  t h e  
engine, t h i s  no i se  source  is con t ro l l ed  p r i m a r i l y  by engine des ign  parameters.  
Numerous attempt.s t.ave been made t o  reduce j e t / f l a p  no i se  by modifying t h e  
wing/flap geometry, by employing porous o r  compliant f l a p  s u r f a c e s  o r  edges, 
and by r e l o c a t i n g  t h e  engine r e l a t i v e  t o  t h e  f l a p  system. Such e f f o r t s ,  t o  
d a t e ,  have produced only smal l  r educ t ions  i n  j e t l f l a p  n o i s e  without l i f t / d r a g  
o r  th rus t - tu rn ing  e f f i c i e n c y  p e n a l t i e s .  The f l a p  no i se ,  however, i s  very  sen- 
s i t i v e  t o  t h e  v e l o c i t y  of the  flow impinging upon t h e  wing l f l ap  system. Hence, 
t h e  most e f f e c t i v e  way t o  reduce t h e  j e *  ' f l a p  n o i s e  t o  any requ i red  l e v e l ,  
a f t e r  adop;ing a  p re fe r red  conf igura t ion ,  i s  t o  reduce t h e  f a n  and c o r e  j e t  
v e l o c i t i e s  by s e l e c t i n g  an engine cyc le  wi th  s u i t a b l e  f a n  and c o r e  p ressure  
r a t i o s .  



Correlations of jet/flap noise experimental results for both model and 
engine tests showedsthat the overall sound pressure level (OASPL) from this 
source varies as ~ 6 ,  where V is the effective engine exhaust velocity at the 
engine nozzle exit (ref. 3). For unmixed fan and core flows the effective 
velocity was obtained from a 116 weighting of the separate velocities. A later 
correlation and analysis (ref. 4) resulted in a ~6 relation for OTW jet/flap 
noise and a vGa7 dependency for UTW jet/flap noise. 

The sensitivity of jet/flap noise to fan pressure ratio is indicated in 
figure 4. Effective perceived noise level (EPNL) values for the QCSEE UTW and 
OTW engine cycles are plotted against fan pressure ratio. The QCSEE UTW jet/ 
flap noise design levels for takeoff and approach were set 3.5 dB below the 
prediction of reference 3 to allow for advances in UTW flap noise technology 
corresponding to 1980 engize technology. For a similar reason, the OTW design 
levels were set 2.5 dB below the reference 3 prediction. 

The OTW jet/flap noise curve is approximately 4 EPNdB lower than the UTW 
curve for a given fan pressure ratio. This is due to the high-frequency por- 
tion of the OTW jetlflap noise being shielded to some extent from an observer 
below and to the side of an aircraft by the presence of the wing. Consequently, 
for a given jetlflap noise level, the engine can have a higher fan pressure 
ratio for an OTW system than for a UTW system. This gives the OTW system a 
possible advantage in size, weight, and performance over the UTW system for a 
given noise goal. 

The levels of figure 4 are based on QCSEE engine cycles and takeoff flap 
settings. As shown, the QCSEE fan-pressure-ratio design points were set such 
that the jeclflap noise levels are about 3 EPNdB below the total system noise 
goal of 95 EPNdB. This arrangement allows the engine and jetlflap noise 
sources to make approximately equal contributions to the total system noise 
level and produces a balanced design. Allowing the jet/flap noise to go to 
levels nearer 95 EPNdB would unduly penalize the engine performance by re- 
quiring correspondingly lower engine noise levels. For example, if the jet/ 
flap noise were set at 94.5 EPNdB, a 2.5-EPNdB increase, the engine noise limit 
would be 85.5 EPNdB, a 6.5-EPNdB decrease. Clearly, jf two noise sources are 
difficult to control or suppress, a balanced design requires that neither be 
allowed to impose unrealistic levels upon the other. 

In accordance with this rationale and engine cycle analyses, the UTW fan 
pressure ratio was set at 1.27 and the OTW fan pressure ratio was set at 1.34. 

Fan Noise 

The engine design parameters that influence fan noise are labeled in the 
sketch of the UTW engine system shown in figure 5. Based on ccrrelations of 
forward-radiated fan noise with fan tip speed, the lowest UTW and OW fan tip 
speeds consistent with engine cycle requirements were selected. The selected 
QCSEE UTW fan tip speed was 290 mlsec (950 ftlsec), and the OTW value was 
315 m/sec (1150 ft/sec). These tip speeds are also low enough to prevent 
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serious inlet noise problems from multiple pure tones caused by interaction of 
shock waves from the rotor-blade leading edges. The estimated inlet noise 
levels were substantiated by UTW model fan tests. 

A low fan pressure ratio, important in achieving low jetlflap noise, is 
also important in producing low fan noise. Aft-radiated fan noise for the UTW 

l 
and OTW engines was estimated by scaling measured acoustic data from full-scale 
fans and adjusting for pressure ratio, tip speed, and weight flow. 

: 
The UTW engine rotor/stator sparing of 1.5 rotor tip chords provides for ! 

relctively weak rotor wakes interacting with the stators. An even larger spac- 
ing would increase engine length without a proportionate reduction in rotor/ 
stator interaction noise. 1 

! '  
The shorter OTW rotor tip chord would require a smaller rotor/stator spac- 

ing distance than the UTW spacing distance to provide a spacing of 1.5 rotor 
tip chords. However, to reduce program costs through connnonality of design, 
tooling, and fabrication, the OTW fan frame was designed with the same spacing 
distance and basic dimensions as the UTW fan frame. The resultant OTW rotor/ 
stator spacing of 1.93 rotor chords was accepted instead of a smaller spacing 
for economic considerations. 

Another means of minimizing rotor/stator interaction noise is to use a 
vanelblade ratio (number of stator vanes divided by number of rotor blades) 
that will cut off the blade-passing-frequency tone, the fundamental tone of the 

, 

fan. With a vane/blade ratio slightly in excess of 2, the rotor/stator inter- , 
action noise does not propagate out the inlet duct, according to the Tyler acd , 
Sofrin theory (ref. 5). However, the QCSEE t:TW vanelblade ratio was not se- 
lected for BPF tone cutoff. It was selected instead to minimize propagation of 

i 
the second harmonic of the BPF tone (2xBPF) according to the theoretical an- 
alysis of Mani (ref. 6). In figure 6 the predicted UTW fan exhaust noise spec- \ !. 

trwn is shown by two curves: one labeled "actual", and the other labeled "noy- , , 

weighted." In the actual curve, the BPF tone lies in the 113-octave band with 
a center frequency at 1000 Hz and has a value of about 86 dB, which is about 
2.5 dB higher than the second harmonic tone. However, after noy-weighting (ad- 
justing for hurlan annoyance as a function of frequency), the second harmonic 
tone level is about 5.5 dB greater than the BPF tone. Hence, it was preferable , 
to favor reduction of the second harmonic in the selection of the vane/blade 
ratio. The concept by Mani was verified in scale-model fan tests with a closely 
spaced rotor/stator (ref. 71, where the aft-radiated second harmonic tone was 
3 to 6 dB lower for near-optimum than for nonoptimum vanelblade combinations. 
The effect was measured at a rotor/stator spacing of 0.5 but not at 1.5. The 
effect may have been masked at the larger spacing by rotor inflow turbulence 
noise, which is believed to be higher in ground tests than in flight situations. 
Thus, the benefit might be realized in a flight situation, where inflow turbu- 
lence is reduced (ref. 8). , 

The OTW fan, with a vanelblade ratio of 1.18, was also not designed to 
cut off the fan fundamental tone. Suppression of the fan BPF tone was pre- 
ferred to the mechanical design and economic compromises necessary to achieve 
cutoff. The fan noise, both forward and aft, exceeds that of the UTW engine. 



The over-the-wing mounting arrangement  provide^ s h i e l d i n g  f o r  t h e  fan ,  com- 
bus to r ,  and t u r b i n e  n o i s e  i n  the  a f t  d i r e c t i o n ,  but no t  forward. Thus, t h e  
OW engine i s  forward-noise dominated and r e q u i r e s  more i n l e t  and l e s s  a f t  
a c o u s t i c  suppress ion than t h e  U'W engine. 

The var iab le -p i t ch  f a n  ( t o  permit  t h r u s t  r evers ing)  and t h e  a d j u s t a b l e  
exhaust  nozzle  of t h e  QCSEE UTW propuls ion system provide a  p o t e n t i a l  a c o u s t i c  
b e n e f i t .  By permi t t ing  a  v a r i e t y  of combinatjons of b lade  ang le ,  nozzle  a r e a ,  
and fan  speed a t  takeoff  and approach t h r u s t  requirements,  t h e s e  dev ices  pro- 
v i d e  considerable  f l e x i b i l i t y  i n  opt imizing a c o u s t i c  arid f  an performance t rade-  
o f f s ,  

Combustor and Turbive Noise 

Since both  QCSEE engines were dcslgned around an  e x i s t i n g  General  E l e c t r i c  
engine c o r e ,  core  no i se  c o n t r o l  was l i m i t e d  t o  determining combustor and :ur- 
b ine  source  c h a r a c t e r i s t i c s  and suppress ion requirements.  The c o r e  n o i s e  was 
measured and ex t rapo la ted  t o  QCSEE condi t ions .  The combustor and t u r b i n e  spec- 
t r a  a r e  presented i n  f i g u r e  3 f o r  t h e  UTW propuls ion system a t  t akeof f  a s  rad i -  
a t e d  i n  t h e  a f t  quadrant. 

Compressor Noise 

Compressor no i se  es t imates  i n d i c a t e  t h i s  source  t o  be r e l a t i v e l y  low, I n  
add i t ion ,  t h e  second- and th i rd - s tage  tones a r e  above 10 kHz and f a l l  i n t o  t h e  
low noy-weighted re-,>n and a l s o  i n t o  t h e  high atmospheric a t t e n u a t i o n  region.  
The f i r s t - s t a g e  fundamental tone is a t  8 kFlz f o r  t h e  takeoff  cond i t ion .  Again 
a c o u s t i c  suppress ion w i l l  be r e l i e d  upon t.o ccq t ro l  any compressor n o i s e  t h a t  
may 5 e  p resen t .  

Reduction Gear Noise 

Ex t rapo la t ions  of gear  no i se  d a t a  from lower horsepower gear  n o i s e  t e s t s  
revealed t h a t  gear n o i s e  l e v e l s  would no t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  
system no ise  l e v e l s .  However, us ing reduct ion gears  does o f f e r  a  s i g n i f i c a n t  
a c o u s t i c  advantage. 

The low f a n  p ressure  r a t i c  of t h e  QCSEE engines  permit ted  t h e  s e l e c t i o n  of 
a low f a n  t i p  speed f o r  low no ise .  The reduc t ion  gear provided high fan  d r i v e  
t u r b i n e  speeds,  reducing t u r b i n e  s i z e  and weight and s h i f t i n g  t h e  t u r b i n e  n o i s e  
spectrum t o  higher f requencies ,  which a r e  l e s s  annoying and more highly  a t t e n -  
uated by t h e  atmosphere. This e f f e c t  i s  i l l u s t r a t e d  i n  f i g u r e  6. 



I I Flow Noise, Splitter Noise, and Strut Noise I 
From theoretical and experimental studies, working models for predicting 

flow noise, strut noise, and splitter trailing-edge noise have been formulated. 
Since these n~iae sources are a strong function of flow velocity, the aft duct 
flow path has bcoc designed to limit thz average duct Mach number to 0.47 for 
both QCSEE engines. Thie is expected to keep these sources well below the sup- 
pressed fan exhaust noise. 

I 

i ENGINE ACOUSTIC SUPPRESSION 

I 
Two different kinds L€ suppression are emplayed in the QCSEE program: 

acoustically treated liners for the flow passagcs, atid the sonic inlet effect. 
The types of acoustic treatme2t used in the two QCSEE engines are illustrated 

1 
I 

in figure 7. 'ihe single-degree-of-freedom (SDOF) design employs the conven- 
tional honeycomb material bonded between a base plate and a perforated face- 
sheet adjacent to the flow path. A typical suppression curve for tL3; design 
is shown in the figure. This treatment is used in the fan inlets, the fan ex- 
haust passages, the fan frame, the stator vanes, the UTW nozzle cowl fiaps, and 
the fan exhaust duct splitter. i 

i 
I The stacked SDOF design is emploved in the core noise treatmerat, Sup- f 3  

pression of QCSEE cork noise presents a severe problem in acoustic treatment 
design. The core noise consists of high-frequency broadband noise from the 

i 
I fan-drive turbine ;nd low-frequency broadband noise from the combustor, as 

shown in figure 3. Because of tliz short length of the core duct, a "stacked I 1 treatment" concept was investigated and adopted for both QCSEE engines. In the 
compact stacked treatment design, high-frequency treatment consisting of small- 1 

hole perforated facesheet over hoce:rcor~b is placed along the core exhaust w~lls. 
The much thicker low-freque-ev combustor treatment is placed behind the thin 
turbine treatment. The rather large resonator cavitles are connected to the 

I 
;I 

exhaust passage by a series of tubes passing through the thin treatment. The 3 
tubes also extend inward into the resonator cavities, increasing the effective a 
cavity depth. This permits tuning at the very low frequencies (400 or 530 Hz), 
which normally require much deeper cavities than the 7.5 or 10 cm (3 or 4 in.) ! 
available in the core region. The core treatment also has to be designed to I 
withstand high exhaust temperatures of about 810 K (1000° F) and thc dssoci- 
ated differential thermal expansion during engine startup and shutdown. f 

I The suppression spectrum of the stacked SDOF core treatment is illustrated 
below the sketch in figure 7. Two beaks, one for low frequency and one for 
high frequency, are shown, e ~ d  have been verified by component hoL-flow-duct 
tests. 

Bulk absorber treatment is also illustrated in figure 7. This trcatment 
has demonstrated better suppression characteristics than SDOF treatment, based 
on engine and scale-model tests. The suppression curve is similar to that of 
the SDOF design, but the peak attenuation is higher and the bandwi.1th greater 



than for a typical SDOF design of equal treatment area. Recent progress by the 
General Electric Co. i~ resolving contamination and degradatio~, prcblems for 
bulk absorbers has resulted in the development of a Kevlp- 3ulk absorber treat- 
ment material that is considered to be flightworthy. BL akscrber treatment 
is used in one of the fan inlet designs. 

The basic UTW and OTW engine acoustic hardware includes a "boilerplate 
nacelle" that will acconnnodate nine interchangeable acoustic panels. In addi- 
tion to panels for the hard-wall configuration, treated panels for the basic 
UTW acoustic treatment are to be fabricated, A second treatment will be fabri- 
cated if engine acoustic tests indicate a need to adjust the suppression spec- 
trum of the bacic treatment, This will be done by designing and fabricating 
one to six new panels from stockpiled materials to replace corresponding panels 
in the bakic treatment. In a similar manner, an initial-test OTW treatment 
made up of UTW elements will be modified if needed to satisfy the QCSEE noise 
goals. The basic construction of these panels is the conventional perforazed 
aluminum facesheet bonded to aluminum honeycomb. An alternate inlet design 
uses specially treated Kevlar bulk absorber material instead of the honeycomb. 
A flightworthy composite nacelle that incorporates the best acoust! design and 
in which the acoustic treatment is j.~tegrated into the nacelle load-carrying 
structure will also be tested on the UTW engine. 

In figure 8, curves representing the total system ngise (unsuppressed and 
~uppressed) were added to the najor noise Eource spectral plots of fi-ure 3. 
The curve labeled "total suppressed" becomes relatively flat when no ~eighted, 
representing a balanced acoustic design that satisf-es the QCSEE UTW rakeoff 
noise goals. -4 rough indication cf suppression requirements is shown by tile 
extent to which each source must be reduced to reach a position well below the 
total suppressed curve. As shown, considerable suppression of t'2 fan exhaust 
noise is required in the regior? of 500 to 10 000 Hz, as much as 20 dB at some 
frequencies. For the combustor and turbine, on the other hand, suppression is 
required for less than two octaves, with peak requirements of the order of 5 or 
6 dB. 

The location and extent of acoustic suppression used in the UTW engine are 
shown schematically in figure 9. P? QCSEE hybrid inlet with a throat Mach 
number of 0.79 at takeoff was combined with three different thicknesses of 
acoustic wall treatment to provide 12 to 13 PNdb of suppresbion. Thus, the 
hybrid inlet provides 7 s - y  hizk suppression without the use of inlet acoustic 
splitters. Based on UTW fan model tests, at takeoff conditions the near-sonic 
inlet provides about 10 PNdB of suppressi~il and the wall treatment supplies the 
other 3 PNdB. At approach, the inlet Mach number is less than 0.6, and only 
the wall treatment is effective. Approach uuppression was measured at about 
6 PNdB. The wall troatment also provide; about 4 PNdB of suppression in rhe 
reverse-thrust mode. Hybrid inlet design for powered-lift propulsion systems 
is discussed in the paper by R. Luidens (ref. 9). 

Fan exhaust duct suppression includes multiple-thickness wall treatment on 
inner and outer walls, : 1.02-111- (40-in.-) long splitter, and treatment in the 
fan frame, on the pressure side of the stator vanes. and on the nozzle cowl 
flaps. The fan inlet and fa.1 exhaust treatments have several thicknesses and 
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a r e  tuned t o  s e v c r a l  d i f f e r e n c  peak f requenc ies  t o  more nea r ly  match ' h e  de- 
a i r e d  suppr tas ion t1pectrun. The e f f e c t i v e n e s s  of s t a t o r  vane ,:reatment has not  

. , , . :I  i y e t  been e s t a b l i s h e d .  The l o c a t i o n s  of t h e  compressor i n l e t ,  t u rb ine ,  and com- 
.. + 

bus to r  treatmer. ,~ a r e  a l s o  shown i n  f i g u r e  9 ,  
, . 

Suppression f o r  t h e  OTW engine i s  shown i n  t h e  c r o s s  s e c t i o n  of f i g u r e  10. 
Coaparing f i g u r e s  9 and 1 0  r e v e a l s  t h e  conmon~slity of  a c o u s t i c  s,rd mechanical. 
desigt .  f o r  t h e  UTW and OTW engines.  W?.th only minor exc t , . t ions ,  t h c  OTW 
i n i t i a l - t e s t  t rea tment  is  t h e  same a s  t h a t  of t h e  LTW engine. Th? i02-cm 
(40- in , )  s p l i t t e r  was shortened t o  76.2 cm (30 in . )  by t h e  removal of a  spe- 
cia1Yy designed t a i l p i e c e .  The fan  frame t rea tment  is  tuned f o r  t h e  OTh' BPF 
tone,  and the  OW uses  no fan  nozzle  t rea tment .  The enyine acortst. ' .~ t e s t  pro- 
gram was designed t o  t a k e  f u l l  advantage of che a c o u s t i c  hardware commonality 
02 the  two QCSEE engines.  

Treatment depth ,  p o r o s i t y ,  and tuning trequency f o r  the  f a n  i n ~ n t  and ex- 
haust  a c o u s t i c  t r ea tments  a r e  presented I n  t a b l e  11. 

Pred ic ted  suppress ion l e v e l s  f o r  t h e  L ! W  and OTW propuls ion y s t ~ m s  on 
t akeof f ,  approach, and reverse  t h r u s t  f o r  each no i se  source  a r e  given I n  t a b l e  
111. A t  t a k e o f f ,  which is t h e  most d i f f i c u l t  cond i t ion  wi th  r e s p e c t  ti7 t h e  

I QCSEE n o i s e  goa l ,  t h e  p red ic ted  ITW suppress ion va lues  ; r e  12 3 PNdB f u r  the  

I i n l e t ,  13.4 PNdB f o r  t h e  fan  exhaust ,  5.1 PNdB f o r  the  ~ombusrox,  and 5.8 PNdB 
I , f o r  t h e  tu rb ine .  P red ic ted  OW i n l e t  suppress ion on takeoff  i s  12.9 PNiB; t h e  
1 p r ed ic ted  f a n  exhaust  suppress ion i s  12.8 PKdB. Combustor and t u r b i n e  ::up- 
/ press ion  va lues  a r e  the  same a s  chose f o r  the  UTW system. 

PROPULSION SYSTEM NOISE LEVELS 

Current  e s t i m a t e s  of QCSEE propuls ion systeru n o i s e  l e v e l s  a r e  p l o t t e d  f n  
bar-graph form i n  f i g u r e  11. In  t h e  takeoff  modc of opera t ion  t h e  UTW j e t l f l a p  
n o l s e  l e v e l  i s  abaut 92 EPNdB, which is 3 WNdB below t h e  no i se  g o a l ,  a s  o r ig -  
i n a l l y  planned. The engine  no i se  l e v e l  is about 2 EPNdB below t h e  j e t / f l a ; >  
l e v e l  as wel l  a s  2 EPNdB below t h e  a l l o v a b l e  engine  no i se  l e v e l .  The t o t a l  
system n o i s e  is about 1.5 EPNdB below t h e  UTW takt:!off no i se  g o a l ,  and i t  may be 
p o s s i b l e  t o  remove some o t  the  engine a c o u s t i c  trci,atment and s t i l l  s a t i s f y  t h e  
no i se  goal .  This w i l l  be d e t s m i n e d  a f t e r  t h e  r e e u l t s  o i  the  i n i t i a l  sup- 
pressed engine t e s t s  a r e  obta ined.  The predicted UTW approach no i se  is  we l l  

' below t h e  QCSEE n o i s e  g o a l  and thus  presen:s no problem. The suppress ion re-  
quired a t  takeoff  provides  t h i s  margin a t  approach. 

A t  takeoff  t h e  OTW engine and jet/:lap n o i s e  l e v e l s  e r e  n e a r l y  equal ,  t ~ s  
designed; and t h e  p red ic ted  s y s t e a  l e v e l  j u e t  meets t h e  no i se  goal .  The OR1 
system approach cond i t ion  v a s  obta ined p r imar i ly  by reducing t h e  faa speed. 
The engine  n o i s e  and t h e  j e t / f l a p  no i se  a r e  both  g r e a t l y  reduced. The systr!m 
n o i s e  is more t'mn 4 EPNdB below t h e  approach l i m i t  snd p r e s e n t s  no p a r t i c u l a r  
problen.  



Current predictions i n d i c a t e  t h a t  n e i t h e r  engine is  l i k e l y  t o  meet t h e  
reverse- thrust  no i se  goa l  of 100 PNdB. The QCSEE UTK modei f a n  i n  r e v e r s e  
p i t c h  was n o i s e r  than was ind ica ted  by e a r l i e r  tests of model and f u l l - s c a l e  
reverse-pi tch fans.  Based on t h c  UTW model tests, t h e  UTW system reverse- 
t h r u s t  n o i s e  l e v e l  w i l l  be about 104 PNdB. It is  a n t i c i p a t e d  t h a t  by opera t ing  
t h e  engine a t  a more optimum b lade  nngle, t h e  reverse - th rus t  n o i s e  l e v e l  can 
be lowered. This w i l l  be determined d ~ r r i ~ g  engine tests. 

The reverse- thrust  n o i s e  c h a r a c t e r i s t i c s  of t h e  OTW nozz le  a r e  compromised 
by a v a r i e t y  of o t h e r  requirements f o r  t h i s  nozzle.  The D-shaped OTW nozzle  
must provide flow attachment on t h e  upper wing and f l a p  sur faces ;  v a r i a b l e  ex- 
haust  a r e a s  f o r  c r u i s e ,  t akeof f ,  and approach; and acceptak-e  c r u i s e  d rag  and 
must a l s o  se rve  as a q u i e t  t h r u s t  r everse r .  These c o n f l i c t i n g  des ign  requ i re -  
ments produce a complex mechanical, aerodynamic, and a c o u s t i c  des ign problem. 
The c u r r e n t  OTW design does no t  r epresen t  an  optimum a c o u s t i c  o r  aerodynamic 
design. Future  development beyond t h e  QCSEE engine tests is requ i red .  On t h e  
b a s i s  of 1 / 6 ~ h - s c a l e  t h r u s t  r e v e r s e r  model t e s t s ,  t h e  p red ic ted  t o t a l  system 
no ise  l e v e l  i s  104 PNdB. 

Although higher  than ti12 no i se  goal .  t h e  QCSEE reverse - th rus t  no i se  l e v e l s  
a r e  lower than c u r r e n t  CTOL engine reverse- thrust  l e v e l s .  Furthermore, s i n c e  
i n  reve l se - th rus t  operatior. ,  t h e  n o i s e  source  is on t h e  a i r p o r t  runway, t h e  
no i se  f o o t p r i n t  does no t  extend f a r  beyond t h e  a i r p o r t  as i t  does i n  the  c a s e  
of takeoff  and asproach no i se  f o o t p r i n t s .  Hcnce, a severe  compromise of o t h e r  
engine requirements t o  achieve low reverse- thrust  n o i s e  is probably no t  d e s i r -  
ab le .  

It is of in .  .rest. t o  compare t h e  n o i s e  l e v e l s  of a i r c r a f t  us ing  QCSEE 
engines wi th  t h e  no i se  l e v e l s  of a i r c r a f t  t t a t  use  c u r r e n t  high-bypass-ratio, 
low-noise engines.  This t a s k  is somewhat complicated by d i f f e r e n c e s  i n  t h o  
noise-goa? measurement l o c a t i o n s ,  d i f f e r e n c e s  i n  a i r c r a f t  f l i g h t  p r o f i l e s ,  and 
the  powered-lift aspq-ct of t h e  qCSEE a p p l i c a t i o n .  So QCSEE w a s  compared wi th  
o ther  engines under s t a t i c  ground t e s t  cond i t ions ,  which is a r e l a t i v e l y  
s t ra igh t fo rward  exerc i se .  The r e s u l t s  a r e  shown i n  t a b l e  I V .  Measured n o i s e  
l e v e l s  were ad jus ted  t o  t h e  same t h r u s t  l e v e l  on a 61- (200-it) s i d e l i n e  with- 
out  j e t l f l a p  noise.  The c u r r e n t  h igh BPR engines ,  a s  represented by t h e  CF6-50 
o r  CF6-6 engines wi th  bypass r a t i o s  of 4 and 6,  r e s p e c t i v e l y ,  were used a s  a 
reference.  S ide i ine  no i se  l e v e l s  of a i r c r a f t  wi th  t h e s e  engines  a r e  about 11 
EPr!dB b e t t e r  thaii t h e  FAA FAR 36 requiremnncs ( r e f .  10) .  The QCSEE OTW engine,  
with a bypass r a t i o  of 10,  r e p r e s e n t s  a 12-?NdB improvement: 6 PNdB from source  
noise  reduct ion,  and 6 PNdB from suppress ion improvement. Te QCSSZ UTW engine,  
with a bypass r a t i o  of 12,  is 16 PNdB q u i e t e r  than t h e  CF6 englnes ,  wi th  source  
no i se  reduced by 10 PNdB and suppress ion,  a s  f o r  t h e  0T.T esgffie, improved by 
6 PNdB over t h e  CF6 engines.  Thus 'he two QCSEE engine. r epresen t  an  e .~gine  
acous t i c  technology l e v e l  as mu" 12 t o  16 FNdB b e t t e r  than t h a t  of t h e  low- 
no i se  engines employed on c u r r z - -  ;',e-body j e t  t r a n s p o r t  a i r c r a f t .  However, 
some of t h e  low-noise techniques used 5y t h e  QCSEE engines  may be i n a p p r o p r i a t e  
f o r  some conventional commercial a i r c r a f t .  

Of course,  t h e  design of v i a b l e  a i r c r a f t  propuls ion systems involves  t h e  
cons idera t ion  of many more c r i t e r i a  than acous t i cs .  For example, a i r c r a f t  
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economics is very important. And, although much effort has been put jnto re- - 
ducing the performance penalty associated with the low noise levels obtained 
in the QCSEE prcpclsion sys:ems, the penalties have not been completely el* 

I inated. Because of the continuing public interest in reducing aircraft noise 
levels, the extent to which the new technology will be applicable to new air- 
craft will depend on the direction oi future noise regulations, which will be 

l 

a function of the trade-cff between public acceptance and aircraft economics, 
I 
I 

f 
I 

CONCLUSIONS 

. . 
For powered-lift propuleion systems with stringent noise goals the engine 

cycle is significantly influenced by the jet/flap noise source such that low 1 
fan pressure ratios are required. in addition, engine design parameters must 
be chosen to generate low noise levels, where possible at frequencies that are 
easily attenuated and are least annoying to an observer. I 

1 
The Quiet Clean Shcrt-Caul Experimental Engine (QCSEE) designs employ I 

hybrid inlets in which suppression is provided by a combination of sonic inlet 1 
effect and acoustic wall treatment. Core-noise, high-temperature acouscic i 
t-reatment includes both low- and high-frequency suppression in a unique I t 

"stacked treatment" design. Multiple-thickness acoustic suppression is used 
in fan inlet and exhaust passages. Acoustic treatment is provided in the fan 
frames, on the stator vanes, and on the under-the-wing (UTW) nozzle cowl flaps. , 
The QCSEE composite nacelle acoustic 'reatrnent is integrated into the nacelle 
load-carrying structure. 

Current piedictions indicate that the two QCEEE cngines will meet the 
. / ! specified noi;e goals on takeof f and approach. However, in the reverse-thrust 

mode both engines ere esthated to be about 4 PNdB over the goal. 
I 

1 .  

1 
The QCSEE designs are estimated to Fe as much as 12 to 16 PNdB bel--. the 

noise levels of the low-noise engines used on current wide-body commercial jet i 
transport aircraft. i 

! 

i 
. . 

L 
. 

i i 
I 

f i  I 



::{ 
: . , ~ 3  REFERENCES I 

1. Quiet Clean Short-Haul hperlmental Engine (QCSEE) - Preliminary Analyses t_ 
and Design Report Volume I .  NASA CR-134838, 1974. (FEDD distribution.) i 

i 

2. Quiet Clean Short-Haul Experimental Engine (QCSEE) - Preliminary Analyses ? 
and Design Report Volume 11. NASA CR-134839, 1974. (FEDD distribution.) . a ~ 

3. Clark, Bruce J.; Dorsch, Robert C.; and Reshotko. Meyer: Flap Ncise Predic- 
tion Method for a Powered Lift System. ALAA Paper 73-1028, Oct. 1974. d 

4. Dorsch, Robert C.; Cl~rk, Bruce J.; and Reshotko, Meyer: Interim Prediction \ 

Method for Externally Blown Flap Noise. NASA Ri X-71768, 1975. I 

5 .  Tyler, J. M.; and Sofrin, T. G.: Axial Flow Compressor Noise Studies. SAE , 
Trans., vol. 70, 1962, pp. 309-332. ! 

i 
6. Mani, R.: Discrete Frequency Notse Generation from an Axial Flow Fan Blade 

Row. ASME Paper 69-GE-12, J w e  1969. 

7. Stimpert, D. L.; and McFalls, R. A.: Demonstration of Short-Haul Aircraft I 

Aft Noise Reductioq Techniques on n Twenty Inch (50.8 cm) Diameter Fan. 
. . Volume I - An Early Domestic Dissemination Report. NASA CR-134849, 1975. 

8. Feiler, C. E.; and Merriman, J. E.: Effects of Forward Velocit- and Acoustic 
Treatment cn Inlet Fan Noise. AIAA Paper 74-946, Aug. 1974. 

9. Luidens, R. W.: Inlet Technology for Powered-Lift Aircraft. Powered-Lift I 
6 

Aerodynamics and Acoustics, NASA SP-406, 1976. (Paper no. 23 of this 
compilation.) 

10. Noise Standards: Aircraft Type and Airworthiness Certification. Federal 1 
4viation Regulations, pt. 36, FAA, June 1974. 1 L 

% 7 



Parameter Under-the-wing Over-the-wi~g 
engine engine 

Fan pressure ratio 1.27 1.34 
Fan tip speed, m/sec (ftlsec) 290(950) 350(1150) 
Inlet Mach number (throat) 0.79 0.79 
Number of fan blades 18 28 

, Number of stator vanes 33(32 + pylon) 33 
Engine weight flow (corrected), 405 (894) 405 (894) 

kgfsec (lbl sec) 
Blade passing frequency, Hz 920 1760 
Vanelblade ratio 1.83 1.18 
Rotorlstator spacing, rotor tip chords 1.5 1.93 
Bypass ~atio 12.1 10.2 

1 Gross thrust (SLS utinstalled) , 81.40 (18 300) 93.41 (21 000) 
kN (lbf) 

Fan exhaust velocity, mlsec (f t Isec'l 
Core exhaust velocity, mlsec (ftfsec) 

198(649) } 231(757) 
238 (784) 

Fan exhaust area, m2 (id) 
Core exhaust area, m2 (in2) 

1*615(2504) } 1.747 (2708) 
0.348 ( 5 4 9 )  

Fan diameter, cm (in.) 180.4(71) 180.4(7:) 
Fan rotating speed, rpm 3089 3778 
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TABLE I. - QCSEE DESIGN PARAMETERS 
I 

[Speed, 41 mfsec (80 knots) ; altitude, 61 m (200 it). ] 
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TABLE 11. - FAN INL'.T AND EXHAUST DUCT ACOUSTIC TREATMENT 

Section Cavity depth Porosity, For*ard Reverse 
percent thrust thrust 

cm in. 
Design frequency, Hz 

1 3.81 1.5 10 1000 1600 
2 1.90 .75 1600 2500 
3 1.27 .5 3000 3150 
4 5.38 2.0 1000 1 4000 

---- 
5 .76 . 3  ---- 
6 5.08 2.0 22 1250 --- 
7 2.54 1.0 15.5 2000 --a- 

8 1.90 . 75  15.5 2500 1 ---- 
9 2.54 1.0 15.5 1 1600 ---- 
10 1.27 . 5  11.5 2500 ---- 
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Acoustic Engine Takeoff Approach Reverse 
treatment thrust 

on- 
Noise suppression, APNdB 

Fan inlet Under the wing 12.3 6.3 4.3 
Over the wing 12.9 7.7 7.7 

Fan exhaust Under the wing 13.4 13.4 9.3 
Over the wing 12.8 12.8 12.8 

Combus tor Both 5.1 5.1 5.1 
Turbine Both 9.8 9.8 9.8 - J 
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TABLE 111. - PREDICTED COMPONENT NOISE SUPPRESSION 

FOR BOILERPLATE NACELLE 

[Sideline distance, 152.4 m (500 f t ) , ]  
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TABLE I V .  - ENGINE NOISE COMPARISON 

[61-m- (200-f t-) s i d e l i n e  maximum perceived noiae l eve l ;  
t h rus t ,  100 kN (22 500 lb f ) . ]  

C 

Engine Engine Bypass Source Suppres- Tota l  
c l a s s  designat ion r a t i o  no ise  s ion  noise  

reduction, improve- reduc t ion , ,  
APNdB men t , APNdB 

APNdB 

Current CF6-50 4 Ref. Ref. Ref. 
high . 

bypass CF 6- 6 6 Ref. Ref. Ref. 
ya t i o  

QCSEE QCSEEOTW 10 6 6 12 
fixed 
p i t ch  

QCSEE QCSEE UTW 12 10 6 16 
va r i ab l e  
p i t ch  



la5 F, 
61-M cmm 

ALTITUDE 
.9  

Figure 1.- QCSEE noise goals. Number of engines, 4; 
takeoff thrust, FN, 400 kN (90 000 lb ) .  

Figure 2 . -  Major noise sources - under-rhe-wing engine. 



I ! :  

FREQUENCY, Hz 

Figure 3.- Takeoff spectra - s i n ~ l e  under-the-wing engine. Maximum 
aft acoustic angle, 120°; sideline distance, 152.4 m (500 ft). 

EPNL. 
EPNdB 

80 POINTS 

1.1 1.2 1.3 1. 4 
FAN PRESSURE RATIO 

Figure 4.- Effect of jetlflap noise o , ~  fan-pressure-ratio selection - 
four-engine aircraf:. Altitudc, 61 m (200 ft); sideline distance, 
152.4 m (500 ft). 



r. U R G E  ROTORISTATOR SPICING, 
LOW PRESS'JRE RATIO 1 1.5 ROTOR CHORDS 
(LOW B U D E  L04DINGI 

LOW TIP SPEED. 

(LOW SECOND HARMONIC NOiSF) 

3 STATOR VANES 

,'.s:,,;!,, 
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I8 ROTOR BLADESd 

Figure 5.- Low fan source n o i s e  - under- the-wing engine, 

113 OBSPL 
dB 

F i g u r e  6 . -  F ~ ~ . ~ U C ~ I I C V  t ' f f t>c- ts  011 i ) c r c ' ~ > i ~ ~ t > ~ 1  s i c l t ' l  illc' 11c~is~' 

under- th t l -wing f a n  ; ~ n ~ l  t t ~ r b  in<. r > ~ h : l i ~ s t  s p c ~ *  t r.1. S i~ lc> 
d i s t c l n c c ,  1 5 2 . 6  m (500 f t ) ;  . ~ l t i t t l c l c > ,  ( 3 1  nl ( 2 0 0  i t ) .  



SINGLE DEGREE OF STACKED TREATMENT BULK ABSORBER 
FREEDOM ISDOF) 

FAN INLET 
FAN EXHAUST 
FAN FRAME 
STATOR VAl 5 

FAN INLET 
FAN EXHAUST - 

CORE NOZZLE 

r OfEP CAVlM FOR 

' r THIN SDOf FOR 
\ \,TURBINE NOISE 

Figure 7.- Types of acoustic treatment for QCSEE engines. 

1 13 
OBSPL, 

dB 

FREQUENCY, Hz 

Figure 8.- Takeoff spectra including total and total suppressed noise - 
single under-the-wing engine. Maximum aft acoustic angle, 120'; 
sideline distance, 152.4 m (500 ft). 



'' STACKED HIGH- 
FREQUENCY-TURBIFtE- 

; ' NOISE SUPPRESSOR 
TREATED L/D. Q 74 A I 1 

: L~~~~~ COWL 
1.W-M- (&IN. - 1  LONG SPLIllER-' FLAPS 

Figure 9.- Acoustic sxppression - under-the-wing engine. 
(Treated LID is ratio of length of treatment to 
diameter. ) 

r MULTIPLE-THICKNESS TREAThlENT r TREATED LID. 0. :A ;: ,, . ,  . 
I ' ' [STACKED HIGH-FREQUENCY- 

'\, lREAltD / : '\\, 2 TLIRBlNE-NOISE IUPPREsWR 

"- LOW-FREQUENCY , 
76.2-CM- W I N .  - )  LONG SPLIllER ,OMBUSTOR-NG'SE - SUPPRESSOR 

Figure 10.- A,austic suppression - over-the-wing engine. 
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F i g u r e  11.- QCSEE s y s t e m  n o i s e  s t a t u s .  S i d e l i r , e  2 i s t a n c e ,  
152 .4  m (500 f t ) .  



INLEThIA(XLLSf3UrrrUST SYSTEM INTgGRATION 

FUR THE 

WEE PROFULSION SYSTEMS 

John T .  Kutney 
Gene ra l  E l e c t r i c  Company 

The  QCSm V T W  and ( I F W  p r o p u l s i o n  sys t ems  p r o v i d e  advanced technology by 
t h e  i n t r o d u c t i o n  of  t i le  i n t e g r a t e d  e n g i n e / n a c e l l e  i n s t a l l a t i o n .  Th,s t e c h n o l -  
ogy is a  c r i t i c a l  i n g r e d i e n t  i n  ach i ev ing  r h e  o b j e c t i v e s  of h i g h  i n s t a l l e d  pe r -  
formance and h i g h  i r s t a l l e d  t h r u s t  t o  weight  r a t i o  f o r  t h e  ex t r eme ly  low n o i s e ,  
low f a n  p r e s s u r e  r a t i a  s h o r t  hau l  p r o p u l s i o n  s y s t e r - s .  The  key f e a t u r e s  of  t h e  
i n t e g r a t e d  p-opulsion r f -  ~s a r e  d i s c u s s e d  i n  t h i s  paper  i n c l u d i n g  t h e  h igh  
Mach number, f i x e d  geome; ? a r  s o n i c  i n l e t ,  t h e  v a r i a b l e  a r e a  n o z z l e s ,  t h r u s t  
r e v e r s i n g  sys tems and a i r c r a f t  or-esso-y I c c z t i u n .  The r o l e s  and i n t e r p l a y  of  
e a c h  element  a r e  d i s c u s s e d  and . . x n ~ a r i s o n s  made w i t h  c o n v e n t i o n a l  s t a t e - o f - t h e -  
a r t  t echnology.  

"he G ~ n e r s l  E l e c t r i c  Company is c u r r e n t l y  under  c o n t r a c t  t o  NASA t o  dev- 
e l o p ,  d e s i g n .  b u i l d  and test two e n g i n e  sys tems cample te  w i t h  i n l e t ,  d u c t i n g  
and n a c e l l e s  f o r  f u t u r e  s h o r t  hau l  powered - l i f t  a i r c r a f t  t h a t  may e n t e r  s e r v i c e  
ir. t h e  1980 ' s .  The two e n g i n e  sys tems a r e  t h e  under  t h e  willg (UTW) based on*& 
p r i n c i p l e  of t h e  e x t e r n a l l y  blcwn f l a p  (EBF) S'OL a i r c r a f t  s i m j l a r  t o  t h e  
YC15, and t h e  o v e r  t h e  wing (mW), based on  t h e  p r i n c i p l e  of  t h e  upper  s u r f a c e  
blowing (USB) STOL a i r c r a f t  s i m i i a r  t o  t h e  YC14. The Gene ra l  E l e c t r i c  t a s k  was 
t o  deve lop  t h e  complete  p ropu l s ion  sys tem,  i n t e g r a t i n g  a l l  a s p e c t s  of e n g i n e  
c y c l e ,  s t r u c t u r e ,  a c o u s t j  c s ,  and a e ~ o d p n a m i c s  i n t o  a  ba lanced  d e s i g n  t o  meet 
t h e  program o b j e c t i v e s .  To a s s i s t  i n  b h i s  t a s k ,  ll u g l a s ,  Boeing and American 
Airli..es aele s u b c o n t r a c t o r s  t o  t h e  Gene ra l  E l e c t r i c  Company w i t h  t h e  g e n e r a l  
assignment  of reviewir.g pxogrpm p l a n s ,  i n s t a l l a t  i o n  f e a t u r e s  and performance 
c h a r a c t e r i s t i c s .  I n  p a r t i c u l a r ,  Douglas w3s funded f o r  specific a s s i s t a a c e  i n  
t h e  h igh  M-ch i n l e t  d e s i g n  based on t h e i r  d a t a  b a s e  an0 Boeing provided  gu id -  
ance f o r  t h e  CTW exhaus t  system i n t e r n a l  and e x ~ e r n a l  a e r o  l i n e  d e f i n i t i o n s .  

The Gene ra l  E l e c c r i c  Company d e s i g n  approach  provided  t h e  f i r s t  a p p l i c a -  
t i o n  of t h e  i n ~ e g r a t e a  e n g i n e / n a c e l l e  p r o p u l s i o n  sys tem.  Some of t h e  key 
aerodynamic e l emen t s  of t h i s  sys tem,  t h e  i n l e t  an0 exhaus t  s y s i e m s ~  involved  
ad-. . ncen~ent  5 i n  p.*oy.:' - i e s i g n  technology no;. :ibrmally found i n  convent  i on -  
a 1  des igr rs .  Extens11 = a n a l y s i s  and component t e s t i n g  were r e q u i r e d  t o  p rov ide  
tt.e t ime ly  s o l u t i o n  f o r  t h e  b e s t  o v e r a l l  d e s i g n .  These  tests were conducted 



a t  t h e  NASA Lewis ana Langley wind tunne l  f a c i l i t i e s .  

A 4 e s c r i p t i d n  of t h e  i n t e g r a t e d  propuls ion system and t h e  role played by 
t h e  key components is presented i n  t h i s  paper a s  w e l l  a s  t h e  s i g n i f i c a n t  
r e s u l t s  from t h e  experimental  programs. 

DISCUSS ION 

The extremely low n o i s e  g o a l s  of t h e  QCSEE program present  a  major chal-  
lenge i n  t h e  aerodynamics of n a c e l l e  i n t e g r a t i o n  i n  o r d e r  t o  provide propul- 
s i o n  systems w i t h  minimum perfor,..ance p e n a l t i e s .  The magnitude 06 t h e  t a s k  . . 

is v i v i d l y  por t rayed by re fe rence  to Figure  1. T h i s  s n a l y s i s  i l l u s t r a t e s  t h e  
s e a  l e v e l  takeoff  t h r u s t  p e r  u n i t  f r o n t a l  a r e a  a s  a  f u n c t i o n  of t h e  f a n  pres-  , '! :a. 

$ .? 
s u r e  r a t i o .  The a n a l y s i s  is presented r e l a t i v e  to todays CTOL high bypass I :,;, 

8 2-2 
r a t i o  systems wi th  a  nominal f a n  p ressure  r a t i o  of 1.6.  i h e  f i g u r e  shows t k s t  I 

t - .  
t h e  QCFiEE U T W  propuls ion system w i t h  its f a n  p ressure  r a t i o  of 1-21 has a  4 -:I 
decrease  i n  t h r u s t  pe r  u n i t  f r o n t a l  a rea  r e l a t i v e  t o  t h e  re fe rence  CTOL system 1 . .4 

of 85% and t h e  QCSEE mW w i t h  its f a n  p ressure  r a t i o  of 1.35 is i n  t h e  o rder  . .) 
of 65%. T h i s  pe rspec t ive  p o r t r a y s  t h e  s i g n i f i c a n t  need t o  achieve t h e  lowest i 2 . 1  

i n s t a l l e d  diameter  and l eng th  p r a c t i c a l  w i t h  t h e  system req-trements.  

INLEX SELECTION 

The i n l e t  i s  t h e  s i n g l e  l a r g e s t  component of t h e  n a c e l l e  i n s t a l l a t i o n  and 
hes p a r t i c u l a r  s i g n i f i c a n c e  because it genera l ly  d e f i n e s  t h e  n a c e l l e  maxi~um 
d;ameter . 

The CCSEE V T W  and mI propuls ion systems emplc; a  h igh  (0.79) t h r o a t  Mach 
number f i x e d  geometry i n l e t  system. Figure  2 i l l u s t r a t e s  t h e  comparison of the 
QCSFS high Mach i n l e t  and n a c e l l e  and convent ional  des ign  low Mach i n l e t  of 
0.6 The low Mach i l l l e t  r e s u l t s  i n  a n a c e l l e  d iameter  9%. l a r g e r  and a  n a c e l l e  
cowl 1% longer .  The low Mach i n l e t  which is r e p r e s e n t a t i v e  of convent ional  
s ta te-of- the-ar t  of des ign  technology does indeed d e f i n e  t h e  maximum n h c e l l e  
diameter and plays  a  l a r g e  r o l e  i n  d e f i n i n g  t h e  o v e r a l l  n a c e l l e  ength.  

4 .  
, 4 
1 , .-. 

The qCSEE k . 7 9  t h r o a t  i n l e t ,  however, w i t h  its reduced t h r o a t  a rea  d - e s  
. , 

not s e t  t h e  maximum n a c e l l e  d iameter  s i n c e  t h e  i n l e t  i n t e r n a l  and e x t e r n a l  I . - ;  - 4 

geometry diameter  des ign r e s u l t s  i n  a  d iameter  l e s s  than t h a t  f o r  t h e  i n t e g r a -  
t e d  n a c e l l e  s t r d c t u r e .  

For t h e  QCSEE propuls ion system, t h e  i n l e t  must a l s o  provide by its design 
8 l a r c e  measure of f r o n t  end no i se  suppress ion t o  meet t h e  low no ise  goa l s  and 
a l s o  achieve a mu<:: h igher  angle  of a t t a c k  f o r  a i r c r a f t  opera t ion .  The 0.79 

1 :  I. ! 

t h r o a t  Mach number i n l e t  wi th  i t s  near  son ic  flow c h a r a c t e r i s t i c s  is a b l e  t o  
achieve Cts s i q n i f i c a n t  f r o n t  end noise  suppress ion i n  an i n l e t  l e n g t h  t o  
diameter r a t i o  of 1.0 compared t o  a  2% i n c r e a s e  f o r  t h e  low Mach i n l e t .  



-- ' :I -.. 
:,-I 7; 

Numerous aaro/acoustic tests have demonstrated t h e  s ign i f i can t  f r o n t  end -:. .%-;. . -. 
.! ;a@. 

noise  suppression of near sonic  i n l e t s .  The QCSEE propulsion systems a r e  t h e  :.<'A $.-s 
--; :%, 

f i r s t  t o  use t h i s  c h a r a c t e r i s t i c  i n  a p r a c t i c a l  propulsion design which meets 8 ! A .  
' ".',4 
. .. . 

a l l  t be  QCSRE program object ives .  . * ! -,.. +:$, ?,.~ , -; .4. 
. ..?'" 

The QCSBE i n l e t  was designed f o r  a t h roa t  Mach number of 0.79 because t h i s  
: - ..>I 
: .. 

was t h e  highest Uach number p r ~ c t i c a l  considering j;ri:t engine matchiax require- : &] - - 
r en t s .  Typical subsonic i n l e ,  performance c h a r a c t a r i s t i c s  follow the  recovery/ 
Mach number r e l a t i onsh ip  e8:awn on Figure 3. These da t a  obtained a t  s t a t i c  con- 
d i t i o n s  show a p r e c i p i t ~ ~ .  f a l l  off i n  d,covery a t  a Mach number of 0.82. The 
Mach number of 0.79 was se lec ted  by considerat ion of tolerances required f o r  
engine a i r f l ~ w  var ia t ion ,  .ransient engine operat ional  requirements, t h roa t  
corrected flow va r i a t i ons  due t o  a i r c r a f t  operat ional  e f f e c t s  and i n l e t  manu- 
fac tur ing  to le rances ,  aad then backing off  from t h e  l i m i t  value of 0.82. 

In addi t ion  t o  t he  required i n t eg ra t i on  f o r  no ise  and minimum diameter, 
t h e  QCSEE i n l e t  had another most s t r i ngen t  requirement. 

The WEE i n l e t  system needed t o  operate  a t  unusually high angles  of 
a t t ack  because of an t ic ipa ted  STOL a i rp lane  c h a r a c t e r i s t i c s  and crosswind 
ccndi t ions.  Tne angle of a t t ack  condi t ion defined by the  YASA requirement 
was s a t i s f ac to ry  engine operation t o  50 degrees angle of a t t ack  aC 80 knots 
fornard veloci ty .  Th i s  compares t o  t h e  more normal maximum angles of atLack 
of conventional CTOL a i r c r a f t  of 20 t o  22 degrees. The NASA defined crosswind 
requirement was f o r  s a t i s f ac to ry  engine operat ion with 35 knots crosswind a t  
90 degrees. Th i s  is cons is ten t  with conventional CTOL type operation. 

The se lec ted  QCSEE i n l e t  geometry a s  demonstrated i n  a s c a l e  sode l  v e r i f i -  
/ ca t ion  test program d id  achieve t h e  des i red  i n l e t  recovery versus Mach number ' cha rac t e r i s t i c s .  The de t a i l ed  l i p  geometry and d i f f u s e r  shape t o  achiave t h e  i non-sepazated flow with i ts at tendant  low d i s t o r t i o n  c h a r a c t e r i s t i c s  a t  t he  

high angles of a t t a c k  required by QCSEE received much a t t e n t i o n  i n  t h e  s c a l e  
I model program. The test da ta  show t h a t  t h e  se lec ted  QCSEE i n l e t  does not have 
I s e p a r a t i o ~  and r e su l t an t  high d i s t o r t i o n  u n t i l  approximately 63 degrees,  w e l l  

beyond the  COO requirement. This  assures  t h e  engine la i r f  rame compatiblli1.y. 
I 

The a b i l i t y  of the  QCSEE t f i W  engine/propulsion system t o  achieve the  I '  1 
r e l a t i ve ly  high takeoff t h roa t  Mach number f o r  a f ixed  geometrq i n l e t  is a 4 
s ign i f i can t  advancement i n  aero/acoustic in tegra t ion  as  evidenced hy the  f l i g h t  ' 1  -i 
placard a i r f low c h a r a c t e r i s t i c s  shown on Figure 4. This  a n ~ l y s i s  portrays the 

! 1 , ' , I  

! . I  

r e su l t an t  t h roa t  Mach number of conventional CXOL systzms anu t he  QCSEE W W  i :  i 
! I .  

system a t  t he  takeof f ,  maximum climb, c ru i se  and approach condi t ions.  The . ,  , i ! , . ,  'I 
- : I  

conventional a i r c r a f t  propulsion system is shown t o  have its highest t h roa t  ! !  a 

Mach number a t  maximum climb conditions and, due t o  i ts f ixed  geometry f an  and 1 .  -.! 
I i  i non-variable nozzle,  t h e  Mach number a t  takeoff and approach f a l l s  t o  0.57 and 

.40, respsc t ive ly .  As a r e s u l t ,  t he  CTOL system has no inherent  acce le ra t ing  
flow noise  suppression benef i t  a t  t he  c r i t i c a l  takeoff and approach condi t ions.  1 I 1 
The present QCSEE desi*n est imate  f o r  t h e  inlet /nozzle/cycle  match r e s u l t s  i n  1 I 
t r .  r e l a t i ve ly  ILigh . I r A 3 t  t h roa t  Mach number of 0.71 a t  approach condi t ions a l s o  
producing some noise  suppression. This  i s  made possible  by the  unique aero- 
thermodynamic V F W  angine cycle  operat ing c h a r a c t e r i s t i c s  with t he  WW var iab le  

I p i t ch  f a n  and var iab le  exhaust fan  nozzle. 



CONFIGURATION DESCRIPTION 

The WTW propuls ion system is shown on F igure  5 a s  it would be i n s t a l l e d  
on a t y p i c a l  BEF a i r c r a f t  wing arrangement. The o v e r a l l  n a c e l l e  geometry is 
shown t o  be compatible wi th  t h e  a i r c r a f t  pylon, wing and n a c e l l e  l o c a t i o n  
requirements.  The major n a c e l l e  components c o n s i s t  of t h e  high Mach i n l e t ,  
upper pylon mounted a c c e s s o r i e s ,  f a n  d u c t ,  t h e  mul t i - funct ion f l a r e  nozz le ,  
c o r e  cowl and plug. A l l  n a c e l l e  components a r e  axisymmetric and have a c o u s t i c  
t rea tment  a s  an i n t e g r a l  p a r t  of t h e  s t r u c t u r a l  wa l l s .  The i n l e t  is no t  troop- > 1. ; :s  
ed a s  is t h e  case  on most CTOL a i r c r a f t  because t h e  i n l e t  l o c a t i o n  is f a r  I;,.: i . , .:; 
enough forward of t h e  wing t o  be ou t  of t h e  upwash f low f i e l d .  The n a c e l l e  \ .  
maximum diameter  is 200 c m  (78.7 i n )  wi th  an o v e r a l l  l s n g t h  of 536 c m  (211 i n ) .  i-. -4 

, - * - *  
A t t e n t i o n  is d i r e c t e d  t o  t h e  accessory pylon loca t ion .  T h i s  upper pylon l o c a t i o n  i . ..$ 

I .  : - 
does n o t  produce any unusual maintenance problems f o r  t h e  high wing a i r c r a f t  1 .. ! .- 

but dons provide a reduced p ro jec ted  f r o n t a l  a r e a  by allowing t h e  a c c e s s o r i e s  I I . . "  
I ; :..i 

t o  f i t  wi th in  t h e  s i l h o u e t t e  of t h e  pylon. The upper accessory l o c h t i o n  shor tens  : . . --.: 
conf igura t ion  hardware ( tubes ,  d u c t s ,  c a b l e s ,  wi res ,  e t c . )  s i n c e  t h e r e  is a 

. i .  

minimum d i s t a n c e  from t h e  engine t o  t h e  engine accessor ies  and then  on t o  t h e  . . 
4 

a i r c r a f t  in te rconnec t  po in t s .  The upper accessory l o c a t i o n  e l i u ~ i ~ s t e s  t h e  
t . . I  

c h a r a c t e r i s t i c  lower bulge which r e s u l t s  i n  l o c a l  s u p e r v e l c ~ c i t i e s  and I 
a t t endan t  lower s t a t i c  p ressures  and hence downward f o r c e  nnd l o s s  of a i r c r a f t  
l i f t .  I n  a d d i t i o n ,  t h e  accessory s idswise  bulge i n  t h e  pylon is l o c a t e d  i n  f r o n t  i 

of t h e  wing f o r  a favorab le  impact on o v e r a l l  a i r c r a f t  a rea  r u l i n g .  The upper 
pylon accessory l o c a t i o n  e l i m i n a t e s  t h e  need f o r  f a n  cas ing  hardwnre on t h e  
t y p i c a l  bottom mounted acc  s sory  arrangement and permits  i n t e g r s t i o n  of t h e  f a n  
cowl i n t o  t h e  engine s t r u c t u r e .  T h i s  permits  t h i n n e r  n a c e l l e  w a i l s  - approxi-  
mately 10 ;a (4 i n )  a l l  around compared t o  25 cm (10 ill) on t h e  t o p  and s i d e s  
of t h e  CF6 and 50 cm (20 i n )  on t h e  bottom of t h e  CF6/DC10 nace l l e .  

The conventional bottom - mounted accessory arrangement is  shown i n  Figure  
6. The n a c e l l e  s t r u c t c r e  is no longer  symmetricsll and a p o t e n t i a l  drag 
producing f a i r i n g  i s  required t o  coqer t h e  accessor ies .  I n  o r d e r  t o  mainta in  low 
b o a t t a i l  ang les ,  t h e  f a i r i n g  must be extended a f t  of t h e  normal n a c e l l e  e x i t  
wi th  p o t e n t i a l  negat ive  impact on i n t e r n a l  f low c h a r a c t e r i s t i c s .  

WHAUST SYSTEM 

The requirement f o r  low f a n  p ressure  r a t i o  t o  achieve low no ise  i n t r o -  
duces another  i n s t a l l a t i o n  des ign complexitjr i n  t h e  exhaust  system. These low 
pressure  r a t i o  systems r e q u i r e  v a r i a b l e  a r e a  exhaust  nozzles wi th  t h e  c r u i s e  
a r e a  being reduced r e l a t i v e  t o  takeoff  a r e a  i n  o rder  t o  maintain f a n  e f f i c i e n c y  
and i n c r e a s e  a l t i t u d e  c r u i s e  t h r u s t .  The QCSEE V T W  engine c y c l e  r e q u i r e s  an 
a r e a  i n c r e a s e  of 31% while t h e  (TrW needs 21% a s  shown on F igure  7. Convention- 
a l  CTOL systems being i n  t h e  h igher  f a n  p ressure  r a t i o  range of 1 .5  and over  do 
not employ v a r i a b l e  a r e a  nozzles .  

The QCSEE VTJ propuls ion system employs a 4 f l a p  arrangement a s  shown on 
Figure  8. The 4 f l a p s  a r e  arranged t o  provide t h e  31% a r e a  changr .eclcired f o r  
takeoff  t o  c r u i s e  opera t ions  while maintaining acceptable  low b ~ d t t a i l  angles  
f o r  c r u i s e  cond i t ions .  I n  a d d i t i o n ,  t h e s e  f l a p s  a r e  ac tua teu  outward t o  pro- 



v i d e  t h e  f low i n l e t  f o r  r e v e r s e  mode opera t ion  f o r  t h e  v a r i a b l e  p i t c h  U T W  f a n .  
- Test4.ng a t  NASA L?wis dur ing wind on cond i t ions  has demonstrated recovery l e v e l s  

,--- 

- during reverse  tests of 95% a t  simulated a i r c r a f t  landing cond i t ions  and law 
pressure  d i s t o r t i o n  l e v e l s  of 7% a t  t h e  f a n  f a c e .  T h i s  W W  mult i - funct ian 
exhaust  system was designed t o  f i t  wi th in  t h e  o v e r a l l  n a c e l l e  envelope def ined 
f o r  t h e  i n t e g r a t e d  propuls ion system. 

The QCSEE OTW exhaust  system had t h e  a d d i t i o n a l  requiretuents of e f f i c i e n t  
f low tu rn ing  f o r  t h e  over  t h e  wing n a c e l l e  asniiazement ( t h e  t a r g e t  was 600 of 
t u r n i n g  f o r  approach c o n d i t i o n s ) ,  e x i t  a r e a  v a r i a b i l i t y  of 21% and a t h r u s t  
r e v e r s e r  producing 35% r e v e r s e  t h r u s t .  

Since t h e  QCSEE mW e f f o r t  involved t h e  development of a  ground t e a t  
engine only ,  and t h e  n a c e l l e  i n t e g r a t i o n  wi th  t h e  wing would need t o  be very 
in t imate ly  t a i l o r e d  t o  t h e  f u s e l a g e  and wing flow f i e l d ,  t h e  des ign  thought 
process spec i f  i c a l l y  excluded any d e t a i l e d  e x t e r n a l  and i n t e r n a l  aerodynamic 
i t e r a t i o n s  and LO plans  were put i n t o  p lace  f o r  t r adeof f  s t u d i e ~  o r  wind 
tunne l  c r u i s e  d rag  i n v e s t i g a t i o n s .  Overa l l  genera l  guidance on t h e  nozzle  
geometry was received from t h e  b e i n g  Company. 

The QCSEE U T W  exhaust  system was developed w i t h  t h e  a s s i s t s a c e  of t h e  
NASA Langley Dynamic S t a b i l i t y  Branch. The a f t  views on Figure  3 show t h e  
means of achieving t h e  required 21% a r e a  v a r i a t i o n .  Two s i d e  d e w s  a r e  opened 
up f o r  takeoff  mode and t h e  doors c losed f o r  t h e  c r u i s e  mode t o  provide con t in -  
uous flow s u r f a c e s .  The s i d e  doors provide t h e  required 21% apes change and 
i n  a d d i t i o n ,  enhance t h e  s idewise  f low spreading c h a r a c t e r i s t i c s  t o  achieve t h e  
d e s i r e d  jet tu rn ing  f o r  USB Propuls ive  L.ift Systems. The d e t a i l e d  i n t e r n a l  
and e x t e r n a l  contours  of t h e  nozzle a r e  c a l l e d  out  on Figurc  10. The combina- 
t i o n  of t h e  n a c e l l e  l i n e s  produces a  very s i g n i f i c a n t  impingement angle  of t h e  
f low on t h e  wing s u r f a c e  r e s u l t i n g  i n  59 degrees of jet t u r n i n g  and e f f i c i e n c y  
of 87%. 

The manner i n  which t h e  nozzle i n t e g r a t e s  w i t h  t h e  o v e r a l l  (ITW n a c e l l e  
and t h e  t a r g e t  type t h r u s t  r e v e r s e r  is shown on Figure  11. The r e v e r s e r  geometry 
was a l s o  developed a t  NASA Langley. The reverse  t h r u s t  a b j e c t i v e  of 35% was 
achieved. The combination of t h e  n a c e l l e  duct  aren and r e v e r s e r  l o c a t i o n  does 
r e s t r i c t  t h e  reverse  a i r f l o w  t o  about 85% of t h e  forward mode l e v e l .  However, 
under t b - 3 e  condi t in t ls ,  t h e  QCSEE mW engine has adequate s t a l l  margin f o r  
s a t i s f a c t o r y  engine opera t ion  i n  t h e  reverse  mode f o r  ground t e s t  purposes. 

CONCLUDING REMARKS 

The QCSEE i n t e g r a t e d  propulsion s y s t a x  des ign  provides technology advance- 
ments i n  t h e  a r e a s  of t h e  high Mach f i x e d  i n l e t ,  ' n t egra ted  low drag n a c e l l e  
wi th  unique upper pylon accossor ies ,  and v a r i a b l e  a rea  nozzle arrangements. 
These components have been i n t e g r a t e d  t o  f u l l y  meet t h e  o b j e c t i v e s  of t h e  
QCSEE s h o r t  haul t r a n s p o r t  requirements. The i n l e t ,  c y c l e  and exhaust  system, 
nozzle and reverse r  f o r  both t h e  WW and (ITW a r e  matched e f f i c i e n t l y  t o  provide 
a balanced ae ro /acous t i c  des ign.  
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Figure 5.- QCSEE UTW baseline propulsion system, 
upper pylon accessories. 

Figure 6.- QCSEE UTW study propulsion system, 
bottom mounted accessories. 
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Figure 7.- Effect of fan pressure ratio on nozzle area 
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Figme 8.- E~haust nozzle for QCSEE UTW. 
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INLET TECHNOLOGY FOR POWERED-LIFT AIRCRAFT 

Roger W. Luidens 
NASA Lewis Research Center 

SUMMARY 

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

, . I - 4  :1 . 
..! 

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  



, . . .. . 
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. . - 
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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 ,  

I ; 



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 
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Figure 1.- QCSEE inlet requirements. 
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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 9 . -  Inlet noise  suppression concepts. 
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Figure I.@.-. Inlet acoust ic  performance. CR = 1 . 3 4 ;  lapf = 0.83; 
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REVERSE-THRUST TECHNOLOGY FOR VARIABLE-PITCH 

FAN PROPULSION SYSTEMS 

David A. Sagerser, John W. Schaefer, and Donald A. Dietrich 
NASA Lewis Research Center 

During the past several years, a number of tests have been conducted to 
develop the technology necessary to meet the unique reverse-thrust performance 
requirements of a variable-pitch fan propulsion system. Areas that have been 
investigated include the losses and distortion associated with the air entering 
the fan and core compressor from the rear of the engine, the direction of fan 
blade pitch rotation for best reverse-thrust aeroacoustic performance, and 
engine response and operating characteristics during forward- to reverse-thrust 
transients. The test results of several scale fan models as well as a full- 
size variable-pitch fan engine are summarized. More specifically, these tests 
have shown the following: A flared exhaust nozzle makes a good reverse-thrust 
inlet, acceptable core inlet duct recovery and distortion levels in reverse 
flow were demonstrated, adequate thrust levels were achieved, forward- to ra- 
verse-thrust response time achieved was better than the goal, thrust and noise 
levels strongly favor reverse through feather pitch, and finally, flight-type 
inlets make the establishment of reverse flow more difficult. 

INTRODUCTION 

The short field lengths envisioned for short-haul aircraft operation have 
made reverse-thrust performance a critical part of the propulsion system's de- 
sign requirements. The conventional approach to providing reverse thrust in 
turbofan engines is to use target or cascade thrust reversers to redirect the 
engine exhaust flow in a forward direction. Considerabie study in recent years 
has been directed toward an alternate approach to reverse thrust - the variable- 
pitch fiin. 

Noise requirements for short-haul aircraft dictate that a low pressure 
ratio, high bypass ratio fan be used especially for an under-the-wing engine 
installation. For such requirements, engines designed with variable-pitch fans 
for reverse thrust have been shown (refs. 1 and 2) to be superior to those with 
fixed pitch fans and conventional reversers. The primary advantage is lower 
propulsion system weight. An added benefit is faster response times in forward 
thrust which are important for approach waveoff maneuvers. The faster forward 
thrust response times are a result of a variable-pitch fan's ability to provide 
approach thrust at high fan speeds (ref. 1). Because of these advanzages, a 
variable-pitch fan was incorporated in the under-the-wing engine of NASA'S 
Quiet Clean Short-Haul Experimental Engine (QCSEE) Program. 
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PAGE~~NTENTIoNALLY BLANK 



. .' ' - . ,  

Obtaining reverse  t h r u s t  with a va r i ab l e -p i t ch  fan engine involves a new 
mode of engine operation. I n  norm11 forward-thrust operat ion engine a i r  e n t e r s  
the  inl+: . t ,  passes through t h e  engi te ,  and is exhausted out  t he  r e a r  a s  shown i n  
the. uy.p.r half  of f i g u r e  1. I n  reverse  t h r u s t  t he  fan  blade p i t c h  is  changed 
s o  tk. . t t  the  fan  a f r  flows i n  t h e  o p ~ o s i  t e  d i r ec t i on .  A i r  must be drawn from 
thc  r  ?.IC of t he  engine; t h e  air  is ro,quireJ t o  t u r n  180° from its o r i g i n a l  direc-  . --;a 
t'ion, .s shown i n  t he  lower half  of f i gu re  1. Pa r t  of ch i s  a i r  must t u rn  i ' .  :,? 

, . ., 
near11 180° again t o  supply t he  engino core. The r e s t  of t he  a i r  passes 1 .  , . .?  

q? -3 I t.hrougil the fan and is  exhausted out  t he  i n l e t .  Requiring the  a i r  t o  follow I . . . . 
:hi s d i  f f i c u l t  path and operat ing the  m g i n e  during t h e  forward t o  reverse  I ..s;z$ . * .  

t h rus t  t r a n s i t i o n  r a i s e s  a number of design questions: i , -..: 

(1') What nozzle shape is required ?o minimize t h e  pressure l o s se s  and d is -  
2 .  t o r t i o ~  i n  reverse  t h rus t ?  I 
! - * I s . )  W i l l  p ressure  recovery and d i s t o r t i o n  l e v e l s  i n t o  t h e  core  compressor 

. .< 4 
be sat:% s f  ac  tory? . . : . - 1  

(:') In  which d i r e c t i o n  should t he  far\ blade p i t c h  be changed f o r  adequate 
rl :verse - t h rus t  l eve ls?  

(41 Csn t h e  forward t o  reverse-thrust t r a n s i t i o n  be accomplished i n  t he  , , .  , - .. 
requi re  i time without engine opera t iona l  problems? 

(5) What e f f e c t  w i l l  a f l tght- type i n l e t  have on reverse- thrus t  operation? -. ! ' .', 
+ $3 . - 
: <.*.! 
: %* . -*s & 

.:j i ,  
: ;$"- A n,mber of tests have been conducted ovzr t h e  pas t  s eve ra l  years  t o  ; .- i b'. s 

2 .:- .I a n a  e r  these  questions.  The r e s u l t s  nf some of these  i nves t i ga t ions  a r e  dis- -;. 
l i: 

., .. cussed i n  t h i s  r epo r t  t o  provide an overview of reverse- thrus t  technology f o r  
L 

- i: 
vbri  3b:l.e- p i t ch  fan propulsion systems. To add perspect ive t o  t h e  test r e s u l t s ,  
t he  reverse- thrust  requirements a r e  discussed f i r s t .  i 

i ' ' i  

REVERSE-THRUST REQUIRkZAENTS 

Reverse-thrust regula t ions  f o r  short-haul a i r c r a f t  have not been estab- 
1-ished. However, based on a number of a i r c r a f t  systems s tud i e s ,  reverse-chrust  
objectiuzis have been defined f o r  QCSEE. They a r e  compared t o  t y p i c a l  reverse  
t h r u s t  c ; . laracter is t ics  f o r  conventional ensines  i n  t ab l e  I. The reverse- thrus t  
l eve l  £0,-r OCSEE, 35 percent of takeoff t h r u s t ,  is required f o r  landing on i cy  
rlmways or  i n  the  ~\ve.lt of brake f a i l u r e  (as  describ2d i n  r e f .  3). Although 
the  QCSEE c b j e c t i v t  . 'al ls  on t he  low s i d e  of t h e  range f o r  conventional a!.r- 
c r a f t ,  t he  resu ' r tng a i r c r a f t  dece le ra t ion  i s  comparable t o  conventional a i r -  
c r a f t  t~ecausc. *!CSEE is designed f o r  an a i r c r a f t  with a high thrust-weight r a t i o .  

The 'orward- t o  reverse-response time objec t ive ,  o r  t i m e  t o  reverse ,  f o r  
QCSEE !s considerably more s t r i ngen t  than f o r  conventional a i r c r a f t  because of 
t h e  RhOrt f i e l d  operation. However, the  time t o  reverse  f o r  conventional a i r -  
C ~ E '  is longer mostly because of t he  time required t o  increase  t he  engiaz 
r. .leed from a near f'.ight i d l e  condi t ion a t  t he  i n i t i a t i o n  of reverse  t h rus t  t o  
t he  design revercc- thrus t  condition. Thus, some reverse t h rus t  J s  being qener- 
a ted durinfi m o ~  t of t h a t  time. 

Opelacing an engine i n  reverse  t h rus t  a t  low forward v e l o c i t i e s  can r e e u l t  
i n  cr'laust gas re inges t ion ,  foreign object  damagc ~ r o m  the  reverse  j e t  impinging 



on t h e  ground, and t h e  impingement of hot  exhaust  gases  on a i r c r a f t  s t r u c t u r e s .  
Because of t h i s ,  r e v e r s e - t h r u s t  opera t ion  i s  u s u a l l y  p roh ib i t ed  bclcw c e r t a i n  
forward v e l o c i t i e s .  A comparison of t h e  minimum forward-veloci ty  limits 
( t a b l e  I) shows t h a t  t h e  QCSEE o b j e c t i v e  is  more s t r i n g e n t  than convent ional  
a i r c r a f t ,  aga in  because o f  t h e  s h o r t  f i e l d  operat ion.  

The importance of low n o i s e  i n  a l l  phases of short-haul o p e r a t i o n  r e s u l t e d  
i n  a reverse - th rus t  no i se  o b j e c t i v e  f o r  QCSEE. For 1C8 400 newtons of r e v e r s e  
t h r u s t  a  maximum no;'.se l e v e l  of 100 PNdB on a 152.4-meter s i d e l i n e  has  been 
es tab l i shed .  

A I R  INTAKE CHARACTERISTICS 

Exle L Performance 

To a s s i s t  t h e  flow of a i r  i n t o  t h e  tear of t h e  eng iae  dur iag  r e v e r s e  t h r u s t ,  
t h e  f a n  nt)zzle can be opened t o  fona a f l a r e d  shape,  c a l l e d  an  "exle t ,"  a s  
shown i n  f i g u r e  1. A number of s c a l e  e x l e t  models were t e s t e d  ( r e f s .  4  and 5) 
t o  determine what geometry r e s u l t s  i n  t h e  lowest  t o t a l  pressrlre l o s s  and dis-  
t o r t i o n  l e v e l .  The e x l e t  conf igura t ions  t e s t e d  covered £!arc ang les  O from 
0' t o  60°, c o n t r a c t i o n  r a - i o s  bhTIAS from 1.4 t o  2.8, and d u c t s  wi th  and with- 
ou t  simulated a c o u s t i c  s p l i t t e r s .  

The r e s u l t s ,  along wi th  geometric d e f i n i t i o n s .  e r e  summarized i n  f i g u r e  2 
f o r  freestrean! v e l o c i t i e s  Vm of 0  and 41.2 metern pe r  second and a  f a n  duct  
Mach number Q of 0.4.. The r e s u l t s  i n d i c a t e  t h x t  a  f l a r e  angle  of 30° gave 
t h e  h ighes t  p ressure  recovery.  A t  f l a r e  ang les  o t h e r  than 00, t h e  d a t a  f e l l  i n  
a r e l a t i v e l y  narrow band showing r e l a t i v e  i n s e n s i t i v i t y  t o  c o n t r a c t i o n  r a t i o  
and t h e  presence of an a c o u s t i c  s p l i t t e r .  A f l a r e  ang le  of O0 r e p r e s e n t s  a  
nozzle  i n  a forward t h r u s t  p o s i t i o n  and would no t  nonually be considered f o r  
r e v e r s e  t h r u s t  opera t ion  except i n  t h e  eve:~t of a  nozzle  a c t u a t o r  f a i l u r e .  I n  
general ,  t h e  e x l e t  t e s t s  showed t h a t  t h e  t o t a l  p ressure  recovery was high when 
t h e  sharp t u r n  t h e  flow must make around t h e  z x l e t  l i p  is considered.  However, 
t e s t  d a t a  shown i n  f i g u r e  2 a r e  f o r  smooth axisymmetric e x l e t s  and cons tau t  f a n  
duct  Mach number. Therefore,  t h e  e f f e c t s  of d i f f e r e n c e s  i n  t h e s e  c h a r a c t e r i s t i c s  
should a l s o  be  considered.  

Exlet  shapes with V notct.es which more a c c u r a ~ e l y  represen t  a v a r i a b l e  
a r c a  nozzle were a l s o  t e s t e d .  These t e s t s  showed t h a t  f o r  a  conf igura t ion  
s i m i l a r  t o  t h e  QCSEE nozzle  the  presence of notches would reduce recovery about 
0.5 percent  ( r e f .  5 ) .  

The f a n  duct  Mach number has  nn e f f e c t  on recovery,  but t o  a  l e s s e r  e x t e n t  
than t h e  free-stream v e l o c i t y  ( r e f .  4 ) .  For example, changing t h e  duc t  Mach 
number from 0.4 t o  0.5 reduced recovery l e s s  thqn 0.5 r e r c e n t .  

D i s t o r t i o n  l e v e l s  i n  t h e  f a n  duc t  were a l s o  measuzed. For t h e  e x l e t  geom- 
e t r i e s  t e s t e d  i n  referelice 5 (except f o r  t h e  O0 f l a r e ) ,  t h e  d i s t o r t i o n  l e v e l s  



were l e s s  than 7 percept. Such l e v e l s  were considered acceptable f o r  an  engine 
.br like QCSEE. 

3 Core I n l e t  Duct Performance 

Like the  e x l e t ,  the core i n l e t  duct o f f e r s  a  s imi l a r  sharp turn  f o r  t he  
a i r  t o  negot iate .  But i n  terms of pressure l ~ s s ,  t h i s  tu rn  is more severe. 
The Mach number of t he  flow a t  the  beginning of the  turn  is  th ree  o r  four times 
t h a t  f o r  the  ex l e t .  Also, the  f l ov  must pass through the  fan s t a t o r s  and, 
depending on the  core i n l e t  design, the  core i n l e t  guide vanes. The lo s ses  i n  
the fan s t a t o r s  a r e  expected t o  be low. However, these  s t a t o r s  impart a  s w i r l  
t o  the  reverse flow which w i l l  r e s u l t  i n  an unfavorable incidence angle on the  
core i n l e t  guide vanes. This i n  turn  could r e s u l t  i n  more s ign i f i can t  losses .  

Core i n l e t  recovery t e s t  da ta  f o r  two engine configurat ions a r e  presented 
i n  f i gu re  3 from t e s t s  described i n  reference 6 and from an unpublished inves- 
t i g a t i o n  by J. W. Schaefer of Cewis Research Center. The f i r s t  engine con- 
f igura t ion  shown ir f igu re  3 is  the  fu l l - s i ze  Q-fan T-55 engine and the  second 
one shown is  a sca ld  moc;el (50.8-cm fan diameter) of t he  QCSEE engine. Both 
s e t s  of da t a  show t h a t  core-- inlet  t o t a l  pressure recovery is a Cunction of fan  
duct Mach cumber. 

The impor t~nce  of core i n l e t  recovery is shown by the ccre  l i m i t  l i n e s  on 
t h i s  f igure.  These poin ts  a r e  operating condit ions where fu r the r  increases  in 
reverse t h rus t  l e v e l  cannot be achieved without exceeding a  core o p e r a t i ~ n a i  
l imi t .  For the Q-fan T-55, the  core operat ional  l i m i t  i s  the compressor speed; 
f o r  the QCSEE engine, the  calculated core l i m i t  i s  t h e  turb ine  i n l e t  temperd-- 
tu re .  

The so l id  symbo1.s i n  f igure  3 show the  point where the reqaired reverse- 
t h rus t  l e v e l  is  obtained. In both cases the core recovery is adequate to  meet 
the required reverse- thrust  l eve l .  

A s  can be seen from f igu re  3, both s e t s  of da ta  a r e  adequately represented 
by the  same l o s s  coe f f i c i en t  l i n e  of 1.5, even though the core i n l e t  duct con- 
f igura t ions  a r e  d i f f e r e n t .  The Q-fan T-55 s p l i t t e r  l i p  i s  more rounded than 
the sharp l i p  of thf QCSEE model which would suggest higher losses  fo r  t he  
QCSEE model. Howe\:.r, the core i n l e t  guide vanes of the Q-fan T-55 a r e  located 
i n  the  core i n l e t  duct and a r e  subject  t o  unfavorable incidence angles.  The 
QCSEE core i n l e t  guide vanes a r e  ex terna l  t o  the  core duct which allows most of 
the core flow t o  h y p ~ s s  them i n  reverse thrus t .  Apparently, these configurat ion 
d i f fe rences  have o f f s e t t i n g  e f f e c t s  which r e s u l t  i n  s imi la r  l o s s  characte.ris- 
t i c s .  

Distor t ion l eve l s  a t  the compressor face were a l s o  measured during the  
reverse- thrust  t e s t s  of the Q-fan T-55 and QCSEE models ( r e f s .  6 and 7 ) .  For 
the  Q-fan T-55, the reverse- thrust  d i s t o r t i o n  l e v e l  (conbined r a d i a l  and c i r -  
cumferential)  was about the same a s  f o r  the forward-thrust l eve l .  This unex- 
pected r e s u l t  may be p a r t i a l l y  a t t r i bu ted  t o  the  i n l e t  guide vanes which a r e  
located i n  the core i n l e t  duct.  This loca t ion  may help t o  make the  core flow 
more uniform. Results of QCSEE sca l e  model t e s t s  indicated the  reverse- thrus t  
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d i s t o r t i o n  t o  be h igher  than i n  f o w a r d  t h r u s t  but  accep tab le  f o r  f u l l - s c a l e  
engine operat ion.  

FAN DESIGN AND OPERATION 

A b a s i c  concern f o r  t h e  o p e r a t i o n  of a v a r i a b l e - p i t c h  f a n  i s  t h e  d i r e c t i o n  
i n  which t h e  f a n  b lade  p i t c h  should be changed t o  develop r e v e r s e  t h r u s t .  The 
two p o s s i b l e  ways a r e  i l l u s t r a t e d  i n  f i g u r e  4. A c r o s s  s e c t i o n  of two f a n  
blades  shown i n  t h e i r  normal forward- thrust  p o s i t i o n  is a t  t h e  top  of t h i s  
f igure .  From t h i s  p o s i t i o n ,  t h e  b lades  can be turned through f l a t  p i t c h ,  a 
cond i t ion  of zero l i f t ,  t o  t h e  reverse - th rus t  p o s i t i o n  a s  shown on t h e  l e f t  of 
f i g u r e  4. Two t h i n g s  should be noted f o r  t h i s  approach. F i r s t ,  a d j a c e n t  b lade  
leading and t r a i l i n g  edges must pass  each o t h e r  dur ing t h e  t r a n s i t i o n  through 

I f l a t  p i t ch .  Th is  r e q u i r e s  t h a t  t h e  biade s o l i d i t y  be l e s s  than one a t  a l l  I r a d i i .  This can l i m i t  f an  performance, e s p e c i a l l y  a t  t h e  hub. Second, whi le  
t h e  blade l ecd ing  edge remains t h e  same r e l a t i v e  t o  t h e  a i r f l o w ,  t h e  b l ~ : e  

) camber is  wrong f o r  r e v e r s e - t h r u s t  opera t ion .  

The a l t e r n a t e  approach is t o  t u r n  t h e  b lades  through f e a t h e r  p i t c h ,  pass- 
i n g  through a s t a l l  condi t ion.  This  is shown on t h e  r i g h t  s i d e  of f i g u r e  4. 
I n  th i . s  case ,  b lade  camber is c o r r e c t  i n  t h e  r e v e r s e  p o s i t i o n ,  but  t h e  l ead ing  
and t r a i l i n g  edges a r e  reversed, ,  During t h e  t r a n s i t i o n  t h e  flow over  t h e  
blades  s e p a r a t e s  o r  stalls.  The flow then r e a t t a c h e s  i n  reverse  t h r u s t  and 
moves i n  t h e  oppos i t e  d i r e c t i o n  r e l a t i v e  t o  t h e  blade.  With t h i s  approach t h e  
blade s o l i d i t y  may exceed one, al though t h e  bl.ade t w i s t  and camber w i l l  s t i l l  

! l i m i t  t h e  hub s o l i d i t y  t o  some ex ten t .  

Thrust  

To determine which approach is b e s t ,  both s t eady-s ta te  r e v e r s e  t h r u s t  per- 
formance and t ra t i s i en t  opera t ing  c h a r a c t e r i s t i c s  must be considered.  A com- 
par ison of s t a t i c  reverse - th rus t  l e v e l s  a t  nominal r e v e r s e - t h r u s t  b lade ang les  
18 shown i n  f i g u r e  5. The d a t a  a r e  from tests of t h e  Q-fan T-55 and QCSEE 
s c a l e  model (unpublished Lewis d a t a  and r e f .  6 ) .  Both t e s t s  were conducted 
34 th  s i m i l a r  f l i g h t - t y p e  i n l e t s .  I n  a l l  c a s e s  t h e  r e v e r s e - t h r u s t  d a t a  a r e  pre- 
sented r e l a t i v e  t o  t h e  design takeoff  t h r u s t  l e v e l .  The design takeoff  condi- 
t i o n ,  however, was never achieved i n  t e s t s  of t h e  Q-fan T-55 due t o  a core  
horsepower l i m i t a t i o n .  The fan  was designed f o r  a h igher  horsepower model of 
t h e  T-55 than what was t e s t 5 d .  This  horsepower l i m i t e d  t o  scme e x t e n t  t h e  
maximum r e v e r s e  t h r u s t  a t t a i n e d .  Reverse- thrust  l e v e l s  f o r  t h e  Q-fan T-55 a r e  
d i r e c t  fo rce  measurements while r e v e r s e - t h r u s t  l e v e l s  f o r  t h e  QCSEE model a r e  
ca lcu la ted  from measured p ressures  and temperatures.  

As shown i n  t h i s  f i g u r e ,  r everse - th rus t  l e v e l s  exceeding t h e  35-percent 
goal can be achieved through f e a t h e r  p i t c h  before  reaching t h e  c o r e  l i m i t i n g  
condi t ions .  By comparison, r e b e r s e - t h r u s t  l e v e l s  through f l a t  p i t c h  a r e  l e s s  
than h a l f  of those  through f e a t h e r  p i t c h  and, even a r  t h e  f a n  lin;its, a r e  con- 
s i d e r a b l y  l e s s  than t h e  goal.  
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Noise 

Noise is  ano the r  f a c t o r  t o  cons ide r  when dec id ing  which way t o  change f a n  
b lade  p i t c h  f o r  r e v e r s e  t h r u s t .  Unsuppressed r e v e r s e - t h r u s t  n o i s e  level. d a t a  
(unpublished Lewis d a t a )  f o r  t h e  Q-fan T-55 a r e  compared i n  f i g u r e  6. The 
n o i s e  d a t a  show t h a t  r e v e r s e  through f l a t  p i t c h  is  a  cons ide rab ly  n o i s i e r  way 
tl ach ieve  r e v e r s e  t h r u s t .  

Trans ien t  Performance 

The d a t a  t h a t  have been d i scussed  s o  f a r  have a l l  b e ~ n  a t  s t e a d y - s t a t e  
cond i t ions .  C r i t i c a l  t o  which way b lade  p i t c h  should be changed and t o  t h e  
whole i s s u e  of ach iev ing  r e v e r s e  t h r u s t  wi th  a  va r i ab le -p i t ch  f a n  engine  i s  t h e  
performance of t h e  engine  dur ing  t h e  forward- t o  r everse - th rus t  t r a n s i t i o n .  
T e s t s  t o  determine t r a n s i e n t  performance have been conducted wi th  t h e  Q-fan 
T-55 both  a t  Hamilton Standard and NASA Lewis t e s t  f a c i l i t i e s  (unpublished 
Lewis d a t a  and r e f .  8). A photograph of t h i s  engine  a t  NASA Lewis i s  shcwn i n  
f i g u r e  7. The r e s u l t s  of t h e s e  tests a r e  d i scussed  by comparing a r ep resen ta -  
t i v e  example of a  through f l a t  p i t c h  a d  :'-rough f e a t h e r  p i t c h  t r a n s i e n t .  

Considering f i r s t  r e v e r s e  through f l a t  p i t c h  t r a n s i e n t s ,  t ime h i s t ~ r i e s  
For f a n  b lade  ang ie ,  t h r u s t ,  f an  speed, and f a n  b lade  s t r e s s  a r e  shown i n  f i g -  
u r e  8 f o r  a  r e p r e s e n t a t i v e  t r a n s i t i o ~ ~  from a  l a t d i n g  approach t o  a  r everse -  
t h r u s t  cond i t ion ,  In  t h i s  f i g u r e  t h e  t r a n s i e n t  i s  i n i t i a t e d  a t  t ime equa l s  
zero .  The b lade  p i t c h  was changed a t  a  r a t e  of about 100° per  second s t a r t i n g  
from t h e  des ign a n g l e  i n  forward t h r u s t  and moving t o  t h e  r e v e r s e  ang le ,  80° i n  
t h e  f l a t  p i t c h  d i r e c t i o n .  The t h r o t t l e  wa: held  cons tan t  i n  t h i s  t r a n s i e n t .  
Thrus t ,  presented a s  a  pe rcen t  of measured t akeof f  t h r u s t ,  responds t o  t h e  
b lade  a n g l e  change and f a l l s  o f f  smoothly. The f i n a l  r eve rse - th rus t  i e v e l  i s  
reached i n  somewhat l e s s  than 1 second. The f a n  speed dur ing  t h i s  t ime acce l -  
e r a t e s  qu ick ly  a s  t h e  load i n  t h e  fan  b l a d e s  i s  reduced. A s  t h e  b lade  load ing  
i n c r e a s e s  aga in  i n  r e v e r s e  t h r u s t ,  ths f s n  speed p:.aks and then  converges on 
t h e  f i n a l  r e v e r s e - t h r u s t  value .  Fan b lade  v i b r a t o r y  s t r e s s e s  gzadua l ly  b u i l d  
up d u r i v ~  t h e  t r a n s i e n t  and reach a  l e v e l  s l i g h t l y  over  twice  t h a t  i n  forward 
t h r u s t .  This  l e v e l  i s  w e l l  w i t h i n  t h e  limits of normal b lade  des ign.  

The primary o p e r a t i o n a l  problem cncountered i n  t h e  r e v e r s e  through f l a t  
p i t c h  t r a n s i e n t s  is t h a t  t h e  fan  tends  t o  overspeed.  There a r e  two ways t o  
h e l p  reduce t h i s  e f f e c t .  F i r s t ,  t h e  t r a m i e n t  can be i n i t i a t e d  a t  a  reduced 
fan speed t o  a l low more overspeed margin :s was done i n  t h e  example of f i g u r e  ' 
This  could reduce t h e  eng ine ' s  forward-thrust  r e s p ~ n s e  t ime f o r  waveoff manue- 
v e r s .  Second, s t a r t i n g  from a  h igher  i n i t i a l  f an  speed,  t h e  f u e l  f low can 
i n i t i a l l y  be c u t  back i n  an a t tempt  t o  reduce t h e  a v a i l a b l e  e l g i n e  power whi le  
t h e  fan  blades  pass  through f l a t  p i t c h .  This  r e q u i r e s  c a r e f u l  c o n t r o l  of t h e  
f a n  b lade  p i t c h  and engine  t h r o t t l e  dur ing  t h e  t r a n s i e n t  t o  reach t h e  r e v e r s e  
b lade  p o s i t i o n  wi th  t h e  fan  speed a t  t h e  d e s i r e d  l e v e l .  

A somewhat d i f f e r e n t  sequence of even t s  occurs  dur ing  a  r e v e r s e  through 
f e a t h e r  p i t c h  t r a n s i e n t  which is  shown i n  f i g u r e  9. The t r a n s i e n t  was i n i t i -  
a t e d  from t h e  same approach t h r u s t  l e v e l  a s  t h e  t r a n s i e n t  i n  f i g u r e  8 but  a t  

4' 
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a higher  f an  speed f o r  b e t t e t  waveoff response c a p a b i l i t y .  The f a n  b lade  
p i t c h  was changed, i n  t h e  f e a t h e r  p i t c h  d i r e c t i o n ,  a t  about 130° per  second. 
Th i s  change i n i t i a l l y  i n c r e a s e s  t h e  aerodynamic loads  on t h e  b lades .  A s  t h i s  
happens, t h e  f a n  speed is lo!rer;?d a s  t h e  fan  r o t a t i o n a l  energy i s  converted 
i n t o  a t h r u s t  i n c r e a s e ,  The t h r o t t l e  i n  t h i s  c a s e  was immediately r e s e t  t o  t h e  
f i n a l  r e v e r s e - t h r u s t  l e v e l .  As t h e  b lade  p i t c h  con t inues  t o  change, t h e  f a n  
even tua l ly  s t a l l s  and t h e  t h r u s t  f a l l s  suddenly t o  zero.  This  unloads the  
b lades  t o  some degree and causes  t h e  f a n  speed t o  i n c r e a s e .  Shor t ly  a f t c r  t h e  
b lades  reach  t h e i r  xeverse p o s i t i o n ,  t h e  flow r e a t t a c h e s  and r e v e r s e  t h r u s t  is 
obta ined.  The f i n a l  r eve rse - th rus t  l e v e l  i s  reached about 1 second a f t e r  the  
t r a n s i e n t  was i n i t i a t e d .  

During t h e  t r a n s i e n t ,  the  f a n  b lade  s t r e s s e s  b u i l d  up and peak a s  t h e  
b lade  s t a l l s .  A second peak, g e n e r a l l y  somewhat h igher  than ,be f i r s t ,  occurs  
as flow r e a t t a c h e s  to  the  b lades  i n  t h e  r e v e r s e  d i r e c t i o n .  These s t r e s s  peaks,  
whi le  high r e l a t i v e  t o  forward- thrus t  l e v e l s ,  d id  no t  l i m i t  t h e  t r a n s i e n t  t e s t s  
of  t h e  Q-fan T-55. Even thougt  t h e s e  r e s u l t s  a r e  e.ncouraging, f u r t h e r  t e s t s  of 
h igher  p r e s s u r e  r a t i o  v a r i a b l e p i t c h  f a n s ,  such a s  QCSEE, a r e  needed be fore  
more g e n s r a l  conclus ions  can be drawn- 

INLET BACKPRESSURE 
?: 1 

T e s t s  of tho Q-fan T-55, a s  w e l l  a s  t h e  QCSEE s c a l e  model, showed t h a t  a 
. f l i g h t - t y p e  i n l e t  can produce a backpressure  on t h e  fan  which t ends  t o  prevent  

. . 
the  es tabl ishment  of  r e v e r s e  flow. This can occur when t h e  f a n  i s  s t a r t e d  from 
r e s t  wi th  t h e  b lades  i n i z i a l l y  i n  a r everse  p o s i t i o n  o r ,  more impor tan t ly ,  
dur ing  a f o r ~ a r d  t o  r e v e r s e  t r a n s i e n t  through f e a t h e r  p i t c h .  Th i s  e f f e c t  can 
be  expla ined by no t ing  t h a t  when t h e  fan  is s t a l l e d ,  flow i n  t h e  duc t  i s  p r i -  
mar i ly  t a n g e n t i a l  and tends  t o  r o t a t e  wi th  t h e  fan .  When t h e  f a n  is u n s t a l l e d  
and producing reverse  t h r u s t ,  t h e  flow is  n e a r l y  a x i a l .  Photographs of t u f t s  
i~ t h e  f a n  i n l e t  i n  f i g u r e  10 show t h e  s t a l l e d  and u n s t a l l e d  flow f i e l d s .  

In  o rde r  f o r  the  s w i r l i n g  f low i n  t h e  s t a l l e d  c o n d i t i o n  t o  be exhausted 
o u t  t h e  smal le r  diameter t h r o a t  of t h e  i n l e t ,  t h e  flow v e l o c i t y  must i n c r e a s e  
t o  ccnserve  angu la r  momentum. Since t h e  s t a t i c  p r e s s u r e  a t  t h e  f r o n t  of t h e  
i n l e t  is ambient, a h igher  than  ambient p r e s s u r e  a t  t h e  fan  f a c e  is implled.  
The fan  must, t h e r e f o r e ,  avercomc t h i s  backpressure  t o  c l e a r  s t a l l .  The magni- 
tude  of t h e  backpressure w i l l  depend on t h e  i n l e t  geometry. 

Tes t  d a t a  showi.ng t h i s  e f f e c t  a r e  presented i n  f i g u r e  11 f o r  t h e  Q-fan 
T-55 a t  a reverse  through f e a t h e r  b lade  ang le .  Wall s t a t i c  p r e s s u r e s  d ivided 
by ambient p r e s s u r e  a r e  compared f o r  a bellmouth and a f l i g h t - t y p e  i n l e t  both  
i n  s t a l l e d  and u n s t a l l ~ d  c o ~ d i t l o n s  f o r  t h e  same f a n  speed. Of primary i n t e r e s t  
i s  t h e  u t a t i c  p ressure  a t  the  fan  face .  A s  can be seen from f i g u r e  11, a higher 
p ressure  does e x i s t  L L L ~ I  t h e  f l i g h t - t y p e  i n l e t  i n  a s t a l l e d  cond i t ion .  The 
nea r iy  i d e n t i c a l  s t a t i c  p r e s s u r e s  f o r  t h e  two c o n f i g u r a t i o n s  i n  t h e  u n s t a l l e d  
cond i t ion  demonstrated t h a t  t h e  i n l e t  backpressure  e f f e c t  is due t o  more than 
j u s t  t h e  0r.e-dimensional d i f f e r e n c e  i n  t h r o a t  a r e a s .  



A technique t o  overcome the  e f f e c t  of i n l e t  backpressure and promote quick 
establishment of reverse  flow was demonstrated during reverse  through f ea the r  
t r ans i en t  tests of t he  Q-fan T-55 (unpublished Lewis da ta ) .  With t h i s  tech- 
nique, the  fan blades a r e  moved beyond the f i n a l  reverse  pos i t ion ,  held t he re  
f o r  a shor:t period of time, and then returned. This temporarily reduces the  
angle of a t t a c k  on the  blades which allows reverse  flow t o  be es tab l i shed .  
This technique was shown t o  be e f f e c t i v e  without increas ing  response time. 

CONCLUDING REMARKS 

The t e a t s  conducted t o  develop reverse- thrust  technology f o r  var iable-  
p i t ch  fan  engines have done much t o  demonscrate t he  v i a b i l i t y  of t h i s  approach 
f o r  powered-lift propulsion systems. More s p e c i f i c a l l y ,  these tests have shown 
the following: 

1. A f l a r e d  erhaust  nozzle is an acceptable  reverse  t h r u s t  i n l e t .  
2. Acceptable core  i n l e t  duct recovery and d i s t o r t i o n  l e v e l s  i n  reverse  

flow have been demonstrated. 
3. Adequate reverse- thrust  l e v e l s  can be achieved. 
4. Forward- t o  reverse- thrust  response times b e t t e r  than t h e  goal have been 

demonstrated without any s i g n i f i c a n t  opera t iona l  problems. 
5. Thrust and noise  l e v e l s  s t rongly favor reverse  thraugh f ea the r  pi tch.  
6. Flight-type i n l e t s  make the  establishment of reverse  flow more d i f f i -  

c u l t ,  but moving the fan  blades beyond t h e i r  normal reverse  t h r u s t  pos i t ion  fo r  
a s h o r t  period of time was e f f e c t i v e  i n  overcoming i n l e t  backpressure. 

Areas where var iab le -p i tch  fan technology fo r  reverse  t h r u s t  needs t o  be 
expanded include the  following : 

1. Effect  of forward ve loc i ty  on the  establishmerlt of reverse  flow 
espec ia l ly  with f l i gh t - t ype  i n l e t s  

2. Fan blade s t r e e s  l e v e l s  f o r  higher pressure fans  during r eve r se  through 
fea ther  t r a n s i e n t s  

3. A i r c r a f t  i n s t a l l a t i o n  e f f e c t s  - f lap-exlet  In te rac t ion  and reverse- je t  
ground impingement 
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TABLE I .  - REVERSE-THRUST REQUIREMEIflS 

QCSEE Convent iona! 
ob j ec- engine 
tives characteristics 

Reverse-thrust level, 
percent takeoff thrust 35 35 to 50 

Time to reverae, se: 1.5 5 to 10 

Minimum forward-velocity 
operating limit, m/sec 5.1 15 to 30 

Noise (152.4 m sideline PNdB; 
reverse thrust, 108 400 N) 100 ------- 
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Figure 2.- Exlet performance. Fan duct Mach abrnber, Md, 0.4; 
contraction ratios, AE/AT, 1.4 to 2.8; pd, duct total pressure; 
rOr ambient pressure. 
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ACOUSTICS AND AERODYNAMICS OF OVER-THE-WING THRUST REVERSERS 

Dale L. Stimpert and Robert C. Ammer 
Senetal Electric Company 

ABSTRACT 

As part of the Quiet Clean Short-Haul Experimental Engine (QCSEE) 
program, model tests were conducted to determine the effects of thrust 
reverser geometric parameters on noise and reverse thrust. The acoustic -1 tests used a 1/6 scale model thrust reverser rhile the aerodynamic perfor- 
mance tests used a 1/12 scale model reverser. Parameters which were varied 
in both tests include blocker spacing, blocker height, lip angle, and lip 
length. The impact of these parameters on peak sideline noise and reverse 
thrust performance is presented. 

INTROCUCT ION 

Commercial CTOL jet transports, although certified to stop without 
thrust reversers, do employ thrust reversers to decelerate the aircraft, to 

- decrease wear on brakes, and to improve stopping on icy or wet runways. It 
is anticipated that future STOL aircraft will rely heavily on some type of 
thrust reversers to help decelerate the aircraft for the short (610 to 914 
meter, 2000 to 3000 foot) runways into which they operate. It is also 
anticipated that future STOL aircraft will have to meet very stringent 

- reverse thrust noise goals in additio~ to the noise goals at takeoff and 
approach which are currently being proposed. 

As part of the Quiet Clean Short-Haul Experimental Engine (QCSEE) 
I! :"I i 

program currently underway at Genera3 Electric Company and which is spon- 
I/ "11 sored by NASA Lewis Research Center, two engines for STOL aircraft are being .# , .  

built using advanced technology. Design rationale and background informa- 
tion for these engines are presented in Reference l. Each engine has a 
different mode of thrust reversel. The Under-The-Wins (UTW) engine utilizes 
variable pitch fan bladec to achieve reverse thrust. On the second QCSEE 
engine - an Over-The-Wing (OTW) e~gine version - reverse thrust will he 
achieved by deploying a target type thrust reverser which captures the fan 
and core exhaust flows and directs the jet upward and forward from the wing 
upper surface as shown in Figure 1. The OTW installation offers some unique 
advantages relative to the UTW installation wFich makes it attractive to 
STOL applications. The advantages include elimination of ground induced 
reingestion and incidence of foreign object damage, upward reverser discharge 
to provide an additional force on the landing gear for higher braking 
forces, and unobstructed interaction between freestream airflow and the wing - flap bystem for aircraft landing configuration drag. 



This paper is concerned with the design parameters which are important 
in selecting an OTW target reverser as demonstrated by model tests conducted 
under the QCSEE OTW thrust reverser development program. The design parame- 
ters were investigated from the viewpoint of aerodynamic performance and 
acoustics. 

1 . .. I , -.: 
Three model test programs were utiiized in studying target reverser , " I . .  4.. ; ,;..: 

design criteria. Initial -ests by NASA Ames Research Center provided noise ! ' -  , :.: 
and performance data on a 1/3 scale model. Further acoustic testing under . , d . - <. 

the QCSEE program was conducted et the General Electric Company Jet Engine . . .- . -. . 
Noise Outdoor Test Stand (JENOTS) using a 116 scale model of the OTW thru;t ' * .  . I ' * $  . ,  

reverser. It had provisions to vary target reve.rser parameters such as , . 
blocker spacing, blocker height, lip length, and lip angle. No thrust mea- :.-- . 3  -.: .. . . :*- 
surement: were taken wit\ these tests; however, airflow and pressure data 
were obtained. Also under the QCSEE program, reverse thrust aerodynamic 
performance was investigated on a 1/12 scale model at NASA Langley Research 
Center where thrust and performance were monitored for various target 
reverser geometries. 

OTW TARGET REVERSER DESICW CRITERIA 

Design of a target thrust reverser for a STOL aircraft must consider 
two disciplines - aerodynamics and acoustics. The aerodynamic design must 
incorporate the thrust reverser into the nacelle in a mat-er which least 
compromises the forward flight performance. The upper portion of Figure 1 
is a schematic of an OTW type thrust reverser shown stowed for forward 
thrust operation while the lower schematic shows the target actuated for 
reverse thrust. Target area or size relative to the nozzle area is deter- 
mined by the reverse thrust level required. The effective discharge area of . ,iri 
the thrust reverser must be sized to ensure that engine stall nargin and 
turbine operating temperature limits are maintained for satisfactory engine 
operation. 

Acoustically, the noise fran other constituents such as fan inlet, fan 
exhaust, core, and turbine must be considered relative to the thrust reverser 
levels. Figure 2 compares the reverser noise constituents for a highly sup- 
pressed STOL-type aircraft engine. The reverser noise is a major contribu- 
tor to the total system noise and thus is a prime candidate for noise reduc- 
tion studies. The other sources, except fan inlet noise, are redirected by 
the target reverser and combine with the reverser noise to give the maximum 
sideline noise at a forwerd angle. Figure 3 compares forward thrust jet 
noise levels to the redirected thrust reverser PNL directivities and shows 
that not only is there a redirection of the noise into the forward quadrant, 

.- but also an increase in the peak level.. 
. . I , . . . 

i Since the reverser noise is a major constituent, techniques of lowering J: . .  *: 
( . . L .  ..*! reverser noise should be evaluated. One means is to simply reduce the . . 

i 
I '.. . ..: 

reverser pressure ratio which drops the jet velocity. This method offers 
i the most potential. A recond possibility is to vary reverser geometry. 
I 
! 



The ultimate goal of the model tests and investigations of reverser 
design parameters is to obtain design information which will permit a given 
level of reverse thrust to be achieved at the lowest sideline noise consis- 
tent with engine performance requirements. 

ACOUSTIC TEST RESULTS 

The model used for investigating reverser geometric variations on noise 
was a 1/6 scale model of ;;re QCSEE OTW engine. Detailed analysis of the 
results will be reported in a contractor report at a later date. The test 
vehicle included a forward thrust nozzle and a target reverser with pro- 
visions for varying blocker spacing, blocker height, lip length, and lip 
angle. Figure 4 shows the reverser model as installed at the General 
Electric Company JENOTS test site. The design parameters in nondimensional 
form are defined in Figure 5 along with the range of each variable which was 
investigated. 

Of the four parameters investigated, lip angle and blocker heig!-.t vari- 
ations had minimal effect on the farfield noise signature of the thrust 
reverser. Their effect was individually less than 1 PMdH over the range of 
each variable. 

Both blocker spacing and lip lsngth variation resulted in significant 
changes in noise. Figure 6 shows the effect of blocker spacing on peak 
sideline noise at three reverser pressure ratios where pressure ratio is the 
charging station (see Figure 5) total pressure divided by ambient. There 
are two effects which must be considered when examining Figure 6, the noise 
generated within the reverser and that generated external to the reversar. 
The latter is equivalent to jet noise generation caused by turbulent mixing 
of the jet with ambient air. The primary means of reducing this type of 
noise is to reduce the pressure ratio across the reverser which reduces the 
velocity. Figure 7 represents data taken at constant blocker spacing from 

I 

Figure 6 and shows the variation of target reverser noise as a function of 
velocity. The peak sidelFne YNL varies with the Cth power of velocity, 
hence any reduction of the operating 2ressure ratio of t h 3  reverser has a 
significant reduction in noise level. This is coilsistent. with the results 
observed in Reference 2. Also shown in Figure 7 are pnhk sideline PNL's 
scaled froin noise tests of a similar target thrust reverses at NASA Ames 
Research Center. These levels agree with the 6th power dependency on 
veloci :y . 

, , . I  
Noise generated within the reverser is associated'wlth the turning 

losses and interaction of the flow with the target. In the limit, if the i . -1 
flow is reversed slowly at low velocities with no precsure losses, then the 

' I 
1 reverser noise would be equivalent to that of a redirected forward thrust 

nozzle at the same pressure ratio. Figure 3 has shown this not to be the  
I 

case. The geometric shape of the reverser elements used to capture the flow 

! influences the internal noise generation. li Figure 6 is examined at con- 
atant pressure ratio, spacing is seen to have a dire-t effect upon the 

40.5 



internal no$-se generation. Closer spacing produces less noise because there 
is a reduction in airflow (backpressure effect) at a given pressure ratio 
and hence a reduction in the velocity hitting the target. Therefore, a low 
noise target reverser will be one which maintains as low as posside velocity 
into the reverser consistent with fan exhaust duct flowpath requirements. 

Lip length effects on noise are presented in Figure 8. At constant lip 
length, L/DTH, the dependence on velocity is similar to that shown at con- 
stant blocker spacing. Longer lips increase noise; but, as will be dis- 
cussed later, improve the level of reverse thrust achieved. Thus, a trade 
must be made between desired performance and acoustic consideratons in 
choosing the optimum lip length for a given reverser. 

AERODYNAMIC RESULTS 

Aerodynamic tests on a 1/12 scale model target thrust reverser and 
forward thrust nozzle were conducted at NASA Langley Raseerch Center in 
support of the QCSEE OTW design studies. Results will be reported in a 
contractor report at a later date. The exhaust system was designed to meet 
the QCSEE OTW engine area requirements in forward thrust, to have excellent 
jetlflap flow turning characteristics during low speed aircraft operation, 
and tu provide a viable thrust reversing system for use during the landing 
rc.. Enconpassed in the reWlerser test matrix were not only the reverser 
geometric paraneters of blocker spacing, blocker height, lip angle, and lip 
length that were tested acoustically at JENOTS but also blocker door inclina- 
t::on mgle, side ski:+ gecaetry, and side skirt rotation angle. The parame- 
ters are defined in Figure 9 which is a schematic of the 1/12 scale Langley 
aerodynami.~ mcdel.. Generally, only the parameters common to both model 
tests are discussed in this paper. 

Frimary considerations in target reverser design (or any reverser 
design) are to efficiently turn the exhaust flow in the direction required 
to achieve the objective thrust level and to achieve an acceptable engine 
operating condition for both the forward and reverse thrust modes. Referring 
to Figure 9, the backpressure effects or stall margin on the engine are con- 
trolled primarily by the spacing of the target from the charging station 
plane. Blocker spacing was investigated to establish the airflow matching 
characteristics (airflow in reverse divided by forward thrust airflow at a 
given pressure ratio, Wm 'dm), and the effect on reverse thrust. Reverse 
thrust is defined as the ratio of the reverse thrust divided by the forward 
thrust at takeoff, FREV/FFWD T/O. Figure 10 shows t\at an increase in 
blocker spacing results in a decrease in the level of reverse thrust achieved. 
An inc,ease in the airflow was observed with the increased blocker spacings 
indicating less backpressure effect and increased stall margin on the engine. 
This airflow increase is attributed to higher blocker target spillage rate 
out, the sides. 

Lip geometry of a target reverser can be either fixed or articulated 
upon reverser deployment through some appropriate kinematic arrangement. 
L i p  length has a significant effect on reverser thrust as shown in Figure 



11. While gains in reverse thrust are evident all the way to L/DTH = 0.8, 
mechanical design constraints on an engine configuration would probably not 
permit such long lengths. The airflow ratio remains relatively constant for 
the variations in lip len~th shown. A favorable change in reverse thrust 
was achieved by increasfng the blocker inclination angle and modifying the 
side skirt geometry as presented in Figure 11. An obvious and beneficial 
result is that for a given lip length, a level of rsverse thrust can be 
achieved at a lower pressure. It was shown earlier that lower pressure 
ratios result in lower reverser noise; therefore, judicious selection of 
blocker inclination angle and side skirt geometry has potential in lowering 
reverser noise levels. 

Other reverser parameters such as blocker height and lip angle had 
littie significant effect on the target reverser airflow capacity. Blocker 
height variations did not achieve any significant reverse thrust change; 
however, a favorable increase in reverse thrust was observed by decreasing 
the lip angle (or increasing flow turning) from 0.61 radians (35') to C.44 
radians (25'). 

Peak sideline noise was shown to vary with the sixth power of reverser 
velocity; therefore, low noise can most easily be obtained by meeting the 
desired level of reverse thrust at as low a reverser pressure ratio as 
possible. The variation of noise with reverse thrust is shown in Figure 12 
for a given nominal configuration. Reverser geometric changes shift the 
curve up or down but generally keep the s ~ m e  slope. 

CLOSING REMARKS 

In the design of a target reverser system applicable to an OTW STOL 
aircraft installation, consideration must be given to acoustics, aero- 
dynamic performance, and mechanical constraints. 

Peak sideline noise increased and reverse thrust decreased with increased 
blocker spacing. This implies that close spacing is desirable. However, a 
spacing should be chosen consistent with retaining sufficient stall margin 
on the engine and yet coming closest to meeting the thrust and acoustic 
objectives. 

Both reverse thrust and peak sideline noise increase with longer lip 
lengths. This necessitates a trade between thrust and iicoustics to meet a 
given noise level; however, lip stowage limitations preclude use of exces- 
sively long lips. 

The trends and tradeoffs discussed in this paper were evaluated and 
factored inro the design of the QCSEE OTW target thrust reverser. However, 
acoustic model tests were conducted prior to the aerodynamic model tests and 
since the aerodynamic model included variations such as blocker inclination 
angle, side skirt geometry, actuator arm, and side skirt angle which were 
not evaluated by acoustic tests at JEl.OTS, acoustic model data on the final 



design were not obtained. Lack of cime and monetary considerations pre- 
cluded model testing of this final design. Both noise and aerodynamic 
performance will be measured on the full sca1.e QCSEE engine when it is 
"ested late this year. 

NOMENCLATURE 

Symbol or Abbreviation Def inl. tion 

Charging station height 

Forward thrust at takeoff power setting 

Reverse thrust 

Blocker height 

Blocker lip leagth 

Perceived noise level, PNdB 

Ambient Lressure 

Charging station total pressure 

Velocity 

Forward thrust sirflow as a function of 
pressure ratio 

Reverse thrust airflow as 9 function of 
pressure ratio 

Blocker inclination angle 

Lip angle 
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Figure 3.- Reverse and forward thrust PNL directivitf es. 
1.30 ptessvrr ratio; 152 .4  (500 it 1 s i d e l i n e .  

1 Figure 4.- Acoustic thrust  reverser m o d e l .  



WDTH = 0,89 - 1.15 
UDTH = 0.24 - 0,52 

Figure 5.- Acoustic model thrust reverser parameters. 
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Figure 7 . -  Charging station velocity ef fect  on target reverser noise. 
152.4 m (500 f t  ) sideline.  
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Figure 8.- Blocker l i p  length ef fect  on peak sideline noise. 
152.4 m (500 f t  ) sideline.  
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MEASURED AND CALCULATED STEADY AERODYNAMIC LOADS 

ON A LARGE-SCALE UPPER-SURFACE BLOWN MODEL 

Boyd Perry  I11 
NASA Langley Research Center 

W c h a e l  R. Mendenhall 
Nielsen Engineering and Research, Inc.  

Th is  paper p resen t s  s t a t i c  aerodynamic loads  measurements from wind-tunnel 
tests of a f u l l - s c a l e  upper-surface b l ~ ~ w n  j e t - f l a p  conf igura t ion .  The measured 
loads  a r e  compared wi th  c a l c u l a t i o n s  us ing a r e c e n t l y  developed method f o r  pre- 
d i c t i n g  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of upper-surface blown jrt- 
f l a p  con; cgurations . 

INTRODUCTION 

The performance and s t a b i l i t y  and c o n t r o l  of upper-surface blown (USB) j e t -  
f l a p  conf igura t ions  have been w e l l  documented. (See r e f s .  1 t o  9 . )  These 
r e s u l t s  have u s u a l l y  been presented as f o r c e  and moment c o e f f i c i e n t s  over t h e  
range of v a r i a b l e s  i n v c s t  i g a t  ecl, and most e a r l y  models were smal l -scale  and 
powered w i t h  compressed-air s imulated engines.  Some informat ion has been pub- 
l i s h e d  concerning d e t a i l e d  wing and f l a p  load d i s t r i b u t i o n s .  (See r e f s .  9 

The development of a n a l y t i c a l  methods f o r  p r e d i c t i n g  USB performance and 
loads  has  lagged behind t h e  e x p e r i ~ e n t a l  work by 2 o r  3 years .  Such methods, 
which t r e a t  t h e  aerodynamic i n t e r a c t i o n  between l i f t i n g  s u r f a c e s  and t h e  high- 
v e l o c i t y  exhaust  wake, a r e  now beginning t o  appear i n  t h e  l i t e r a t u r e .  (See 
r e f s .  12 t o  14. )  

I n  t h i s  paper,  r e s u l t s  of a loads  i n v e s t i g a t i o n  on a f u l l - s c a l e  USB con- 
f i g u r a t i o n  powered wi th  turbof an engines (presented previously  i n  r e f .  9)  a r e  
presented.  I n  a d d i t i o n ,  comparisons a r e  made w i t h  c a l c u l a t e d  r e s u l t s  based on 
an a n a l y t i c a l  method p r e s e n t l y  being developed under c o n t r a c t  (which is an  
extension of t h e  method of r e f .  14) .  Measured wing and f l a p  l o a d s  d a t a  a r e  
presented f o r  parametr ic  v a r i a t i o n s  i n  ang le  of a t t a c k ,  f l a p  d e f l e c t i o n  ang le ,  
and engine power s e t t i n g ,  and f o r  one engine inopera t ive .  
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SYMBOLS 

8 - .  i : " - 
Measurements and calculations were made in U.S. Customary Units and are I 1 .  

, "  . . , 

presented in both the International System of Units (SI) and U.S. Customary . i . i  
Units. . I '  i 

. *.: 

a' 
: . I  

location of leading edge of Krueger flap projected onto wing refer- - ,q 
ence plane and expressed as a fraction of local wing chord ! :?J. 

; :?"g > 

b' location of trailing edge of USB flap, double-slotted flap, or : .  - - :; li .; 
aileron, projected octo wing reference plane and expressed as a .: A 

fraction of local wing chord . ; . 
, ,-. $ 

: :?q 
wing span, m (ft) . .- ,. -4 

P - Pm : 
pressure coefficient, , . 

n, . - 
-.I 

T ; 

static thrust cosfficient, - 'i 
qmS i 

local wing chc - d ,  m (f t) I 

section normal-force coefficient, ; I  ACp d(3 

initial height of rectangular vortex ring 

initial width of rectangular vortex ring 

local static pressure, N/m2 (lb/ft2) 

free-stream static pressure, N/m2 (lb/ft2) 

free-stream dynamic pressure, ~ / m ~  (lb/ft2) 

wing area, m2 (ft2) 

static thrust force, N (lb) 

chordwise coordinate, m (ft) 

- I .  

spanwise coordinate, m (ft) . :  
8 L 

' J .  . , 

vertical coordinate, m (ft) 

angle of attack, deg , 
, . 
I 

. 

.. . 
> 

aileron deflection, deg 

deflection of USB and double-slotted flap (deflected together), deg ; 



- 

- 
Abbreviations: 

boundary-layer cont ro l  

upper-surface blown 

DESCRIPTION OF INSTRUMENTED MODEL 

.- The model used i n  these tests is shown i n  the  Langley fu l l - s ca l e  tunnel i n  
f i gu re  1. The model had a wing span of 10.7 m (35.0 f t )  and was equipped with 
two JT15D-1 turbofan engines (with nominal bypass r a t i o  of 3.3). 'ihe h i g h - l i f t  
system consis ted of leading-edge Krueger f l a p s  extending from the  engine 
nace l les  t o  the  wing t i p s ,  leading-edge blowing boundary-layer con t ro l  (BLC), 
upper-surface blown (USB) f l a p s  extending from the  fuselage t o  approximatelv 
40 percent of t he  semispan, double-slotted f lap-  extending from approximately 
40 percent t o  approximately 70 percent of the  semispan, a i l e rons  (capable of 
symmetrical def lec t ion)  extending from approximately 70 percent of the semispan 
t o  the  wing t i p ,  and a i l e ron  blowing BLC. The exhaust nozzle had an aspect 
r a t i o  of 6.0 and a de f l ec to r  attached t o  it  t o  improve the  spreading and turning 
of t he  j e t  exhaust. The r i g h t  s i de  of the  modi!l wa:: 3.nstrumented with s t a t i c  
pressure o r i f i c e s  a t  t he  e igh t  spanwise s t a t i o n s  indicated by the  dashed l i n e s  
i n  f i gu re  l ( a ) .  A t o t a l  of 270 pressure o r i f i c e s  were located on port ions of 
the fuselage, wing, leading-edge Krueger f l a p ,  USB f l a p ,  double-s l j t ted f l a p ,  
and a i le ron .  No s t a t i c  pressure o r i f i c e s  were located on the  nace l le .  

Chordwise sec t ions  taken a t  s t a t i o n s  A, B,  and Z ir. f i gu re  l ( a )  a r e  shown 
i n  f i gu re  l ( b ) .  The th r ee  s ec t i ons  a r e  taken through the  cen te r  of the  engine, 
the double-slotted f l a p ,  and the  a i l e ron ,  respec t ive ly .  Note t h a t  f l a p  and 
a i l e ron  de f l ec t i on  angles a r e  defined with respec t  t o  t he  wing reference plane 
indicated by the  cen te r  l i n e .  A f l a p  de f l ec t i on  of 32O and a symmetrical s i l e -  
ron def lec t ion  of 20° corresponds t o  a t yp i ca l  take-off configuration. A f l a p  
def lec t ion  of 72' and a symmetrical a i l e ron  de f l ec t i on  of 50° corre-p - onds t o  a 
t yp i ca l  landing configuration. 

ANALYTICAL PREDICTION METHOD 

An ana ly t i ca l  m?thod, present ly  being developed under a NASA cont rac t ,  was 
used t o  pred jc t  t he  s t a t i c  aerodynamic loads and the longi tud ina l  aerodynamic 
c h a r a c t e r i s t i c s  of t he  USB configurat ion shown i n  f i gu re  1. The method uses  
po t en t i a l  flow models t o  represent  the  l i f t i n g  sur faces  and engine wake and pre- 
d i c t s  the in te r fe rence  between these  sur faces  and the  engine wake. The l i f t i n g  
surfaces  a r e  represented by a nonplanar vortex l a t t i c e  and the  engine by an 
expanding rectangular  vortex "ring" model. Figure 2 i l l u s t r a t e s  the  aerody- 
namic paneling scheme used t o  model t he  wing, f l a p s ,  and a i l e ron .  The shaded 
panels i n  f igure  2 a r e  those which rece ive  d i r e c t  in te r fe rence  from the  engine 
wake. Figure 3 i l l u s t r a t e s  t he  simulated shape and loca t ion  02 the  engine 
exhaust wake and the wake center  l i n e .  The shape of t he  wake was empir ical ly  
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tailored to the USB configuration of figure 1; that is, the width was deter- 
mined by measuring the width of soot deposits from photographs in reference 9, 
and the height was determined from velocity profiles in reference 11 (which used 
the same engine and wing-flap as ref. 9). The rectangular vortex rings are 
normal to the wing and flap surfaces, resulting in a jet which is tangent to 
those surfaces. The wake center line moves aft at a constant y-station (see 
axis system in fig. 3) and it leaves the trailing edge of the last flap tangent 
to that surface. It then returns to the free-stream direction via a parabolic 
path at a distance equal to approximately 1 root chord downstream. 

There are sane limitations of the analytical prediction method which pre- 
vent complete simulation of the physical properties of the USB model. For 
example, the method cannot simulate either the exhaust nozzle deflector or 
leading-edge and aileron blowing BLC. In addition, there is no provision in the 
computer program for eliminating the contributions to the normal-force coeffi- 
cient from that portion of the wing under the nacelies. 

, -, 

RESULTS AND DISCUSSION : , . I  , 
' :  I 
t ,  2 

Experimental Data 

Figure 4 contains chordwice pressure distributions at a high thrust coef- 
ficient for the landing flap deflection. Shown is a portion of the nacelle and 
the upper surface of the wing and USB flap taken along chordwise section A of 
figure l(a) . The lines normal to the surf ace of the wing and flap indicate the 
location of static pressure orifices and the magnitudes of the pressures. The 
solid curve represents the wind-on condition (wind velocity was approximately 
14 m/sec (45 ft/sec) at sea level), and the dashed curve represents the wind- 
off condition. Both distributions have the same general shape with about a 
20-percent difference in magnitude. In both distributions the peak pressures 
occur at the knee of the flap. Also shown in the figure is ? region of positive 
pressure2 at the point of exhaust impingement on the upper surface of the ving. 
The shapes of these pressure distributions are very similar to those ;hewn in 
reference 10 and to those obtained in recent static tests of another large-scale 
USB model, in which peak pressures also occcr at the knee of the flap. 

Figures 5 to 8 contain plots of section normal-force coefficient cn as ,i 
a function of no~dimensional semispan position -Y-- for the present tests. 1 i , . :  b/2  
Note that thz location of the exhaust nozzle is identified in each of these 
figures. Since no pressure orifices were located on the nacelles, cn does 

1 ; :  
not include contributions from the nacelles. A common characteristic in fig- 1 

ures 5 to 8 is the "dip" in t h e  normal-force coefficient dist~ibutions. The 
dip occurs inboard of the nozzle center line and is due to positive pressures 
on the wing upper surface in the region of exhal:st impingemellt. The positive 
pressures result in significantly lower sectio:. normal-force coefficients rela- 
tive to adjacent spanwise stations, which h a w  smaller positive pressures. 



-- In figures 5 to 8, values of both section nomal-force coefficient cn - and angle of attack ct for constant values of thrust coefficient C,, were 
obtained by interpolation of the basic corrected data. 

Effect of engine thrust coefficient.- Figure 5 shows spanwise normal- 
force coefficient distributions for thrust coefficients of 0, 2.15, and 3.93. 
The angles of attack were 9.63O, 8.62O, and 7.9s0, respectively (the difference 
in a has a negligible effect on the comparison). Examination of figure 5 
indicates that from the fuselage center line to approximately 80 percent of the 
semispan the normal-force coefficients increased with increwing thrust coeffi- 
cient. At the nozzle center line the normal-force coefficient for maximum 
thrust was an order of nwgnitude greater than that for zero thrust. Outboard, 
near the tip and well removed from the influence of the engine exhaust, the 
section normal-force coefficients for the two power-on conditions approached a 
common value, indicating that Cn is independent of Cv near the tip. 

Effect of angle of attack.- Figure 6 shows spanwise normal-force coeffi- 
cient distributions for angles of attack of -1.3', 8.!j0, 18.3', and 28.3'. This 
plot indicates that from the fusela,,e center line to a positio~ slightly out- 
board of the nozzle, the spanwise normal-force coefficient is primarily depen- ' dent on the engine exhaust and shows little dependence on angle of attack. 
However, outboard of the nozzle the normal-force coefficient increases with 
increasing angle of attack as might be expected. 

Effect of flap deflection angle_.- Figure 7 shows spanwise normd-force 
coefficient distributiozs for flap deflection angles of 72' and 32'. The angles 
of attack were 8.48' for 6f = 72' and 8.03~ for 6£ = 32' (the difference 
in a has a negligible effect on the comparison). Examination of figure 7 
indicates that the normal-force coefficfents are consistently larger for the 
72' flap setting than for the 3Z0 flap setting. From near the tip to well 
within the spanwise extent of the exhaust nozzle, the normal-force coefficients 
for the 72' setting are consistently approximately twice as large as those for 
the 32' setting. Also of interest are cn variations from the midpoint of the 
exhaust nozzle to slightly outboard of the exhaust nozzle. For the 72' flap 
deflection, maximum values of cn occurred within the spanwise extent of the 
exhaust nozzle; for the 3:' flap deflection, maximum values of cn occurred 
outboard of the exhaust nozzle. The locations of these maxir~um values indicate 
that there was more spanwise spreading of the high-velocity exhaust for the 
smaller flap deflection angle than for the higher flap deflectioa angle. 

Effect of one enpine inoperative.- Figure 8 shows spanwisc normal-force 1 coefficient distributions on the right wing of the model for both engines 
I operating, right engine only, left engine only, and both engines inoperative. 
I The normal-force coefficient distributions for both engines operating and right 
I engine only are very similar, with maximum variations in the region behind the 

exhaust nozzle. The spanwise normal-force coe'ficient distributions for left 
I engine only and both engines inoperative are almost identical, indicating that 

there io very little lift carryover for this model. This result is not in 
I agreement with results from other USE conf lgurat ions with one engLne i:ioperative 
I (for example, see ref. 10). One reason for the absence of lift carryover for 



l i f t  carryover  wi th  one engine  i n o p e r a t i v e ,  a s  i n d i c a t e d  by some unpubltshed 
d a t a  r e c e n t l y  obta ined.  

- 
;L 1 $,$?I 
.- . .,'.;p. 

t h e  p resen t  model could be s e v e r e  f low s e p a r a t i o n  on t h e  f u s e l a g e  due t o  t h e  . ' I . % s t .  

Analy t i ca l  Ccmparison 

i n t e r f e r e n c e  3etween t h e  fuse lage  and n a c e l l e s  ( r e f .  9) .  It i s  be l i eved  t h a t  a 
leading-edgs? Krudger f i a p  between t h e  fuse lage  and n a c e l l e s  could provide  

1 I 2% ,:,q 

CONCLUDING REMARKS 

. < 

Some pre l iminary  a n a l y t i c a l  r e s u l t s  obta ined by us ing  t h e  p r e d i c t i o n  
I + % 

method mentioned previously  a r e  presented i n  t h i s  s e c t i o n  of t h e  paper and com- \ : 
pared wi th  experimental  d a t a .  Figure  9 c o n t a i n s  comparisons of exper imenta l  2 ,, 

and a n a l y t i c a l  spanwise normal-force c o e f f i c i e n t  d i s t r i b u t i o n s  a t  t h r e e  power 
s e t t i n g s  f o r  a f l a p  d e f l e c t i o n  of 72'. Measurements were made a t  8 spnnwise 
l o c a t i o n s ,  and a n a l y t i c a l  c a l c u l a t i o n s  were performed a t  16 l o c a t i o n s .  For 
Cp = 0 ( i n  t h e  upper l e f t  s i d e  of f i g .  9) t h e r e  is  good agreement between pre- 
d i c t e d  and measured r e s u l t s  outboard of t h e  nozzle.  The p red ic ted  l o a d s  a r e  
too high i n  t h e  nozzle  region.  A s  s t a t e d  p rev ious ly ,  some of t h i s  d i f f e r e n c e  , .  

may b e  expla ined by t h e  l i f t i n g  s u r f a c e  model i n  t h e  c u r r e n t  program. The wing ' , .\ 
i ! :I i n  t h e  n a c e l l e  r eg ion  is represented wi th  a v o r t e x - l a t t i c e  arrangement and is 

allowed t o  c a r r y  loads  a s  i f  t h e  n a c e l l e  were not  p resen t .  Therefore.  t h i s  pro- \ / 1 
cedure must b e  pe rmi t t ing  too much load t o  be  c a r r i e d  by t h e  wing i n  t h i s  region.  
For power-on cond i t ions  ( i n  t h e  lower l e f t  and lower r i g h t  s i d e s  of f i g .  9) t h e  
t h e o r e t i c a l l y  p red ic ted  normal-force c o e f f i c i e n t  d i s t r i b u t i o n s  show reasonably 
good agreement w i t h  t h e  exper imenta l  r e s u l t s .  The peak l o a d s  f o r  both  theo- 
r e t i c n l  and exper imenta l  r e s u l t s  occur w i t h i n  t h e  spanwise e x t e n t  of t h e  exhaust  
nozzle ;  however, t h e  t h e o r e t i c a l  peak loads  a r e  a p p r ~ x i r ~ i a t e l y  20 pe rcen t  h igher .  
P a r t  of t h i s  d i f f e r e n c e  is due t o  t h e  s t a t i c  p r e s s u r e  d i f f e r e n c e s  j u s t  mentioned. 
Another f a c t o r  c o n t r i b u t i n g  t o  t h e  d i f f e r e n c e  is t h a t  t h e  a c t u a l  f low is h igh ly  
complex i n  t h i s  region,  wi th  a r e a s  of p o s i t i v e  and nega t ive  p r e s s u r e s  on t h e  

, .. 

S t a t i c  p ressures  were measured on t h e  f u s e l a g e ,  Krusger f l a p ,  wing, 
upper-surface blown (USB) f l a p ,  double-s lo t ted  f l a p ,  and a i l e r o n  of (i l a rge -  
s c a l e  USB model equipped wi th  turbofan engines.  Sec t ion  normal-force c o e f f i -  
c i e n t s  were determined from s t a t i c  p r e s s u r e  d a t a .  The power-on s e c t i o n  normal- 
f o r c e  c o e f f i c i e n t s  d i r e c t l y  behind t h e  exhaust  nozzle  were about an e r d e r  of 
magnitude l a r g e r  than t h e  power-off c o e f f i c i e n t s  a t  t h e  same l o c a t i o n .  The 
s e c t i o n  normal-force c o e f f i c i e n t s  were i n s e n s i t i v e  t o  ang le  of a t t a c k  w i t h i n  
the  spanwise e x t e n t  of t h e  exhaust  nc)zzle, bu t  very  s e n s i t i v e  t o  both f l a p  
d e f l e c t i o n  ang le  and t h r u s t  c o e f f i c i e n t .  Grea te r  spanwise sp read ing  was 
observed wi th  t h e  f l a p s  d e f l e c t e d  f o r  t h e  take-of f  c o n f i g u r a t i o n  (32") than 
f o r  t h e  l and ing  conf igura t ion  (72'). For one engine  i n o p e r a t i v e ,  t h e r e  was 
very l i t t l e  l i f t  carryover  a c r o s s  t h e  fuse lage  f o r  t h i s  model. 

i 

wing uppei s u r f a c e .  The a n a l y t i c a l  p r e d i c t i o n  method cannot s i m u l a t e  t h i s  
e f f e c t .  Outboard, near  t h e  wing t i p  and away from t h e  in f luence  of t h e  engine 
exhaust ,  t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  a g r e e  more c l o s e l y .  

1 

a t t ached  flow i n  t h i s  region a l ~ d  t h e r e f o r e  provide  b e t t e r  flow c o n d i t i o n s  f o r  

. . 

.: 1 

, -.$ 
I .? 
! ? A 



Some experimental data were ccmpared with analytical results of a method 
presently being developed under contract. Preliminary results from this method 
indicate that the analytically predicted shape of the spanwise distribution of 
section normal-force coefficients is correct, but the magnitudes are appr~xi- 
mately 20 percent high for the power-on conditions. 
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Figure 4.- Chordwise s t a t i c  pressure distributions along 
engine center l i n e .  C,, - 3.93; 6f = 72% 

Figure =,.- E f f e c t  of thrust coef f ic ient  on spanwise loads* 
a . 100 (nominal) ; 6 f  = 72'; 6 ,  50'. 
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Figure 6.-  Effect of angle of attack on spanwise loads. 
C, - 2.5; 6f = 72'; 5,  = 50'. 
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Figure 7 . -  Effect of f lap def lect ion  on spanwiss loads. 

Cp 2.5:  = 10' (nominal). .. .:I 
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Ygure 8.- Effect of one engine inoperative on spanwise loads on 
right wing. a = lo0 (nominal); df = 32'; $ = 20'; 
C,, = 1 . 0  per engine. 
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Figure 9 . -  Measured and calculated spanwise loads. 
a = lo0 (nominal); 8f = 72'; 6, = 50'. 



ACOUSTIC-LOADS RESEARCH FOR POWERED-LIF'i' CONFIGURATIONS 

James A. Schaenster, Conrad M. Willis, 
James C. Schroeder, and J ~ h n  S. Mixson, 

NASA Langley Research Center 

SUMMARY 

Intsnse noise sources are associated with the impingement of the jet engine 
exhaust on the wing and flap surfaces of powered-lift configurations. These 
noise sources may cause excessive noise inside the aircraft or may induce early 

d at determining 
ement noise for use 

fatigue and interior noise control and at developing 
the loads. The research program includes ccoustic-loads 
ty of configurations including snall-scale models, large- 

scale models, and flight vehicles. Companion analytical studies seek to develop 
for prediction of flight values from scale-model tests. 
ge-scale model tests with jet engines having thrusts of 

(8000 lb) include acoustic loads fcr an externally 
ced by a TF34 jet engine, an upper surface blown (USB) 

aircraft mod.el in a wind tunne;, and two USB models in static tests. Compari- 
sons of these results with results from acoustic-loads studies on configura- 
tions of other sizes are made and the implications of these results on interior 
noise and acoustic fatigue are discussed. 

INTRODUCTION 

Two of the powered-lift configurations receiving considerable attention 
for use in short take-off and landing (STOL) aircraft are the externally blown 

e upper-surface blown {USB) system. To obtain the 
ese  configuration^ require the jet engine exhaust to 
wing-flap structures of the aircraft. The effects of 
to increase the overall fluctuating loads on the air- 

1 aircraft and (2) to 
,L lower frequencies than 
and the low-frequency 

se the potential of sonic fatigue and (2) to induce 
high acoustic levels in the interior of the aircraft. The extent of these 
problems in powered-lift aircraft is shown in figures 1 and 2. Figure 1, taken I 

hat sonic fatigue failures of small secondary structures 
variety of sour~es when levels exceed 130 dB. Above 

this level, special design considerations are needed to minimize the potential 
of failure. Figure 2, taken from reference 2, illustrates the potential inter- 
ior noise problems of STOL aircraft. Figure 2(a) shows the external noise 
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AMST 

BBN 

EBF 

FPL 

0 A 

OAFPL 

spectrum for a USB take-off configuzation. Figure 2(b) indicates the current 
technology of aircraft sidewall noise reduction. Figure 2(c) shows the result- 

. ' e l  ., 

ing USB interior noise spectrum based on the data in figures 2(a) and (b). Also - ..I 
shown, for reference purposes, in figure 2(c) are spectral data measured during 

I /  

dynamic pressure of the jet at the nozzle exit, Pa 

velocity.of the jet at the nozzle exit, m/sec 

cruise conditions on CTOL aircraft. These predictions indicate that in the 
i lower frequency range, interior noise levels are 25 dB above those for current 
i cruise aircraft - a considerably noisier interior environment. 

advanced medium short take-off and landing transport 

Bolt Beranek and Newman 

externally blown flap 

fluctuating pressure level 

overall 

overall fluctuating pressure level 

, .  ~ 

- . '**:/ . 
. .,.*%j 

-: .4 ,'. 
;." .-I 

Because of these potential problem areas, a program designed to develop .-:$ $, , 
- , I techniques for predicting fluctuating loads on STOL aircraft was established at ..;;: . ..s , 

Langley Research Center. The effects of these predicted loads could then be ' . .? 

incorporated in the design of the aircraft to prevent many problems that other- '?:/ .' . 
wise would require modifications after the aircraft was built. It was believed * ?  : 
that the use of models would be the best approach. Shown in figure 3 is an out- : 

line of the program which developed. To aid in determining scaling laws and .i i 

* '1 ' 
prediction methods, three types of models were selected for investigation: . t  i 
sm,-11-scale models, large-scale models, and flight vehicles. Langley has I . . I  

, - 1  

di ctly supported or conducted in-house tests on all three types of models ' 1 ;  
for both the EBF configuration and the USB con£ igurat ion. . _ 

1 ;  
j 1 .  

SYMBOLS 

d jet nozzle exit diameter, m 

f frequency, Hz 
: - I .  

Mj 
Mach number of the jet at the nozzle exit -1-, _ - ,  

prms root-mean-square value of the fluctuating pressure, Pa 1 ,- 
I i 



PSD power spectral density 

SPL sound pressure level 

USB uppcr-surface blown 

EBF FLUCTdATZNE-LOADS STUDIES 

Shown in figure 4 are pnotographs of the test configurations being used 
to study the EBF fluctuating loads. At the lower left is the Bolt Beranek and 
Newman (BBN) EBF small-scale model. Ltata from.this model have been reported 
in reference 3. In the middle photograph is the TF34 engine (36 k.N (8000 lb) 
thrust) EBF model which weis tested at the NASA Lewis Research Center. Prelimi- 
nary data from this test have been reported in references 4 and 5. Shown at 
the top of the figure is the Douglas AMST YC-15 aircraft. The YC-15 is cur- 
rently undergoing fli~vht evaluation tests by the U.S. Air Force, and in the 
spring of 1976, fluctuating-loads data were obtained on the wing, flap, and 
fuselage. IF addition, ~qngley Research Center in cooperatloq with the Air 
Force Flight Dynamics Laboratory has obtained data on the structural response 
of the fuselage sidewall and an interior noise levels of this aircraft. These 
data are not currently availabie for publication. 

Overall fluctuating pressure levels (OAFPL), in decibels referenced to 
ZOpPa, measured on the TE34 EBF wodel are shown in table I. Shown in schematic 
view are the engine, the wing, and the flap settings for typical take-off (flap 
angles of 00, Zoo, and 40°) and landing (flap angles of 150, 35O, arid 55O) con- 
figurations. Listed in the table are measurements obtained at f1a.p locations on 
a vertical plane through the engine center line. The measurements cover a range 
of jet exhaust Mach numbers from 0.33 to 0.59. The highest levels were 163 dB 
for the take-off flap setting and 162 dB for the landing flap setting. However, 
in all cases, the table shows levels equal to or exceeding 143 dB, clearly above 
the level indicated in figure 1 for the onset of acoustic fatigue problems. 

Although the BBN small-scale nodel is not ar: exact replica of the TF34 model, 
it is approximately a 1120-scale model. Nondimensionalized data from both models 
obtained at transducer locations 2 and 5 (see sketch in table I) for both a take- 
off configuration and a landing configuration are shown in figure 5. The fre- 
quency sca.Ye is nondimensionalized by using the nozzle exit diameter and nozzle 
exit jet velocity as parameters. This normalized value is called the Strouhal 
number. Th.2 mean-square fluctuating pressure levels in 113-octave bandwidths 
and normalined to the jet dynamic pressure at the exit are plotted in decibels 
on the verti.-.al scale. Data from the models collapse very well for both flaps 
in the take-cff configuration and for the aft flap in the landing configuration 
(figs. 5(a), (b), and (d)). Normalized amplitudes are well within 5 dB of each 
other and the peak response generally occurs at a Strouhal number between 0.4 
and 0.5. The peak response is at a somewhat lower Strouhal nuaber (0.27) on the 
aft flap In the take-off configuration for the small-scale model (fig. 5 ( b ) ) .  
For the <orward flap in the landing configuration (fig. 5(c)), the TF34 data 
follow the same crend as the data in the otner parts of figure 5; but the small- 



s c a l e  model d a t a  i n d i c a t e  z lower o v e r a l l  l e v e l  and a muck f l a t t e r  spectrum, 
without a c l e a r l y  d e f i n a b l e  frequency of peak response.  

* .  , --.: 1 
s .I 

These d a t a  i n d i c a t e  t h a t  techniques  us ing s c a l e d  geometry and t h e  j e t  noz- , I.3 

, . . i  
z l e  e x i t  dynamic p ressure ,  v e l o c i t y ,  and diameter a s  parameters are s u f f i c i e n t  ' ,  I ' ? j  

-I ! . '_. t o  p r e d i c t  thc  loads  on t h e  f l a p s .  However, some q u e s t i o n s  concerning t h e  : . . ,  .;.> 
I .  ! .,:4 

e f f e c t s  of temperature and n o n c i r c u l a r  nozz le  e x i t s  s t i l l  remain. ,>,, :I 
, .. . *.j 

j .  . , 
. 1 1  

USB FLUCTUATING-LOADS STUDIES 
I 

Shown i n  f i g u r e  6 a r e  photographs e f  t h e  t e s t  c o n f i g u r a t i o n s  being used t o  
s tudy  t h e  USB f l u c t u a t i n g  loads .  Data on t h e  f l u c t u a t i n g  loads  of  each of t h e s e  
c o n f i g u r a t i o n s  have been o r  w i l l  b e  obta ined.  S t a r t i n g  a t  t h e  upper l e f t  is a n  
Aero Commander a i r c r a f t  modified by t h e  i n s t a l i a t i o n  of  over-the-wing JT15D 
engines  (9 kN (2000 l b )  t h r u s t ) .  Below t h a t  I.s a f u l l - s c a l e  b o i l e r p l a t e  model 
of t h e  Aero Commander wing and f l a p ,  mounted upside  down, a l s o  wi th  a JT15D 
engine. I n  t h e  lower l e f t  co rner  is  a smal l -scale  model of  t h e  b o i l e r p l a t e  
model u s i n g , a  cold  a i r  j e t .  T e s t s  of t h e  smal l -scale  mode: a r e  being conducted 1 ; ' g  1 i a t  t h e  Univers i ty  of V i r g i n i a  a s  p a r t  of a NASA s tudy  g r a n t  on powered-l if t  con- , I 

f i g u r a t i o n s .  Resu l t s  of t h e s e  e f f o r t s  a r e  presented i n  r e f e r e n c e  6. 

A t  t h e  upper r i g h t  co rner  i s  a n  art ist 's  ske tch  of t h e  Boeing AMST YC-14. 
During t h e  A i r  Force f l i g h t  e v a l u a t i o n  t e s t s ,  t h e  Boeing Company w i l l  o b t a i n  
d a t a  on both  t h e  f l u c t u a t i n g  loads  and t h e  i n t e r i o r  n o i s e  l e v e l s  f o r  NASA. 
These t e s t s  a r e  c u r r e n t l y  scheduled t o  s t a r t  i n  t h e  summer of 1976. Immedi- 
a t e l y  below t h e  YC-14 i s  a s k e t c h  of  t h e  YC-14 ground t e s t  r i g .  The Boejng 
Company, under c o n t r a c t  t o  NASA, co.~ducted t e s t s  on a f u l l - s c a l e  mockup of t h e  
YC-14 us ing  a combination of a c t u a l  a i r c r a f t  components and b o i l e r p l a t e  com- 
ponents. Pre l iminary  r e s u l t s  from t h i s  t e s t  a r e  r epor ted  i n  r e f e r e n c e  7. 
Below t h e  Boeing model is a photograph of  t h e  YC-14 s c a l e  model a t  Langley. 
Resu l t s  on t h e  USB s t a t i c  performance of t h e  114-scale model were presented i n  
r e fe rence  8. 

Wing Flap Loads . ".I 1 :  / . I  
An example of t h e  type  of d a t a  obta ined on t h e  l o a d s  is  shown i n  f i g u r e  7. 

The p r e s s u r e  s p e c t r a  on t h e  wing of  t h e  YC-14 s c a l e  model dur ing  engine  run-up 
a r e  shown i n  a "three-dimensional" format.  A con t inu ing  s p e c t r a l  a n a l y s i s ,  
from 0 t o  7 kHz i n  20-Hz bandwidths, i s  performed whi le  t h e  engine  t h r u s t  is 
increased from t h e  va lue  a t  i d l e  speed (about 1100 N) t o  maximvm t h r u s t  (7500 N ) .  
Each subsequent a n a l y s i s  i s  p l o t t e d  j u s t  below t h e  preceding one t o  form t h e  
p i c t u r e  shown i n  f i g u r e  7 (b ) .  Th i s  type  of a n a l y s i s  p r e s e n t s  a v i s u a l  d i s p l a y  
of t h e  continuous change i n  s p e c t r a  wi th  engine  t h r u s t .  The fan  tones  and a 
coinpressor tone  a r e  c l e a r l y  v i s i b l e  a s  peaks i n  t h e  s p e c t r a l  curve ,  i n c r e a s i n g  
i n  frequency a s  t h e  t h r u s t  i n c r e a s e s .  Over t h e  frequency range d i sp layed ,  it  
may a l s o  be seen t h a t  wi th  t h e  except ion of t h e  engine  tones ,  t h e  s p e c t r a  do 
not  show any a c t i v i t y  above 2 kHz. Below 2 kHz, t h e  s p e c t r a  vary  a s  t h e  t h r u s t  
of t h e  engine i n c r e a s e s ,  and i n  f i g u r e  7 (a )  t h e  s e c t i o n  of t h e  s p e c t r a  shown by 
t h e  dashed loop i n  f i g u r e  7(b)  is expanded by ana lyz ing  t h e  same d a t a  wi th  a 



4-Hz bandwidth over a frequency range of 0 t o  500 Hz. Using t h i s  narrower band 
ana lys i s  shows t h a t  t he  frequency of t he  f i r s t  peek i n  t h e  response curve 
increases  from about 100 Hz t o  270 Hz f o r  an increase i n  t h r u s t  from i d l e  t o  
maximum th rus t .  (See dashed l i n e s  i n  f i g .  7(a) . )  Because t he  frequencies of 
peak response increase with t h r u s t ,  a normalization such a s  Strouhal number 
would appdor t o  be a reasonable approach t o  nondimensionalizing the  frequency 

j ec t i on  of the  engine center  l i n e  f o r  t he  USB b o i l e r p l a t e  model of t he  Aero 
Commander. The OAFPL i n  decibels  a r e  shown a t  the  r i g h t  of the  f i gu re ,  with 
t h e  maximum l eve l  of 156 dB occurring not i n  the  impinged a rea ,  but somewhat 
downstream on the  wing. Shown a t  t he  l e f t  of t he  f i gu re  a r e  the  power s p e c t r a l  
d e n s i t i e s  of t he  f l uc tua t ing  pressures  associated with those ove ra l l  l eve ls .  

o ther  a t  1700 Hz. Data from measurement loca t ions  downstream on the  f l a p  show 

decreasing. Near the  f l a p  t r a i l i n g  edge, t he  frequency of the peak response 

nozzle,  there  appear LG be a t  l e a s t  two scurces  inf luencing the  shape of t he  

Tne s tud i e s  on the  Aero Commander model provided da ta  on the  s t r u c t u r a l  

The da ta  a r e  s h o w  i n  terms of power spec t r a l  dens i ty  p l o t s  of the  pressure o r  
accelerat ion.  The two pressure spec t ra ,  one on the  wing and one on t h e  a f t  
f l a p  a r e  s imi la r  t o  those reported i n  fi-gure 8. The acce le ra t ions  on the  wing 
show severa l  peak responses over the  e n t i r e  frequency range, although the  maxi- 
mum response is  i n  t he  lower frequency range, where t he  pressure l e v e l s  a r e  t he  
highest .  An overa1.L rms l e v e l  of 4g was measured. The accelerometer on the  
f l a p  was mounted on the  f l a p  t r ack ,  a sec t ion  of support s t r u c t u r e  connected 
a l l  the  way back Do the  wing. The acce le ra t ion  spectrum a l s o  has  s eve ra l  peaks 
with au ove ra l l  rms l eve l  of 15g. Although the  s t r u c t u r e  is responding very 
s t rongly t o  t he  exc i ta t ion ,  i n  general the  f r e q u e n c i e ~  of peak responses i n  t h e  
wing do not m%tch the  frequencies of peak responses i n  t he  f l ap .  This  would 
ind ica te  t h a t  the  resonant responses of the  s t r u c t u r e  a r e  very loca l ized  and 
a r e  not major ove ra l l  v ibra t ion  modes of the  wing-flap system. 



1 
Fuselage Loads 

The scale model of the YC-14 includes a section of fuselage. Shown in fig- 
ure 10 are photographs of a tuft flow visualizetion pattern on this fuselage 
section. It should be noted that vortex generators to aid flow turning are 
installed. In figure 10(a), the engine is off and the tufts are hanging down- 
ward. In figure 10(b), the engine is running with an average jet exhaust veloc- 
ity of 366 m/s. Along the bottom of the fuselage the tufto are almost horizon- 
tal; in the middle they are spinning around, as indicated by the blurred image; 
along the fairing -hey follow flow lines parallel to the flap contour; and on 
the top :here is no indication of flow at all. In figure 11, the fluctuating 
pressure spectra at several locations on the fuse1.age are shown. The OAFPL's 
range from a high of 160 dB cn the fairing section of the fuselage just off the 
trailing edge of the flap to a low of 144 dB on the top of the fuselage. This 
low measurement occurred in an area in which the tufts indicate no flow. The 
differences between the locations in the flow and tl.e one location outsFde the 
flow may be bettt seen by looking at the spectra. Shown are the fluctuating 
levels, in decibels, analyzed by a constant-bandwidth filter having a nominal 
20-Hz baudwidth. All the measurements made where the tufts indicate 31. face 
flow follow the same trend. Although the levels vary, all the spectra maximize 
at frequencies below 120 Hz. The measurements from the transducers located 
below the fuselage fairing have relatively flat responses below 120 Hz, whereas 
the measurements from the transducers on the upper sections of the fuselage peak 
at about that frequency. Above 120 Hz, the spectra all decrease at am approxi-. 
mate slope of 6 dB per octave. The spectrum measured outside the flow region 
had different characteristics. First, the peak in the response curve occurs 
at a somewhat higher frequency. centeriug at about 160 Hz; and the spectrum 
decreases at a much flatter slope, with levels above 1000 Hz actually higher 
than those measured by the two adjacent transducers. These data indicate that 
the higher levels and the lower frequencies are directly related to the exhaust 
flow; but ever. where there is no exhaust gas flow, acoustic levels are very high. 

Although the conditions ; -e not matched, the spectsa in the exhaust gas 
flow areas shown here are very similar to the predicted spectra shown in fig- 
ure 2, both in shape and level. This similarity indicates that the interior 
noise levels will .be as high as predicted under some circumstances and that new 
techniques will have to be developed to help reduce these levels to current com- 
mercial aircraft levels. 

CONCLUDING REMARKS 

Measurements have been obtained from several EBF and USE test cnnfigura- 
tionv ranging from small-scale models to large, full-scale models using actual 

;j.:/ 2; 
.. - % .  . . , . -  

jet engices. Data from these models are being evaluated at present, and initial . ,~ 
\;,->, results indicate that the anticipated high levels and low frequencies actilally 1 ,+ .....a' 

occur and will likely require special design considerations. The use of small- . 
r .  

' - ,  

scale models to aid in predicting the loads and frequencies looks very promis- ... . 
, * .  , ,.. ing, but additional development is still necessary and investigation into I , I.::.:: modeling is continuing. 
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Because initial predictions, partially supported by ground-test loads data, 
indicate high interior noise levels in powered-lift aircraft, Langley Research 
Center has extended its fluctuating-loads program into interior noisi ,-cudiea. 
Currently, measurements are being obtained on the AMST aircraft to . in 
studies of sources and transmission paths of cabin interior noise in STOL 
aircraft . 

The AMST flight test program, by obtaining measurements during actual opera- 
- tional conditions, should provide definitive data for evaluating the capabilities 

of scale-model prediction methods. 
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I- FATIGUE + 

FA I LURES 

SOUND PRESSURE LEVEL, dB 

Figure 1."- Sound pressure l e v e l s  of acoustic loading on 
aircraft  structures .(from re f .  1) .  
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(a) External noise  spectra. (b) Sidewall :ioise reduction - 
current technology. 
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(c) Interior noise spectra. 

Figure 2 . -  Estimated USE ncise  spectra (from r e f .  2 ) .  
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SCALING - LAWS --- P,ND RRED ICPION METO'DS 

" I SMALL-SCALE M Q Q X  LARGE-SCALE MODELS 

I EBF MODEL lBBN) TI34 EBF 
i 

F t  l GHT FSTS 

AMST YC-IS (DOUGUS) EBF 

US 8 MODEL (U. L'A. 1 MOD IF1ED AERO AMST YC-14 IBOE ING) USB 
i COMMAN DER-US B 

SOllERPLAlGF MODEL-USB 

YC-14 GROUND 1ESf -USB 

I YC-14 SCALE MODEL-2SB 

Figure 3.- Program for development of predict  ion nethods 
for  fluctuatln~ 1s:i.J;. 

Figure 4 .- Test conf iguratlons for EBF f luctuating-loads studies. 
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F i ,  re 8 . -  Pressure spectra along engine center Line 
of USB boilerplate model. 
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Figure 9.- Loads and response of wing and flap of 
USB modified Aero Commander. 
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(a) Jet velocity: 0 .  (b3 Jet velocity: 366 m/s. 

Figure 10 .- Tuft flow patterns on fuselage surface of 
YC-I4 scale model. 
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Figure 11.- Fluctuating pressures an tuszlage sldevall 
of PC-14 scale model. 
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INVESTIGATIONS OF SCALING LAWS FOR JET IMPINGEMENT 

J.B. Morton, J.K. Haviland, G.D. Catalano,  and W.W. Herl ing 
Univers i ty  of Vi rg in ia  

SUMMARY 

es were i n v e s t i g a t e d  by two techniques.  I n  one, a 
W )  was used i n  a smoke-laden j e t  t o  measure one- 
, inc lud ing  mean v e l o c i t i e s ,  t u r b u l e n t  i n t e n s i t i e s ,  
a t  i o ~ i s ,  and power-spectral d e n s i t i e s .  I n  t h e  o t h e r  
u r f a c e  p ressure  probes connected t o  1 / 8  i n c h  micro- 
ingle-point  rms and 113-octave p ressures ,  as w e l l  
ons,  t h e  l a t t e r  being converted t o  auto-spectra ,  
, and coherences. The r e s u l t s  of t h e s e  s t u d i e s  
f j e t s ,  gave some i n s i g h t s  i n r o  t h e  e f f e c t s  of 

on flow v e l o c i t i e s .  Addit ion i n v e s t i g a t i o n s  were made wi th  a 114 s c a l e  model 
of t h e  Langley s t a t i c  t h r u s t  s t and ,  wi th  a rec tangu la r  nozzle  i n  an upper 
su r face  blowing conf igurat ion.  It was found t h a t  t h e r e  a r e  a t  l e a s t  two e f fec -  

which p e r s i s t s  f o r  a longer  d i s t a n c e ,  appears t o  be i n  agreement wi th  a v a l u e  
given i n  t h e  l i t e r a t u r e  f o r  f a r - f i e l d  noise .  There i s  a l s o  some evidence of a 
t h i r d  s p e c t r a l  peak a t  an even lower frequency, corresponding t o  an e f f e c t i v e  
diameter equal  t o  t h e  major rec tangu la r  dimension. I n i t i a l  s u r f a c e  p r e s s u r e  
measurements have been used t o  o b t a i n  dimensionless s p e c t r a  f o r  comparison w i t h  
f : l l l -scale  t e s t  d a t a ,  and agreement has been s u f f i c i e n t l y  good t o  support  t h e  
idaa  o f  us ing low Mach number models f o r  t h i s  Fuxpose. However, t h e s e  s p e c t r a  
a r e  dependent on t h e  a c o u s t i c a l  p ressure  s p e c t r a  i n  t h e  nozzle  t o  an a s  ye t  un- 
determined e x t e n t ,  so t h a t  it may become necessary  t o  s imula te  t h e  engine 
s p e c t r a  t o  o b t a i n  r e l i a b l e  r e s u l t s .  
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The p r i n c i p a l  goal  of t h i s  i n v e s t i g a t i o n  ts t o  determine t h e  s c a l i n g  laws 
f o r  t h e  dynamic p r e s s u r e s  induced on wing s u r f a c e s  o r  f l a p s  o f  STOL a i r c r a f t  
due t o  j e t  impingement. To achieve t h i s  g o a l ,  t h e  i n v e s t i g a t o r s  have used an 
approach which has  combined t h e o r e t i c a l  cons ide ra t  i o n s ,  b a s i c  s t u d i e s  of j et 
f lows,  and d i r e c t  s c a l e  model tests on a  kno-m conf igura t ion .  T h i s  paper is 
divided i n t o  t h r e e  s e c t i o n s .  The f i r s t  p r e s e n t s  a  b r i e f  d i s c u s s i o n  of  t h e  * ~ 1 . . ,  , . '  

l i t e r a t u r e ,  and of some of t h e  t h e o r e t i c a l  c o n s i d e r a t i o n s  which might l ead  t o  
a  method of s c a l i n g .  The second p r e s e n t s  a b a s i c  s tudy of t h e  f low i n  a c i r -  
c u l a r  j e t  blowing over  an a i r f o i l  s u r f a c e ,  us ing a  laser-Doppler velocimeter .  
The t h i r d  p r e s e n t s  some i n i t i a l  r e s u l t s  from a 114 s c a l e  model gf t h e  upper 

, I 

s u r f a c e  blowing f a c i l i t y  a t  Langfey, which u s e s  a JT15D-1 engine.  Another , : , , 
1 

major e f f o r t  i n  t h i s  program, now completed (ref. l), h a s  been a n  inves t iga -  
t i o n  o f  t h e  f low from a c i r c u l a r  j e t ,  which h a s  involved measurement of t h e  
f l u c t u a t i n g  p ressures  i n  t h e  f r e e  f low and i n  t h e  f low impingement on a f l a t  . . . .  
p l a t e .  1 i 

i 
I . ,  

DISCUSSION 
j - :i I / : J b  

L i t e r a t u r e  Review ! ! I  , 
i 

In  reviewing t h e  l i t e r a t u r e ,  one f i n d s  t h a t  th?  s i n g l e  most important  con- . I 
t r i b u t i o n  t o  t h e  understanding of j e t  flows is the  replacement of t h e  "c las-  
s i c a l "  j e t  model shown i n  f i g u r e  l a  by t h e  v o r t e x  model shown i n  f i g u r e  l b .  

i ,. 
1 I 

I 
- i 

Early  i n v e s t i g a t o r s ,  such a s  Powell ( r e f .  2), Bradshaw, F e r r i s  and Johnson 
( r e f .  3) ,  and Mollo-Christensen ( r e f .  4)  had r e a l i z e d  t h a t  t h e  j e t  tu rbu lence  i 1  i 
was s t r u c t u r e d ,  whi le  Davies ( r e f .  5 ) ,  Crow and Champagne ( r e f .  G ) ,  and Lau, 
F i she r  and Fuchs ( r e f .  7 ) ,  t o  name j u s t  a  few, con t r ibu ted  t o  t h e  i d e n t i f i c a -  ' i  
t i o n  of t h e  v o r t e x  s t r u c t u r e .  Whereas t h e s e  i n v e s t i g a t o r s  worked mainly on I 

I measuring o v e r a l l  flow s t a t i s t i c s ,  many o t h e r s  at tempted flow v i z u a l i z a t i o n .  ~ I 
Also, by examining ins tan taneous  s i g n a l s  from p r e s s u r e  t r a n s d u c e r s ,  Laufer ,  I { !  

1 ' :  
Kaplan, and Chu ( r e f .  8) showed t h a t  p a i r s  of v o r t i c e s  tend t o  coa lesce  i n t o  
s! g l e  v o r t i c e s ,  a s  shown i n  f i g u r e  l b .  Recently,  Lau and F i s h e r  ( r e f .  9) have I 

argued t h e  case  f o r  t h e  'probable  f low' ,  i n  c o n t r a s t  t o  t h e  ' i d e a l i z e d  f l o w ' ,  * I  

both  shown i n  f i g u r e  lb .  I .  i j , . ! 
1 :  

I . , 
It is  d i f f i c u l t  t o  cons t ruc t  a  s a t i s f a c t o r y  a n a l y t i c a l  model of  t h e  j e t  

s t r u c t u r e .  However, Batchelor  and G i l l  ( r e f .  10) showad t h a t  t h e  v o r t e x  tube  I ! I ; 
which emerges from a  j e t  is u n s t a b l e ,  and t h a t  t h i s  could t r i g g e r  t h e  formation 
of v o r t i c e s .  Widnall and S u l l i v a n  ( r e f .  11)  showed t h a t  i n d i v i d u a l  v o r t i c e s  1 
a r e  uns tab le ,  develop lobes ,  and u l t i m a t e l y  break up. Also, Davies e t  a l .  ! 
( r e f .  12)  c o n s t r ~ c t e d  a computer model i n  which t h e  vor tex  tube  emerging 
from t h e  j e t  was represen ted  by nmall, c l o s e l y  spaced v o r t i c e s ,  and showc? t h a t  1 - 1  ; t h e s e  combine i n t o  l a r g e r  v o r t i c e s ,  j u s t  a s  t h e  observed vor tex  tube  i n s t a b i l -  ,. 
i t y  would i n d i c a t e .  



The vo r t i ce s  present i n  t he  j e t  cont r ibu te  t o  t he  c h a r a c t e r i s t i c  j e t  spec- 
trum, which peaks a t  a Strouhal number (frequency f tlmes jet diameter D divid- 
ed by j e t  ve loc i ty  UJ) of between 0.3 and 0.4, so t h a t  one might expect t h i s  
frequency t o  show up i n  the  dynamic pressures  exerted during impingement. 
There have been some fu l l - s ca l e  s tud ie s  of t he  e f f e c t s  of j e t  engines i n  ex- 
t e r n a l l y  blown f l a p s  and i n  upper sur face  blowing configurat ions ( re fs .  13-15), 
and of small  cold j e t s  impinging on f l a t  p l a t e s  ( re fs .  1, 16-18), which sub- 
s t a n t i a t e  t h i s .  

Since It is known t h a t  f a r - f i e ld  radiated j e t  noise o r ig ina t e s  i n  t he  
turbulent  j e t  s t ruc tu re ,  one might we l l  expect some re la t ionship  between the  
j e t  noise spectrum and the  d i s t r i b u t i o n  of vo r t i ce s  i n  t h e  j e t .  In  f a c t ,  t he  
noise spectrum: i n  a s ta t ionary  j e t  a t  about 30' t o  t he  a x i s ,  where it i s  a 
maximum, a l s o  exh ib i t s  a peak a t  a Strouhal number of around 0.3. The l i t e r a -  
t u r e  on j e t  noise is extensive, ano a good account of i t  is given by Stone 
(ref.  19). It is unfortunate t ha t  t he  accepted method of non-dimensionalizing 
j e t  noise i s  t o  r e f e r  i t  back t o  the  values obtained a t  90' where the  spec t r a l  
peak occurs a t  a Strouhal number of around 1.0,  because there  a r e  severa l  ex- 
amples of spec t ra  f o r  s l o t  nozzles,  represent ing upper surface blowing con- 
f igura t ions  ( r e f s .  20, 21). These show secondary peaks a t  much lower Strouhal 
numbers In the  90° case, but there  i s  no information on how these peaks s h i f t  
a s  the  angle is  reduced to 30°. 

Theoret ical  Considerations 

The sca l ing  laws f o r  f l u i d  flows a r e  well-known, and it is  q u i t e  c l ea r  
t ha t  an adequate job of sca l ing  a j e t  impingement configuration could be done 
i f  the correct  Reyr~olds number and Mach number could be obtained, i f  the  in- 
t e rna l  noise spec t ra  could be scaled,  and i f  t he  core a i r  were preheated to 
produce the  cor rec t  temperature r a t i o .  Then the  spec t ra  02 pressure coeff i -  
c i en t s  ( i .  e. , f luc tua t ing  pressures divided by j e t  dynamic pressure) a s  func- 
t i ons  of the Strouhal number would he iden t i ca l  f o r  t he  model and f o r  t he  f u l l -  
s ca l e  a r t i c l e .  Nevertheless, it is v i r t u a l l y  inpossible  t o  achieve sca l ing  to  
t h i s  extent.  Therefore, l e t  us consider to what extent  these hypothet ical  re- 
quirements can be relaxed. 

F i r s t ,  consider t he  Reynolds number. Several inves t iga tors  have re- 
ported no apparent e f f ec t  of Reynolds number above about lo4 ,  because, a l -  
though v iscos i ty  may play a par t  i n  t r i pp ing  t h e  i n i t i a l  i n s t a b i l i t y  which 
causes the  vortex tube t o  r o l l  up, subsequent behavior of the  j e t  appears t o  be 
dominated by the vortex s t ruc tu re ,  which causes the  poten t ia l  core t o  disap- 
pear i n  only f i v e  j e t  diameters. 

second, consider t he  hach number. It seems inevi tab le  t h a t ,  once a Mach 
number of one is reached i n  the  j e t ,  shock formation phenomena w i l l  play some 
part .  However, most inves t iga tors  i n t o  j e t  noise ( see ,  fo r  example, r e f .  19) 
have reported minimal compressibili ty e f f e c t s ,  although there  a r e  kinematic 
e f f e c t s  which play a part  i n  thc correct ion f o r  angle t o  the  j e t  ax is .  Also, 
a small Mach number depeildent e f f e c t  on pressure coe f f i c i en t s  was noted i n  a 
fu l l - sca le  upper surface blowing t e s t  ( r e f ,  15). 



I f  t h e  e f f e c t  of  Reynolds number is n e g l i g i b l e  and t h e  e f f e c t  of Mach 
number is  minimal, i t  should  be p o s s i b l e  t o  des ign  q u i t e  s imple  s c a l e  model 
tests f o r  t h e  de te rmina t ion  of dynamic loads  on t y p i c a l  STOL c o n f i g u r a t i o n s ,  
such a s  i n  upper-surface blowing and i n  blown-flap arrangements. .One merely 
has  t o  des ign a s c a l e  model, and t o  i n t e r p r e t  t h e  r e s u l t s  i n  terms of p r e s s u r e  
c o e f f i c i e n t s  r e fe renced  t o  jet dynamic p ressure  and t o  S t rouha l  number. 

However, two d i f f i c u l t i e s  remain. F i r s t ,  i t  is not  p o s s i b l e  t o  model a 
f a n  j e t  engine  c o r r e c t l y  w i t h  co ld  a i r ,  u n l e s s  t h e r e  is 103% mixing ahead of  
t h e  e x i t  nozzle ,  because t h e  d i f f e r e n t  d e n s i t i e s  of t h e  hot  and cold  a i r  make 
i t  impossible t o  s c a l e  both  dynamic p r e s s u r e  (dynamic s c a l i n g )  and j e t  velo- 
c i t i e s  (kinematic s c a l i n g )  a t  t h e  same ti.me. Second, i t  may be d i f f i c u l t  t o  
s c a l e  i n t e r n a l  engine  n o i t e  s p e c t r a  adequately.  

LASER VELOC IMETER MEASUREMENTS 

Discussion 

i n s  
22. 

A d i scuss ion  of t h e  development of LDV techniques  f o r  t h e  measurement of 
tantaneous v e l o c i t y  components i n  a smoke l aden  j e t  i s  given i n  r e f e r e n c e  

Using t h e s e  techniques ,  t h e  following can be found; mean v e l o c i t y  com- 
ponents,  turbulence  i n t e n s i t i e s ,  v e l o c i t y  a u t o - c o r r e l a t i o n s ,  and v e l o c i t y  
powtr-spectral  d e n s i t i e s ,  Also, t h e  presence o r  l a c k  of smoke laden a i r  a t  a  
g i r e n  point  can be used f o r  i n t e r m i t t e n c y  measurements. A l i g h t  s c a t t e r i n g  
technique is  a l s o  used t o  measure concen t ra t ion  of smoke. Wher t h i s  concen- 
t r a t i o n  is  c o r r e l a t e d  wi th  v e l o c i t y ,  use fu l  informat ion about t h e  s t r u c t u r e  of  
t h e  j e t  can be o b ~ a i n e d .  

The purpose of t h e  laser-Cctppler-velocimeter (LDV) experimer:t was t o  de- 
termine t h e  e f f e c t s  of an a i r f o i l  on t h e  flow f i e l d  of an axisymmetric j e t  a s  
w e l l  a s  t o  s tudy t h e  impl ica t ions  of t h e  *.ortex model of  t h e  near  f i e l d  of  a 
f r e e  j e t .  The posi . t ioning of t h e  A r f o i l  r e l a t i v e  t o  t h e  e x i t  p lane  of t h e  
j e t  i n  f i g u r e  2 corresponds t o  t h e  upper s u r f a c e  blowing conf igura t ion .  The 
arrows a r e  s c a l e d  t o  t h e  l o c a l  velocFty v e c t o r s  obta ined by LDV measurcrnents 
and can be seen t o  follow t h e  s u r f a c e  contour.  

A j e t  w i t h  a c o n t r a c t i o n  r a t i o  of  14 t o  1 over  a l eng th  of 159 ~run and an 
e x i t  p lane  diameter of 21.4 nun is used t o  g c n e r a t e  a f l a t  v e l o c i t y  p r o f i l e  a t  
i ts  e x i t  plane. The a i r f o i l  i s  composed of t . ~ o  s e c t i o l ~ s ,  a f l a t  s u r f a c e  
178 mm wide and 75 mm long,  and a c t r v e '  p o r t i o n  w i t h  a r a d i u s  of  cu rva tu re  
of  65 mm sweeping ou t  an a r c  of 70 degrees.  This  a i r f o i l  is a sca led  down 
model of t h e  a c t u a l  a i r f o i l  s u r f a c e  which had been used i n  t h e  upper s u r f a c e  
blowiag i n v e s t i g a t i o a  a t  NASA-Langley. The r a t i o  of t h e  dimensions of f u l l -  
s c a l e  conf igura t ion  t o  t h e  model used i n  t h i s  i n v e s t i g a t i o n  is about 12  t o  1. 

The j e t  and a i r f o i l  were placed i n s i d e  a 203 mm by 305 mm wind tunne l ,  
where a uniform flow was maintained.  The ex4*  Reynolds n u m b ~ r  of t h e  j e t  was 
22 600 while  t h e  r a t i o  of t h e  e x i t  v e l o c i t y  UJ of t h e  j e t  t o  t h a t  o f  t h e  
p a r a l l e l  secondary flow UFS i n  t h e  wind t u ~ n e l  w l s  5.16 t o  1. 



Mean Veloc i t ies  

I n  f i gu re  3, mean ve loc i ty  p r o f i l e s  f o r  the  longi tudinal  c,ouiponcnt a r e  
presented f o r  th ree  downstream loca t ions  (X/D = 2.,3,4) and a t  one v e r t i c a l  
pos i t ion  (Z/D = 0.5) f o r  flow f i e l d s  with and without f l a p .  The r a t i o  of t h e  
l o c a l  excess ve loc i ty ,  U - UFS, t o  the  excess core ve loc i ty ,  UJ - UFS, r s  
plo t ted  versus l a t e r a l  d i s tance ,  Y/D (non-dimer~sionalized by the  diameter of 
the  j e t )  from the cen t e r l i ne  of the  j e t ,  where lJFS is the  f r e e  stream ve loc i ty  
of the  wind tunnel flow. Two observations can be  made concerning the  com- 
parison of the  flows. With the  a i r f o i l  present ,  there  i s  a not iceable  inzrease 
i n  the  width of the  ve loc i ty  f i e l d  a t  each downstream loca t ion .  Secondly, t h e  
maximum ve loc i ty  a t  the cen t e r l i ne  (Y/D = 3) of the  p r o f i l e s  decays much more 
rap id ly .  When X/D equals 4 i n  the f r e e l y  expanding coflowing j e t ,  the  maximum 
value of mean ve loc i ty  has decayed t o  approxin :ely .95 of its e x i t  plane 
value. However, with the a i r f o i l  sur face  positioned i n  t he  flow f i e l d ,  the  
r a t i o ,  (U - UFS)/(UJ - UFS), has a maximum of approximately . 5 5 .  

A comparison of l a t e r a l  mean v e l o c i t i e s  V f o r  bott ,  flow f i e l d s  i n  f i gu re  
4 ind ica tes  once again an increase i n  the width of the  ve loc i ty  f i e l d  with 'he 
a i r f o i l  present.  Also, the  maximum value of  he r a t i o ,  V/(UJ -Ups), has ap- 
proximately doubled when X/D equals 4 and Z / D  equals 0.5.  P r o f i l e s  of mean 
ve loc i ty  i n  t he  v e r t i c a l  d i r ec t i on  W f o r  the  same downstream loca t io . .~  
(X/D = 4) ,  but d i f f e r e n t  v e r t i c a l  pos i t ions  (z/D = 0.5 and 0.185) a r e  a l s o  pre- 
sented i n  f i gu re  4. When Z/D equals 0.5, the  maximum value of the  r a t i o ,  
W/(Uj - UFS), is obtained a t  the  cen t e r l i ne  of the  p ro f i l e .  This  is i n  con- 
t r a s t  t o  the da ta  presented f o r  Z/D equal t o  0.185. I n  t h i s  p r o f i l e ,  

Turbulent I n t e n s i t i e s  

The a x i a l  and r a d i a l  d i s t r i b u t i o n s  of the turbulence i n t e n s i t i e s  i n  terms 

; n e  compzrative p r o f i l e s  yielcls two observationli. F i r s t ,  wi th  the  a i r f o i l  
present,  ti:e turbulent  ve loc i ty  f i e l d  is s i g n i f i c a n t l y  wider. Second, t he  
po t en t i a l  core  region of the 3risynmetric j e t  is broken up much sooner. The 

Concentration-Velocity C o r r e l a t i o ~  

The concentration-velocley co r r e l a t i on  coe f f i c i en t  was a l s o  measured i n  . . 

the  f r e e l y  expanding j e t .  I t  is defined a s  follows: I .  

I 



where u is the f luc t*z ; ing  ve loc i ty  and B i e  t he  f l uc tua t ing  pa r t  of the ton- 
cen t ra t ion ,  both r r a su r rd  a t  the  same point  and time i n  t he  flow. The three  
p r o f i l e s  shown Ln f i gu re  6 are taken &ere X/D equals 2, 4 and 8. 

The e ign l r icance  of t he  concentration-velocity co r r e l a t i on  i~ t h a t  i t  in- 
d i c a t e s  how c lose ly  the passive admixture f i e l d  is  r e l a t ed  t o  the  ve loc i ty  
f i e l d  a s  one moves downstream. A zero i o r r e l a t i o n  indicatee t ha t  the  f luctua-  
t ions  i n  the concentration f i e l d  a r e  t o t e l i y  independent of t he  turbulent  
ve loc i ty  f luc tua t ions ,  a s  is the case  f o r  t h e  p r o f i l e  taken where X/D equals 2 ,  
near t;:c center l ine.  Though both 8- and p S m  a r e  . - -a l l  i n  the po t en t i a l  
core, they are not neg l ig ib le .  The exis tence of O, , a t  the  e x i t  plane i s  
probably due t o  imperfect seediag. Out from the  cen t e r l i ne  of the j e t ,  rq10 
i n i t i a l l y  becomes negatlve,  then changes s ign ,  and evontually reaches a maxi- 
mum value a t  an RID approximately equal t o  one ha l f .  Vortices,  which would 
en t r a in  "clean" a i r  from au t s i ae  the j e t  and would then acce le ra te  the en- 
t ra ined a i r ,  would give r i s e  t o  concentration ve loc i ty  co r r e l a t i ons  of the  
shape shown where X/D nqua3s 2. A s   be po ten t i a l  Cora b reu ' s  up f u r t h e r  
downstream, the  concelrtration and ve loc i ty  f lb , tuat ions would become more 
highly dependent i n  t ~ e  center  rep2on of t he  jet,  a s  is the case.  Thus, the  
r e s u l t s  shown a r e  e n t i r e l y  co-sistent with the  vortex model. 

QUARTER-SCALE MODEL SI; JDY 

Fiscuss ion 

I n  the  study reported i n  reference 1, unsteady pressure measurements were 
made i n  t he  f r e e  f l a r  of a c i r c u l a r  jet and a f  the  sur face  pressures  due t o  
t b  : impingement of t h i s  j e t  on a f l a r  surface.  A l l  measurements were made with 
1 /8  inch (3.2 mm) B & K microphones which were cqnnected by p l a s t i c  tubi-rg t o  
sur face  probes or t o  miniature t o t a l  o r  s t a t i *  frt?-flow probes. Instrumenta- 
t i on  included mean t o t a l  ve loc i ty ,  and rms o r  - 1 3  octave spec t ra  of s t a t i c  
pressures.  Also, two-point auto- and cross-carrel-ations were obcaFnkd which 
were l a t e r  converted i n t o  power Bpectra, r e l ~ t i v e  amplitudes and phases, and 
coherences. Considerable emphneis was placed on the  meaa..rcments of t r ans fe r  
functioris fo r  the  probes, Although techniques fo r  correccion 3y computer we! 
dezonscrnted, t he  :~?ceseary ca l i b r a t i on  equipment was not ?vails.ble a t  the  
time, .so t h a t  cor rec t ions  had tc  be made by hend where ntcessary.  

I i 

Measurements made i n  the circillar j e t  supported the  vortex model, and were \ i $- a. 

i n  general  a g r c a e n t  with o ther  r e s u l t s  reported i n  the l i t e s a t u r e  when tne> ! , .  

were expressed i n  dimensionless form   sing the j e t  diameter and ve lo ;~ t : :  as ! 
sca l ing  parameters. No dependency on Reynolds number could be se.l!l, 21.5 i:c i! 
attempt was made t o  determine Mach r m b e r  e f f e c t s .  :\  t :  

r i .  I c  



During t h e  invas t iga t ion  of t h e  rectangular  jet described i n  t he  follow- . - 
ing paragraphs, f requent  compar?.sons are made with t he  r e s u l t s  on c i r c u l a r  . . 
jets. One question of p a r t i c u l a r  i n t e r e s t  is, what form do t h e  vo r t i ce s  take, 
and what a r e  t h e i r  c h a r a c t e r i s t i c  dimensions? . : . I 

Tes t  Apparatus 

A qua r t e r  scale model of the  nozzle and a i r f o i l  used i n  test: on t he  s t a t i c  
t h rus t  s tand at L a n g l ~  ( re f .  14) was b u i l t  i n  order  t o  makc a d i r e c t  evallration 
of t he  use of s ca l i ng  l n v s  i n  conjunction with low Mach number models The test 
apparatus used is shown i n  f i gu re  7. The sca led  nozzle is at tached t o  an 
adapter s ec t i on  l e a d l x  f roa a plenum chamber. Two i n l e t s  t o  t h e  plenum 
chamber a r e  intended f o r  t h e  core  and fan  air t o  s imulate  t h e  JT15D-1 engine. 
However, the  inner  nozzle f o r  the  core  jet has  no t  been i n s t a l l e d  t o  date .  
I n i t i a l  t e s t i n g  w a s  c a r r i ed  out with two b l w e r s  supplying a pressure of 
8.25 cm of water (630 ~ / m ~ j  vbich - .esul ts  i n  a 32 m / s  jet. Later ,  one of t h e  
two mufflers was used with one h l w e r ,  t he  o ther  i n l e t  being used f o r  a speaker 
t o  provide exc i t a t i on  of zhz p:. chamber. With one blower and muffler,  
t h e  flow ve loc i ty  f e l l  t o  22 m/.. 

Instrumentation used w a s  t he  same as t \a?  developed f o r  the  earlier c i r -  
c.zlar jet study ( re f .  1 ) .  Free stream probku were of 1 .3  mm ou ts ide  diameter, 
with four 0.5 mm holes  12.7 mm from the  rounded end. The i n t e r n a l  diameter 
was stepped up t o  3.2 mm and connected by up t o  3 meters of p l a s t i c  tubing 
t o  the  1 / 8  inch (3.2 mm) B 6 K microphones. Surface probes were f l u sh  mounted 
holes ,  1.0 am i n  diameter. It was necessary t o  co r r ec t  f o r  probe respons 
when measurirlg spec t ra ,  pa r t i cu l a r ly  with t h e  3 m tubing, but  t h i s  responsd 

L cancelled oLr wh2n r e l a t i v e  amplitudes, phase lags ,  and coherences were 

Correlat ion Coef f ic ien ts  

j I ; .  
I n  the  previous c i r c u l a r  j e t  study of the   ariat ti on of the  co r r e l a t i on  

coe f f i c i en t  between a probe on the  cen t e r l i ne ,  and a j robe a t  a r a d i a l  posi- i j  j 
. I . i  

r ion  R,  the  co r r e l a t i on  was found t o  dro: t o  a minimum when R/D approached one / i  j 
h a l f ,  s o  i h a t  the -)robe was behind the  jet l i p ,  and then t o  increase  again a s  r % 

1 ! 
R / 3  increased fur ther .  This was a t t r i b u t e d  t o  the  i r r e g u l a r  passage of vortpx ! ; 

. , 

- 8  - 

f;.laments ol-=r tile probe when i t  was located behind the  jet l i p .  Tht r e s u l t s  . . 
I 
i .  

, 
of a s imi la r  study 1 7  cm behind the  e x i t  plane of t he  rectanguJ.ar nozzle a r e  , . 

i : 
shown i n  f i g u ~ e  8. One probe was placed a s  indicbted i n  the  f i gu re  by "ref",  , : I  

aild the  second was moved t o  the  pos i t ions  indicated.  When the  probe was moved 1 ,  
v e r t i c a l l y  i n  the direction of the  s n a l l e r  dimension, t h e  co r r e l a t i on  coeff i -  i 

I . I 

tie-.- became a inimum behind the  lower l i p ,  and then increased beyond i:. 
This behavior; which -?as acccr,tuated when the a i r f o i l  was i n s t a l l e d ,  was taker, 
t o  ind ica te  t h a t  vortex fi laments were breaking f: Jrn the  lower l i p .  When the  
probe was 4ispJ.aced horizon ta: lv, the  co r r e l a t i on  st a given d is tance  was some- 
what l e s s ,  although i t  agYLi ,raproved with the a i r f o i l  i n s t a l l e d .  The l a t t e r  
behavior was cons!stent will1 the  idea t ha t  v e r t i c a l  vortex f i laments  r i g h t  be 
passing ;t randon, and t h a t  they could be p a r t s  of v o r t i c e s  whose dimensions 
would be of t he  order  of che minor aozzle dimension. Another ind ica t ion  of the  
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"'? - i . .. 
presence of vortex f i laments  had been found i n  t he  c i r c u l a r  jet study t o  be  a . t . ,  

. . ., 
peak i n  t he  rms pressure a s  t he  jet was traversed. A s imi l a r  t r ave r se  of t h e  , t .. . I 

rectangular  nozzle (no f igure)  shows peaks behind the  upper and lower l i p ,  ex- -, 1 
, ' 1. 

cept  t h a t  the  peak 5ehiad the  upper l i p  disappears  when the  a i r f o i l  is in- "i . 
s t a l l e d .  This  could be explained i n  terms of horseshoe v o r t i c e s  a t tached t o  1 

t h e  a i r f o i l .  .-:I 
! 

,-+ - 

Phase snd Coherence P l o t s  . :..?. 
1 - 5 

Three phase lag  and coherence p l o t s  a r e  shown i r i  f i g u r e  9 f o r  two of t he  
+ . .  

loca t ions  covered i n  the  corr , la t ion study, one of them i n  the  f r e e  jet with . I  , . 
the  a i r f o i l  removed. The coherence has -such the.same s ign i f i cance  a s  corre- 
l a t i o n ,  except f o r  being frequency :<-pendent. The phase l a g  is a d i r e c t  
measure of convection ve loc i ty  between two points .  Thus, i n  t h e  examples shown 

'i I ::. 
I 

i n  f i gu re  9 ,  t he  small phase l ags  i nd i ca t e  t h a t  t he  pressure dis tuibances '-i 
a r r i v e  a t  d ~ e  two probes almost simultaneously. It  shauld be  noted t h a t  the  
coherence between two v e r t i c a l l y  displaced probes is much higher with the  a i r -  

J : 
I . I  

f o i l  present than i n  t he  f r e e  jet, and a l s o  much higher than f o r  t-lo horizon- 
t a l l y  displaced probes. 

Other phase l ag  p l o t s  (not s h m )  were obtained with t he  probes d i s -  
I placed a x i a l l y  and were used t o  ca l cu l a t e  convection v e l o c i t i e s .  It was found / , : 

thaL these v e l o c i t i e s  were between (2.3 and 0.4 of jLt ve loc i ty  up t o  100 Hertz,  , I  i.. , 
and t h a t  they increased t o  between 0.6 and 0.7 of j e t  ve loc i ty  a t  higher f re -  j L  quencies. I n  con t r a s t ,  convection v e l o c ? t i e s  i n  the  c i r c u l a r  j e t  were con- I : 

s t a n t  between 0.6 and 0.7 of jet ve loc i ty  over t he  e c t i r e  freqaency range. I :. 
This  could be explained on the b a s i s  t ha t  the  lower frequency dis turbances i n  1 

rectangular  jets a r e  associated with l a rge  v o r t i c e s  which expand outs ide  thc  
j e t  flow, and therefore  convect more slowly. On the o ther  hand, vo r t i ce s  i n  i 

, ? !  

the  c i r c u l a r  j e t s  remain equal t o  t he  j e t  diameter. i 1 
I !  

One-.Third-Octave Spectra 

The ?e-gclopment of 1!3-octave spec t re  (referenced t o  j e t  dynamic 
pressure: along *\e j e t  c en t e r l i ne ,  both i n  tile f r e e  j e t  and with the a i r f o i l  i .  
i n s t a l l e d ,  is shown i n  f i gu re  10. une can i n t e r p r e t  the peaks i n  the spec t r a  , I  

a s  r e su l t i ng  from disturbances a t  a Strouhal  number of 0.3, but  r e l aLed  ta : , .  
, . 

vor t i ce s  of a corresponding e f f e c t i v e  diameter. Thus, with the flow ve ioc i ty  , . * .  

a t  30.8 m / s ,  the  315 Hertz peak, which decays i n  200 nun from the  e x i t  plane, I il 

c0111d r e l a t e  t o  an e f f e c t i v e  diameter of 29 mm, c lose  t o  t h e  minor nozzle d i -  I 

mension of 42 m. The 100 Hertz peak, which p e r s i s t s  out  beyond 300 m, could 
r e l a t e  t o  an e f f e c t i v e  diameter of 92 imn. Stone ( r e f .  19) suggests an effec-  

I 

, - 
t i v e  diameter D, of 1 l i  

D = D 0.6 D 0.4 1 j :  e a h 
j I ;  

where Da ( JG) is th r  diameter based on a rea ,  and Dh (4AIP)  is the  hydrau- 1 I :  l i c  deptn. I 

I ; 
I 
I 
I 

i 



I n  these equations A is the  nozzle a r ea ,  and P is  i c s  perimeter. For t he  
234 mm by 42 mu rectangular  nozzle,  Da is equal t o  112 nm and 3h is equal t o  
71 mm, s o  t h a t  De works ou t  t o  be 93 mm, which is cons is ten t  with the  100 Hertz 
peak. A p e r s i s t e n t  lower peak a l s o  observed a t  40 Hertz could r e l a t e  t o  an 
equivalent diameter of 231 m, c lose  t o  t he  major dimension of 234 om, but  t h i s  
peak could a l s o  have been t r ipped by noise  known t o  be present  i n  the  plenum 
chamber. 

Jet Exci ta t ion  

Because i t  was suspected t h a t  some of t he  dis turbances might be induced 
by blawer noise  present  i n  t he  plenum chamber, a muffler w a s  added, and a 
speaker w a s  i n s t a l l e d  f o r  exc i t a t i on  of t he  plenum chamber. The mufi ler  was 
found t o  e l imina te  dis turbances above 50 Hertz,  ')ut was noisy a t  40 Hertz due 
t o  t he  formation of i n t e r n a l  v o r t i c e s  by the  152 mm duc ts  which were used. The 
a l t e r i i a t e  muffler,  shown i n  f i gu re  7, eliminated the  40 Hertz no ise  'Jut was 
r e l a t i v e l y  i ne f f ec t i ve  a t  higher frequencies.  

The r e s u l t s  of exc i t i ng  t he  plenum chamber a t  1/3-octave band cen te r  
frequencies a r e  shown i n  f i gu re  11 i n  dec ibe ls  referenced t o  t he  l e v e l s  a t  the 
e x i t  plane with the  blower running t o  provide an a i r f low.  When the blower w a s  
turned o f f ,  t he  measured i e v e l  a t  the e x i t  plane was unchanged, ind ica t ing  tha t  
the pressures  measured a t  the  e x i t  were p r e l y  acoust ic .  However, a s  the  probe 
was moved away rrom the  e x i t ,  t h e  pressures  increased with the blower on while  
t he  acous t ic  pressures  dropped with t he  blower o f f .  This  indicated t h a t  t he  
pressure dis turbances measured i n  the  jet were at tached to v o r t i c e s  which had 
been tripped by acous t ic  exc i t a t i on  of t he  pllnum. Measured l e v e l s  were 15 t o  
20 dec ibe ls  above backgrouxld l eve l s .  The r a t e  of buildup was g r e a t e s t  a t  160 
Hertz, corresponding t o  an e f f e c t i v e  diameter of 41 mm i n  the  22 m / s  flow, 
i.e., t he  minor dimension, a s  s t a t e d  before.  

Surface Pressure  Measurements 

One-third-octave s c r f ace  pressure measurements w e r e  made on the  114 s c a l e  
model f o r  comparison with power-spectral dens i ty  p l o t s  of sur face  pressures  or  
the fu l l - s ca l e  a r t i c l e .  The e f f e c t i v e  diameter De was c l . s e n  a s  the  s ca l i ng  
dimension, because i t  has a l ~ e a d y  been recommended f o r  f a r - f i e ld  no ise  (ref.181, 
and because i t  appears t o  r e l a t e  t o  t he  most p e r s i s t e n t  peak i n  the  s t a t i c  
pressure spec t ra .  The spec t ra  were non-dime s iona l ized  a s  follows: 

Strouhal No. 

Dimensionless :,!.ectral dens i ty  from power s p e c t r a l  dens i ty  PSD(f) 

LDPSD(f) = 10 loglO (PSD(f) uJ lq2~, )  dec ibe ls  

where f is the frequency, UJ the  j e t  ve loc i ty ,  and q is the j e t  d,-namic 





For a s h o r t  d i s t ance  from the  exit, t he  pressure spectrum peaks a t  a f r e -  
quency whose Strouhal  number, based on the  minor rectangular  dimension o r  on 
the  hydraul ic  depth, is about 0.3. Hwever, t h i s  decays about f i v e  of these  
dimensions downstream, acd is replaced by a lower peak which appears t o  be 
based on an e f f e c t i v e  diameter, as defined i n  the  l i t e r a t u r e  f o r  f a r - f i e ld  
no ise  (Westley et al., AGARD-CP-113). These peaks a r e  accentuated when 
exc i ted  by a speaker i n  t h e  plenum chamber. There may be a l o w  frequency 
peak, based on the  major rectangular  dimension, but t h i s  was not  confirmed. 

A i r f o i l  sur face  pressures  can be scaled by r edwing  them t o  pressure co- 
e f f i c i e n t s  based on jet dynamic pressure,  and the  corresponding frequencies 
can be sca led  by reducing thei t o  Strouhal  numbers based on any s u i t a b l e  
reference length. However, t o  f a c i l i t a t e  comparisons between nozzles of 
d i f f e r e n t  shapes, i t  might be  b e t t e r  t o  use the  above-mentioned e f f e c t i v e  
nozz1.S diameter. 

Evidence ava i l ab l e  t o  da te ,  but  not  subs tan t ia ted  f u r t h e r  i n  t h i s  study, 
i nd i ca t e s  thac, the  e f f e c t  of jet Reynolds number is negl ig ib le ,  w h i l i r  tfie 
e f f e c t  of Mach number is c e r t a i n l y  small, although not  w e l l  understood a t  
present.  

The e f f e c t  of the  i n t e r n a l  noise  spectrum of the  j e t  engine is  probably 
of s u f f i c i e n t  importance t h a t  i t  w i l l  have ' to  be accounted f o r  t o  some extent .  
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EARED ANNULUS 

P O T E N T I A L  CORE - 
(a)  C L A S S I C A L  MODEL 

COALESCENCE OF V O R T I C E S p  

- 

i ~ ~ ~ ~ ~ l ~ ~ ~  FLOW 

(b) V O R T E X  M O D E L  

Figure 1.-  Current models of the structured turbulence i n  circular j e t s .  
(Uc l s  the convection ve loc i ty  of the vort ices . )  

f"" 

Figure 2 . -  Vectorial diagram of the mean v e l o c i t i e s  i n  the X-Z plane. 
Circular j e t  over a l r f  o i l ,  using LDV. 





LATERAL DISTANCE - Y /  D 
Figure  5.- P r o f i l e s  of t h e  axial (U) components of turbulence 

i n t e n s i t y .  C i r c u l a r  j e t  over a i r f o i l ,  us ing 'DV. 

X / D =  2 - 
DISTANCE FROM CENTERLINE - R / D  

Figure  6 .- P r o f i l e s  of t h e  c m c e n t r a t i o n - v e l o c i t y  c o r r e l a t i o n  
c o e f f i c i e n t .  Free  c i r c c l a r  j e t ,  us ing  LDV. 



ALTERNATE MUFFLER 7 
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I-* I 

AIR AIRFOIL G, i 

PLAN VIEW SPEAKER OR AIR SUPPLY 

SIDE ELEVATION OF NOZZLE 

Figure 7.- Schematic of quarter-scale model of upper surface 
blowing configuration. 
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OVER A I R F O I L  - 

L A T E R A L  CORRELATION VERTICAL CORRELATION 

I 
I 

X = PROBE LOCN. 

Figure 8.- Pressure correlation coeificients 170 mm from exit plane of 
quarter-scale model rectangular jet, both free and blowing over 
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COHERENCE 
-DECIBELS "l 

- 2 0 1  - 2 o L -  - 2 o r -  
0 2 0 0  0 2 0 0  0 2 0 0  

FREQUENCY - HERTZ 

Figure 9.- Phase and coherence plots 220 mm from exit plane of 
quarter-scale model rectangular jet, 50th free and blowing 
over airfoil. 
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Fq mm 
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EXIT 

Figure 10.- Growth of 113-octave pressure levels in quarter-scale 
model rectangular jet, both free and blowing over airfoil. 
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w X = 100 mm 

AMPLITUDE RELATIVE 
- 1 0  

TO LEVEL AT E X l T  

PLANE WITH BLOWER - 1  01 
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o t  - - EXlT 

-101, t L , I ,. 
100 200 5 0 0  100 200 500 
FORTING FREQIJENCY- HERTZ 

Figure 11.- Effect of forcing separate 113-octave band center frequencies 
i n  rec tan~u lar  j e t  blowing over y i r f o i l ,  compared with acoustical l e v e l s  
without airflow. Quarter-scale model. 

PPEDICTED PEAKS BASED O N 7  
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Figure 12.- Comparison of nondimensional power-spec'ral denrtt ies  of s t a t i c  
pressure spectra. Quarter-scale model v s .  fu l l - s i ze  conliguration. 
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IhTRODUcr ION 

During the  past  10 t o  L3 years,  NASA research programs r e l a t ed  t o  propulsive- 
l i f t  a i r c r a f t  technology have been d i rec ted  toward expanding t h e  technology da ta  
base which the  a i r c r a f t  industry designers  may use f o r  appl ica t ion  t o  short-haul 
t ranspor t  a i r c r a f t  designs ( re f .  1).  These NASA research  programs have r e su l t ed  
i n  development of such propuls ive- l i f t  concepts a s  t he  augmentor wing, ex te rna l ly  
blown f l ap ,  and upper-surface blown f l ap ,  which can produce nore than twice t h e  
amun t  ok usable a i r c r a f t  l i f t  c ce f f i c i en t  f o r  landing compared with t he  more 
conventional, aon-powered-'%it a i r c r a f t  configurat ions ( re fs .  2 t o  4). The 
improved take-off and landing performance inherent  i n  these  propuls ive- l i f t  
a i r c r a f t  concepts has been s r ~ t e d  ss 2 nat iona l  a s s e t ,  s i nce  short-haul t rans-  
po r t s  employing these concepts w i l l  be ab l e  t o  operate  from s t o r t  runways with 
highly maneuverable, s teep ,  and curved f l i g h t  paths  t h a t  could s a t i s f y  domestic 
and foreign market needs and, a t  t h e  same time, could r e s u l t  in  reduced com- 
munity noise exposure (refs .  5 and 6). 

With t he  advent of t h e  U.S. A i r  Force Advanced Medium STOL Transport (AMST) 
Prototype Program e a r l y  i n  1973, t h e  upper-surface blown f l a p  concept was 
selected by The Boeing Company ( re f .  7) t o  be appl ied t o  t h e i r  YC-14 AMST pro- 
totype ( f ig .  l ) ,  while t he  ex te rna l ly  blown f l a p  concept was se lec ted  by the  
Douglas A i r c r a f t  Company ( r e f .  8) t o  be applied t o  t h e i r  YC-15 AMST prototype 
( f ig .  2). The A i r  Force AMST Program marks the f i r s t  i n d u s t r i a l  appl ica t ion  of 
severa l  NASA propuls ive- l i f t  concepts t o  fu l l - sca le ,  mission-oriented t r anspo r t  
a i r c r a f t  ( f ig .  3). The AMST Program a l s o  provides t he  opportunity fo r  f u l l -  
s ca l e  f l i g h t  va l ida t ion  of t he  propuls ive- l i f t  research which has been accom- 
plished over t he  years through r e l a t i v e l y  small-scale experimental programs and 
through ana ly t i ca l  techniques by NASA and t h e  aerospace industry.  

When i t  became apparent t h a t  NASA pa r t i c ipa t ion  with t h e  A i r  Force i n  t h e  
AMST Prototype Program could s a t i s f y  a number of t h e  NASA objec t ives  r e l a t i v e  
t o  c i v i l  short-haul t ranspor t  technology needs, a Memorandum of Understanding 
was cons t i tu ted  i n  February 1973 by the  A i r  Force and NASA. This Memorandum 
provides f o r  NASA t o  conduct f l i g h t  research experiments concurrent with t h e  
Air Force on noninterference o r  complementary bases during the  Prototype P l igh t  
Test and Evaluation Program. The Memorandum fu r the r  s t a t e s  t ha t  NASA will 
provide technical  and f a c i l i t y  support t o  t h e  A i r  Force a s  needed, and t h a t  one 
o r  more of t he  prototype a i r c r a f t  could poss ib l j  be made ava i l ab l e  t o  NASA 
subsequently fo r  continued f l i g h t  research. 
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To s t r u c t u r e  and conduct an in tegra ted  NASA AYST Experiments Program, ) .  

represen ta t ives  from NASA Ames,  Dryden, Langley, and Levis Research Centers; 
NASA Headquarters; FAA; and the  Air Force F l igh t  Dynamics Laboratory have been 
meeting per iod ica l ly  t o  develop t h e  set of f l i g h t  experiments cu r r en t ly  imple- 
mented and being conducted during the  Air Force F l igh t  Test and Evaluation ! 
Program on t h e  YC-14 and YC-15. These represen ta t ives  a r e  a l s o  developing I .  

another set of follow-on f l i g h t  ex?eriments which a r e  proposed t o  be implemented : 
and conducted subsequently. The NASA RHST Experiments Program is  intended t o  1 - 1 :  * I  

be a cooperative program between NASA and o the r  government pa r t i c ipan t s  and 1 : 

t he  a i r c r a f t  industry.  . . 
. . 

This paper d i scusses  t h e  ob jec t ives  of t h e  NASA AMST Experiments Program 
and descr ibes  severa l  of t h e  NASA experiments a s  they a r e  ca r r en t ly  being 
implemented and conducted on t h e  YC-14 and YC-15 prototype a i r c r a f t .  A b r ie f  I 

descr ip t ion  of the  proposed fu tu re  NASA AYST Experiments Pro jram is included. 
This  discussion 1s confined t o  those NASA e x p e r i m e ~ t s  r e l a t d  t o  powered-lift 3 

1 -  aerodynamics and acoust ics .  

I:.. - 
i. .. . 
I . . . :  SCHEDULE OF LVERIMENTS 

I 
I 

Agreement i n  t he  USAF/NASA Memorandum of Understanding and the  USAF AYST 
Program schedule has  resu l ted  i n  t h e  folLowfng general  NASA schedule of experl- 

b ments involving AMST: , I - -  

A I R C R A R  TEST PERIOD 

g (DOUGLAS YC-15 I AUG. 1975 - AUG. 1976 

fCOMP€TlTlOY I GCT. 19;? - 1981 

OR YC-15 

OCT. 1977 - OCT. 1982 
LOSER: YC-14 

O d  YC-15 

USAF PROGRAM NASA PROGRAM 

3ROlOTYPE FLl GHT TEST 
AND EVALUATION 

FULL-SCALE DEVELOPMEN L l  MlTED NONINTER- 1 FERENCE M P E R I  MENTS 

NONINTERFERENCE 
EXPERIMENTS 

PROTOTY PF FLl CHT TEST ' 

AND EVALUATION 
NONINTERFERENCE 

EXPERIMENTS 

Both current  and fucurc NASA AMSP experiments a r e  shown. Current experiments 
i 

/ 1 
1 

POSSIBLE COEXPERI- 
MENTERS WITH NASA 

1 YC-15 f l i g h t  ape r imen t s  over t he  period August 1975 t o  August 1956. 

MAJOR EXPERIMENTS 
PROGRAM 

(2) YC-14 f l i g h t  experiments over t h e  period August 1976 t o  August 1977. i I '  
I i .  
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Future experiments u t i l i z e  e i t h e r  o r  both YC-14 and YC-15 a i r c r a f t  wer 
the  period October 1977 through October 1982. These two time per iods encompass 
t he  period of the  A i r  Force AHST Prototype F l igh t  Test  and Evaluation Program 
(August 1975 t o  August 1977) and i5e Air Force AHST Full-scale Development 
Program schedulsd t o  begin October 1377. During t h i s  latter Air Force Program 
period of fu l l - s ca l e  development, NASA expects t o  conduct many of t h e  major 
candidate  experiments requir ing at least one and possibly two dedicated AMST 
prototype a i r c l - a f t  t o  be made ava i l ab l e  by t h e  Air Force. Additional minor 
experimei~ts on a noninterference bas i s  a r e  planned t o  be conducted on t h e  f u l l -  
s c a l e  development prototype a i r c r a f t  se lec ted  by the  A i r  Force. 

NASA AMST EXPERIMENT OBJECTIVES 

The NASA AMST experiment ob jec t ives  i n  t h e  areas of powered-lift aerody- 
, . namics and acous t ics  a r e  

(1) The fu l l - s ca l e  f l i g h t  va l i da t ion  of p r ed i c t i ve  methods based on 
small-scale experimental inves t iga t ions  and a n a l y t i c a l  techniques 

(2)  Development through f l i g h t  research  of a b e t t e r  understanding of 
aerodynamic ana/or acoust ic  c h a r a c t e r i s t i c s  i n  a r ea s  where pred ic t ive  
methods don't  e x i s t  o r  t h e  phenomena have been too complex t o  model 

(3) Ful l -scale  proof -of-cor~cept through f l i g h t  research of methods fo r  
improving aerodynamic e f f ic iency  and reducing the  e f f e c t s  of t he  
acous* i c  environment 

Several conference papers ( re fs .  9 t o  12) a r e  authored by NASA o r  NASA- 
sponsored AMST experimenterg who have proposed f l i g h t  and ground experiments t o  
be conducted on both t he  YC-14 and the  YC-15. These experiments w i l l  s a t i s f y  
some of the NASA AYST objec t ives  j u s t  described. The currznt  (ongoing) AMST 
experiments f a l l  i n t o  th ree  broad experiment categories:  

) Aeroacoustic and thermal load environments 

(2) Noise sources af f ec t i ng  e x t e r i o r  fuselage s t ruc tu re ,  i n t e r i o r  
fuselage noise,  and far-f i e l d  no ise  envil  onments 

(3) Propulsive-lj  f t aerodynamics 

These experiments a r e  intended t o  s a t i s f y  a s  many of the  NASA experiment objec- 
t i v e s  a s  could be reasonably accomodated by the  f l i g h t  hardware and f l i g h t  test 
time ava i lab le  i n  keeping with t he  USAFINASA Memorandum of Understanding. 

Spec i f ica l ly ,  small-scale experimental da t a  have been obtained which 
ind ica te  t h a t  jet propuls ive- l i f t  systems produce l o c a l  flows which can subjec t  
wins, f l ap ,  and fuselage s t r u c t u r e s  t o  severe en~i ronments  involving aeroacoust ic  
and thermal loads. These propuls ive- l i f t  environments a r e  expected t o  be more 
severe i n  magnitude than cu r r en t ly  experienced Ln conventional jet-powered 



t r anspo r t s  and must be  understood i f  e f f i c i e n t  a i r c r a f t  s t r u c t u r a l  designs are 
t o  be realized. Further,  t he re  is a need t o  understand t h e  mechanisms by which 
noise  is generated i n  propuls ive- l i f t  systems, t h e  propagation of t h i s  no ise  
i n t o  t h e  fuselage i n t e r i cz -and  the  e x t e r i o r  f a r  f i e l d ,  and methods by which 
noise  can be at tenuated . Fina l ly ,  f u l l - s ca l e  propulsive-lif  t aerodynamic 
c h a r a c t e r i s t i c s  i n  t h e  dynamic f l i g h t  environment must be  examined t o  v a l i d a t e  

st r i g s ,  and a n a l y t i c a l  

KEY TECHNOLOGY AREAS 

Exyzriments i n  t h e  cur ren t  Hrototype Program a r e  very similar f o r  both t he  
AMST YC-14 and YC-15 because 

(1) Both t he  upper-surface blown f l a p  and the  ex te rna l ly  blown f l a p  
propuls ive- l i f t  concepts encompass key technology a r e a s  which 
general ly  tend t o  be q u i t e  comon. 

( 2 )  Experiments which tend to  develop da t a  i n  key technology a r ea s  
I 

general ly  had t o  be performed equal ly  on both t he  YC-14 and YC-15 4 

becausa of t he  competit ive na ture .of  t h e  AMST program. This  was 
necessary t o  avoid NASA-generated da ta  t h a t  might unbalance t h e  
competition, 1 

I !  
The key technology a r ea s  t h a t  a r e  being addressed in  t he se  experiments a r e  , 1 

as follows: ! 
- 1  

Struc tures  and ma te r i a l s  subjected t o  loads i n  t h e  extreme ! 

aero-thermal-acoustic-vibration j e t  STOL environment 
i 

External and i n t e r n a l  acous t ics  

Nsise source i d e n t i f i c a t i o n  

Flow turni1-4 e f f i c i ency  of engine eff luence 

High-l i f t  ground-effects aerodynamics I 
1 

Powerea-lif t con£ igu ra t  ion aerodynamics - , 

1 
The experimental inves t iga t ions  i n t o  these technology a reas  can genera l ly  be i 
surmned up by th ree  broad ape r imen t  ca tegor ies  : (1) i n t e rna l / ex t e rna l  noise  .. i 

experiments, (2) f l a p  1oads /acous t ics / in le t  experiments, and (3) spec i a l  o r  ,I 
opportilrity-type experiments. 1 

I 

Cornmon~liey t o  both t he  YC-14 and YC-15 exists fo r  t he  f i r s t  two s t a t ed  
experisen: ca tegor ies  a s  shown i n  t he  following: 
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Comnon t o  YC-14 and YC-15: .. :;f 
' ->'i 

.', 3 - :: t 
In te rna l /ex te rna l  acous t ics  ...I< . 

'- 

Flap and inlet aerothermodynamic loads and acoust5cs . '.I .- -?I 
- :  

Unique to  individual  a i r c r a f t  : , .:? '. 1 .- *, . - 
, J .  ,:* 

Targets of opportunity (e.g., ground crew noise) : - .. .; . 
Special  t e s t s  i den t i f i ed  during f l i g h t  test program 

fe.g., ground e f f e c t s )  

Since t h e  =.I YC-15 f l i g h t  experiments have been completed, a br ie f  discussion 
of only t he  NASA YC-15 f l i g h t  experiments i n  t he se  ca tegor ies  is  included. 
However, s imi l a r  NASA f l i g h t  experiments a r e  e s s e n t i a l l y  planned f o r  t\e YC-14 
f o r  t he  f a l l  of 1976. The YC-14 static ground-test experiment completed i n  
February 1976 fo r  NASA t o  support t h e  YC-14 f l i g h t  tests is discussed b r i e f l y  
here  and i n  d e t a i l  ir; i-eference 9. 

YC-15 Experiments 

In t e rna l  and ex te rna l  noise  environment measurements were conducted on the  
YC-15. Transducer loca t ions  on the  YC-15 fuselage f o r  the  i n t e r i o r / e x t e r i o r  
acous t ics  experiments a r e  shown i n  f i gu re  4. There were 8 accelerometers and 
21 sicrophones i n  t h i s  i n s t a l l a t i o n .  The ground and f l i g h t  tests f o r  t h i s  
experiment were conducted i n  March 1976. 

Flap loads, 'acousticsl  i n l e t  inves t iga t ion  experiments were conducted during I 4. 
ea r ly  May 1976. The instrumentation on t h e  s tarboard f l a p  a r ea  w a s  pr imari ly  r . j :  
f o r  sensing aeroacoust ic  loads and fo r  measuring the  thermal environment. Flap 
instrumentation loca t ions  a r e  shown i n  f i g u r e  5. Instrumentation f o r  t h e  engine 
i n l e t  acous t ics  i n  t h e  r i g h t  inboard nace l le  (engine 3) consis ted of th ree  -. . .. 

.... I. .. ~ 

s t a t i c  pressure transducers and f i v e  dynamic pressure t ransducers  (microphones), 
. :. . . '. a s  shown i n  f i gu re  6, along with one ex t e r io r  fuselage microphone. 
..-.. i 

A s  mentioned before, both t he  e x t e r i o r l i n t e r i o r  noise  experiment and the  
f l a p  loads /acous t ics / in le t  experiment w i l l  e s s e n t i a l l y  be repeated with t h e  
YC-14 a i r c r a f t  i n  t he  e a r l y  f a l l  of 1976. 

Special  o r  opportunity experiments have been planned f o r  both t h e  Y C - 1 4  and 
YC-15. I n  some cases these  experiments have been implemented on the  YC-15. 
Examples of t h i s  type of experiment include 

(1) Engine noise  inves t iga t ions  i n  t h e  v i c i n i t y  of t h e  ground crew. 
Microphone pos i t ions  f o r  inves t iga t ing  engine noise  i n  t h e  
v i c i n i t y  of the  ground crew a r e  shown i n  f i gu re  7. 

(2) Flyover (f ar-f i e l d )  noise  measurements performed by t h e  USAF 
Aerospace Medical Research Laboratory (AMRL) . 



(3) Ground-eff e c t s  tests. The p r o f i l e  of a t yp ica l  ground-eff e c t s  
test is shown i n  f i g u r e  8. 

(4) NASA p i l o t  evaluat ions (10 hours maximum). 

YC-14 Experiments 

The YC-14 experiments include integrated f l i g h t  and s t a t i c  ground-test 
experiments wherein NASA was ab le  t o  piggyback experiments on a planned t e s t  
by Boeing of a c t u a l  a i r c r a f t  propulsive-l i f t  hardware a t  t h e i r  s t a t i c  test 
f a c i l i t y  at Tulal ip ,  Washington. The Tulal ip  ground test was a spec i a l  s e t  of 
experiments conducted with fu l l - s ca l e  YC-14 hardware p r i o r  t o  f l i g h t  t e s t s .  
Figure 9 ind ica t e s  t he  fu l l - s ca l e  hardware tes ted  a t  Tulalip.  Since the  
Tula l ip  tests a r e  discussed i n  d e t a i l  i n  reference 9, only the  following br ie f  
summary is presented. 

I 1 ,  ; . :j 
The Tula l ip  tests permitted NASA t o  achieve t h e  following object ives:  ! .! 

I I ., 

(1) To provide fu l l - s ca l e  s t a t i c  measurements t h a t  could be compared 
r i t h  114-scale s t a t i c  measurements of an iden t i ca l  configurat ion 
made by members of Langley Research Center 

(2) To provide the  da t a  base required t o  c o r r e l a t e  s t a t i c  measurements 
with f l i g h t  measurements t o  assess  the e f f e c t s  of the  f l i g h t  
environment 

(3)  To as ses s  t he  adequacy and loca t ion  of research instrumentation 
t o  be i n s t a l l e d  i n  t he  f l i g h t  vehic le  

Future Experiments 
:+ : 4 There have been about 50 experiments of varying degrees of complexity 

proposed f o r  t he  AMST. These proposed experiments have been compiled i n t o  a 
I- I I 

13 list,  which is considered a " l iving list," s ince  experiments w i l l  be modified, 
I 1 .  i - 4  j 

. deleted,  and added with time and a s  the AMST program unfolds. Examples of . :.j 
- .  : .; 

2 proposed fu tu re  NASA experiments f o r  t he  AMST program a r e  a s  follows: 
- 3 j 1 - 3  

A m e s  Research Center - 
Predict  ion  of t h e  perf o m n c e ,  s t a b i l i t y ,  and con t ro l  
c h a r a c t e r i s t i c s  of STOL a i r c r a f t  

Inves t iga t ion  of powered-lift STOL wake turbulence 

Mi l i t a ry / c iv i l  commonality i n  avionics  design f o r  
short-haul a i r  t ranspor ta t ion  

Validation of t e n t a t i v e  airworthiness  c r i t e r i a  f o r  c e r t i f i c a t i o n  
of powered-lift t ranspor t s  
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Cer t i f i ca t i on  of powered-lift t r anspo r t s  incorporat ing . . -4 
advanced guidance and augmentation devices :, 1 

- \. 

Langley Research Center ; I  . 

Acoustic loading and f a t i gue  f o r  STOL a i r c r a f t  s t r u c t u r e  : 1 ' 
I 

Ride qua l i t y  - v ib ra t i on  and noise  measurements i n  t h e  AMST 
-1 '.{ . .. . .I " 

.: : ' . I 

Lewis Research Center 
8 .  

' . 
Measurement of upwash angles  a t  er.gine i n l e t  

'. 8 ! '- 

Forward ve loc i ty  e f f e c t s  on fan and j e t l f l a p  i n t e r ac t i on  noise  . , 

' 1  
Forward ve loc i ty  e f f e c t s  on t h r u s t  reverser  noise  -i ' - .  

- 1 ,  

ca t ion  requirements ! !  
m simple t o  extensive.  An example of an 
t modLfications i s  the possible  f l i g h t  : i ;  

t e s t i n g  of t h e  Quie t  Clesn Short-Haul Experimental Engine (QCSEE) on the AMST. , '  

I 

CONCLUDING RENARKS 

As discussed i n  t h i s  paper, t he  major element of NASA pa r t i c ipa t ion  i n  the  
Air Force AMST Prototype Program is the  conduct of f l i g h t  research experiments 
on t h e  AMST prototype a i r c r a f t ,  t h e  Boeing YC-14 and Douglas YC-15. These 
experiments cover the  broad range of technical. d i s c i p l i n e s  t ha t  includes 
aerodynamics, propulsion, acous t ics  (including cornunity no ise  and human 
f ac to r s ) ,  s t ruc tu re s  (including s t r u c t u r a l  environment), s t a b i l  i t y  and control ,  
avionics  and f l i g h t  cont ro l  systems, handling q u a l i t i e s ,  operat ing systems, and 
c e r t i f i c a t i o n  c r i t e r i a .  This paper has been l imi ted  t o  a  discussion of t he  
categories  propuls ive- l i f t  aerodynamics and acous t ics  of f l i g h t  experiments. 
A s  many NMA f l i g h t  experiments a s  can be accomplished without in te r fe rence  t o  
t h e  bas ic  A i r  Force AMST Prototype Program Objectives a r e  cur ren t ly  being 
pursued by the  NASA experimenters. Follow-on NASA f l i g h t  experiments a r e  being 
defined t o  be implemented subsequently, when one o r  more of the  AMST prototype 
a i r c r a f t  should be ava i l ab l e  f o r  add i t i ona l  NASA f l i g h t  research. 

> 

It is ant ic ipa ted  t h a t  t he  r e s u l t s  of these  f l i g h t  experiments w i l l  provide F 

the  a i r c r a f t  industry with add i t i ona l  needed technology t h a t  cont r ibu tes  t o  i I , r  -A 1 economical, s a f e ,  e f f i c i e n t  STOL t ranspor t  a i r c r a f t  f o r  both c i v i l  and mi l i t a ry  , ! *  

missions. 
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Figure 1.-  U~AFfBoeing YC-14 AMST prototype - upper-surface blown f l a p .  



Figure 2. - ~ ~ A F / ~ o u g l a s  YC-15 AMST prototype - propulsive-1 if t 
externally b lom f l n n  - 
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Figure 3 .  - USAF advanced medium STOL traneport (AMST) aircmf t. 
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L'SB ENVIRONMENT MEASUREMENTS BASED ON 

FULL-SCALE STATIC ENGINE GROUND TESTS 

M.B. Sussman, D. L. Harkonen and J. B. Reed 
The Boeing Company 

SUMMARY 

Flow turning parameters. static pressures, surface temperatures, surface fluctuating 
pressures and acceleration levels were measured in the environment of a full-scale upper 
surface blowing (USB) propulsiv3-liit test configuration. The test components included a 
flightworthy CF6-50D engine, nacelle and USB flrp assembly utilized in conjunction with 
ground verification testing of the USAF YC-14 Advanced Medium STOL Transport propulsion 
sysrem. Results, based on a preliminary analysis of the data, generally show reasonable 
agreement with predicted levels based on model data. However, additional detailed analysis is 
required to confirm the preliminary evaluatio.., to help delineate certain discrepancies with 
model data and to establish a basis for future flight &st com~arisons. 

INTRODUCTION I .; 
Recently for both miiitary and commercial powered-lift airplbne concepts, attention has 

been directed to the use of upper surface blowing (USB) for propulsive lift. The present VSB 
technology base has been developed through extensive model- and small-scale tests of general 
research configurations and is currently being applic:! to the USAF YC-14 Advanced Medium 
STOL Transport (AMST). Resuits of these sma1:-scale studies have provided a n  initial 
understanding of such key powered-lift bchnoiogy areas as: achievement of adequate structures 
in areas subject to rile difficult environment of the engine ~ x h a u s t ;  definition of the external 
and internal acoustic environment; achievement of adequate exhaust flow turning a t  low speed; 
and i n t e ~ a t i o n  of the engine exhaust system with the airframe. Further progress is  
anticipated through development of a data base of full-scale hardware and comparison of this 
data with the model measurements. 

The National Aeronautics and Space Administration (NASA) has undertaken, in 
conjunction with broad base technology development, some large-scale USB technology efforts 
which will be valuable in defining successful design approaches. In particular, NASA is 
participating with the U.S. Air Force ! develop technology during both full-scale ground and 
flight testing associated with the USAF YC-14 prototype airplane development. Another 
notable example is the recently initiated NASA Quiet Short-Haul Resr'lrch Airplane (QSRA) 
program. 

i 
' h e  present program, an  integrated ground and flight test technology program to study the , 

USB environment, has been undertaken by NASA a s  part of their AMST efforts. The program 
was structured to utilize prototype YC-14 airplane hardware and to accomplish all 
measurements on a piggyback, noninterference basis. 

1 

179 1 



I I .  , . !  1 a .  

: t i 1  , : . - j  

i Z ,  .:. . .:! .,-.* I .:. ;:::$ . , & .;: - 
: .;;$ 1. .. ' - . .?$. ., 4 . , ; \ : L l l  I. ,. : .... l;+---"...'-.fh.g:t; , .  1 .  j - . - - 1  '- ; -  . 

& . 5 * - : 2.5, E.$ [ 1' j  . , 

. , ."-+ "i: * , \ :;f;.+\ ;:.:I:, . +4,t7. :j;;-; .Zl: . - 4 i 3  . .. *-* .-;I .-. . - -.. : , . . j . :  j . ii;.;, 

: . . . , ." 

1 - =.--:. 3 .  $,'.:- .$.-."% .= , .t : i . . !..,4 A . c- . - , . '.'.! . ; 
,. , ,; . I  . .** .-:? . * 

-'.*- ,. . . I  . ". . . e. ; ..-*,L :.L &"' * . '- ./ .. I.. . . . , k. .. , y.;: - 4  1 1 .  t i ...I 

.... . 3 -  A .  uT - ' - : ~ - - * i  -. . L2-- 
a .-.-a I4 - -4 

':$c 8 b 

It was planned that  the ground test hardware would incorporate, where possible, 
i.mtrurneutation identical to that  deeignated for the subeequent flight test. The combined 
ground/flight test program was then planned in a n  integrated framework. 

The general objectives of the program were the following: 

To achieve the planning, design and fabrication of certain modifications required of the 
YC-14 prototypt airplane no. . to permit subsequent flexibility for flight test experiments 
of interest to the NASA 

To accomplish early, full-scale engine ground test of the critical aerodynamic and 
structural technologies unique to the USB concept using a test article (including 
enginelnacelle!wing.'flapMy section) of which significant portions are actual 
flightworthy, YC-14 prototype airplane hardware instrumented for ground test identically 
to the flight test vehicle 

To accomplish initial Cight testing of the structclral and acoustic technology items for 
which these instrumentation modifications have been incorporated 

1 .i To integrate the ground and flight test programs in order that: (1) certain complex flight i ;\ 
instrumentation systems are thoroughly checked out in the ground test prior to flight; and 1 i' 

I I 
(2) that costs are reduced through the use of common design efforts and i n s t r ~ m e n t ~ ~ o n  1 ! : 

1. 1 -  
The present paper provides results together with a preliminary analysis of the full-scale 

engine static ground test. The results are preliminary in that plans call for future detailed 
analysis of the ground test data together with acquisition of and comparative analysis with 
flight results, testing for which is planned for August. 1976. 

DESCRIPTiON OF THE GRObh'D TEST 

The N A S  i-funded ground test efforts were accomplished as part of the basic YC-14 program 
engine verification test conducted a t  the Boeing Tulalip test facilities from December 1975 to 
February 1976. 

Testing was accomplished on a specially constructed engine test stand which features a 
considerably open suoport structure to provide sufficient clearance for a full-scale USB 
installation including nacelle, USB flaps and simulated fuselage segment (fig. 1). A photograph 
of the test rig is g~ c.n in figure 2. The entire test article was installed on top of a specially 
designed six-component force balance which provided strain-gauged-flexure o u t p ~ r .  
proportional to forces in the thm.!:?, lift and side directions together with momenk i.?.-?ut the 
three principal axes. Two of the five CFS-SOD engines designated to support the YC-14 flight 
test program were used, consecutively, during the ground test.  similar!^, airplane flightworthy 
nacelle and USB flap hardware were incorporated as major elements of the ground test 
configuration. To help relate the test geometry to that of the flight vehicle. figure 3 shows the 
features of the no. 1 prototyp~ sirplane as  visible during airplane final assembly in Seattle. 
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The technics! objectives of the NASA-funded portion of the ground test are summarized in 
figure 4. Priricipn: test parameter variations related to the NASA measurementa included the 
following: englr e mwer setting, angle of USB flap deployment, position of USB mixed-flow 
11ozzle auxi' ;a1 I . .  ,ikecff door, positlon of USB flap vortex generators. In addition, related to the 
basic YC-I 4 ])I !ram development objectivea. variations of engine bleed flow rates, level of 
thrust revvrw! :, ~d bellmouthlflight-inlet engine intake configurations were tested. These latter 
measurer l e n s  ere beyond the scope of the present paper. Also, the reader is directed to 
references 1 thn:ugh 4 for information related to design and development of the YC-14 
USB ins ta l ln t~o~~s.  

INSTRUMENTATION 
I 

i Appro:irn.ate;g 150 channels of instrumentation were incorporated to assess the USB 

1 environmc nt fo:. the NASA-funded measurements. The approximate sensor locations for the 
static pressllrer, ?urface air temperatures, microphones. and accelerometers are shown in 
figure 5 .  Ttte tirsi two of these groups were treated as steady state measurements, whereas the 
latter two n?easurements were handled as :nstantaneous or high frequency data. Test objectives 

I call for maximttm commonality between flight and ground test instrumentation. The following 
mere two ex epticrns tu this commonality: (1, Provisions for four additional microphones, located 
on and near !hrt wring-body fairing were added for the ground test, (2) Static pressures were 

1 measured only 4,n the IYSB flap:wing upper surface. Flight test static pressure measurements 
; w i ~ i  include lndersurface measurements. 

I In addition tc, tr e NASA in.-+rumentation, extensive instrumentation of the engine. outdoor 
environment, am1 c'ther per'. test information was made available by the Y'Z-14 program. 
Of particular int. !rest is that instrumentation associated with the engine operation which 
includes: shaft s ~ e e d s ,  exhaust stream charging pressures and temperatures, primary and 
secondary airt101f.s and others. Instrumentation was also provided for model overall thrust, lift 
and pitching monlerlt forces. 

ConvL?ntional cyye transducers v-.re used for measurement of the various steady state 
parameters of interest. The fl. ih:, inlet, the fan duct, and nozzle ramp area sound level were 
measured internallv by flush-nh ~un ted  microphones, Photocon no. 524. The upper wing surface 
sound levels were rnrLnsllrt ' by flush-mounted Kulite miniature microphones. The flap area 
sounr! levels were meas ... ed by flush-mounted Photocon no. 765 and 524 microphones. The body 
area sound levels P . re measured by flush-mounted microphones including Photocon no. 524 
and B & K no.41:,., types. Endcvco Accelerometers n -~de l  no. 22292 were principally used for 
the flap vibrati,n ~neasurements. These are a microminiature design with flat charge and 
voltage rer. rlse 01 e1 a broad temperature range. 

All steady state perforrn~nce data were acquirei, through a Eeckman 210 Digital Data 
system. This is a high-sri :ed, high-accuracv data acquisition system which contains a stable dc 
amplifier for each !n.. .og channel. Microphone and accelerometer measurements were acquired 
on separate wide aand FM tape recorders outfitted with apprcrpriatc individual channel signal 
condit;3niny ?he syst.ems provided flat responsr through a freque~~cy range of 20 to 10 000 Hz 
fn- :LIP ~,>icrophones and 5 to 2500 Hz for thr. i~cc~~lcromcters. 



NASA-LANGLEY GROUND TEST 

I t  should be noted that a contractually unrelated but coordicrited static ground test program 
has been undertaken a t  I'ASA-Langley. The Langley testing used a 0.25 scale test article with 
identical USB noule!flaplfuselage geometry together with a United Aircraft of Canada dTI5D 
engine (see fig. 6) .  It is intended that subsequent scale effect assessments will include 

4 comparisons with the Langley 0.25 scale program. Such comparisons are beyond the scope of 
this paper. 

PRINCIPAI, TEST RESULTS f i .\ 

2 ; 

I 
Preliminary results and conclusions. developed during a two month posttest documentation 

per id .  are summarized below. These are subject to modification upon further detailed data 
reduction and analysis. 1 

I 
Flow Turning 

Figurc 7 summarizes the USB nozzleiflap flow turning results for the two flaps-down 
configurations tested. Flow turning angle a s  measured by the lift and thrust components of the 
six-component force balance is plotted against fan pressure ratio for both the full-down 
(41°i700) and intermediate t31.5°1540) flaps. The numbers in parentheses refer to the 
incremental rotation from flap.;-up of the main and aft flap segments respectively. Figure 8 
provides additional information on the flow turning results in terms of a polar plot. The axial 
and vertical force balance recdings are normalized by the ideal thrust computed from the 
actual primary and secondary stream airflolvs and nozzle pressure ratios determined by 
internal pressure rakes upstream of the mixed flow exhaust nozzle. The data illustrates that a s  
turning is increased. the ratio of total resultant force to the ideal thrust decreases. This is due 
primarily to the increased scrubb~ng losses incurred on the USB flap system as additional USB 
flap area is wetted. Key results of the flow turning assessment from the data given here and 
other data provided in Boeing document D748-10113-1 "YC-14 Ground and Flight Experiments 
for NASA-Ground Test Final Report" April 1976 were these: 

Flow turning angles of between 60° and 63O were achieved for full-down flaps. A 
preliminary comparison of thest. values with Boeing 105-scale model measurements shows 
good agreement, with the full-wale turning angles exceeding the model measurements by 
about 2-112O. This level of turning was accomplished after flap-to-flap arid flap-to-fuselage 
sealing procedures used for the ground test were brought up to design standards. Flow 
turning angles of about SO0 to 52O were obtained for the intermediate flap setting. The 
takeoff configuration (flaps up, noz:Ic door open) produced about 13O of turning. 
Preliminary comparison shows good agreement with Boeing model data. 

Retraction of the vortex generators and closure of the auxiliary nozzle door (both failure 
conditions for airplane operation with USB flaps deployed) exacted flow turning penalties, 
relative to the design coz~dition, of about 1 l o  and 16O respectively for full-down flaps. 

All flow turning measiirements were performed with the test article installed a t  a Cacd 
I 

height above ground (engine (i height = 5.8 m\duplicative of inst,.liation during a i r p l ~ n e  

482 
i i 
, I 



sa 
taxi. Existing model data suggests the presence of "ground effect" impacting the data by 
loss of several degrees of flow turning and between 3% to 10% of revultant thrust when 

- compared to free field measurements. Resultant velocity coefficients ~f about 0.75 and 0 78 
were measured at Tulalip for the full-down and intermediate flaps cases, respectively. 
(The Roeing velocity coefficient parameter accounts for internal duct and mixing losses, 
nozzle losses and losses associated with flow turning and scrubbing over the USB flap and 
fuselage surfaces.) The reader is cautioned that certain of the instrumentation supporting 
the measured velocity  coefficient^ are currently under review and accordingly are subject 
to some minor changes, 

Pressure Environment 

s 

Figure 9 is representative of the pressure distribution data acquired during the testing. 
Both chordwise and spanwise pressure profiles are shown in this particular comparison which 
illustrates the loss of suction pressure over the sff y r t i c n  of the USB flap system upon 
retraction ~f the vortex generators(VG). Assessment oC all the pressure distribution data 
provides the following priacipal results: 

All pressure profile data were quite orderly and consistent in reflecting the integrated 
changes in flow turning recorded by the force balance instrumentation. Increased flow 
turning due to improvements in flap sealing was evidenced primar'ly by increased 
suction pressures on the aft USB flap segment 

a A drop in the chordwise suction pressure profile between the main and aft USB flap, 
initially attributed to flap-to-flap seal leakage, was subsequently judged to be primarily a 
result of local surface curvature changes 

Detailed comparisons of the full-scale pressure distributions with model data have not 
been made. However, preliminary review suggests that the aft flap suction pressures do 
not exhibit close agreement with ;he available model data hnd further evaluation of these 
data are recommended 

Tempsrature Environment 

Figure 10 provides a comparison of temperature distribution contours (based on model data! 
used for design requirements for the intermediate flap setting at an  engine fan pressure ratio 
of 1.52. This condition provided the highest measured full-scale flap temperature ( 155. @ C) of 
any of the test conditions run. As noted on the figure, an  adjustment to the measured full-scale 
levels of approximately 4 4 O  C has been applied to bring these temperatures to a common 
reference level of maximum takeoff power on a hot day ( 3 9 . 4 O  C ambient). The primary 
conclusions drawn from these and other temperature measurements (not shown) are as follows: 

Maximum flap temperatures tend to occur somewhat outboard of the engine centerline on 
the aft USB flap. Decreasing power setting tends to shift the line of peak temperatures 
slightly inboard 



Maximum measured internal, upper-surface 
in the flaps-up, door-open (i.e., takeoff) confi 
corresponding to fan pressure ratio = 1.71 

Recorded fuselage temperatures were generally quite cool with the highest level exceeding 
ambient by only = 28O 6. These levels were recorded a t  the most downstream portion of 
the simulated fuselage section 1' . ' . 
Prel imi~ary comparison with model data from two sources indicates fair agreement in 
both temperature level and distribution. The full-scale temperature distribution tended to I . -;. 
show peak temperatures somewhat further inboard than the most recent model data. 1' ' 

Acoustic Environment i 
! 

Figures 11 to 13 are representative summaries of the fluctuating pressure (i.e., ~ ~ o u s t i c )  1 :  i 
data. Figure 11 gives overall fluctuating pressure level trends against a calculated, average I 

mixed flow jet velocity for various geometric groups of microphones. The maximum recorded dB I /  ; 
level on the flaps was on the order of 165dB. This level was also reached by certain fuselage , I 1 I 

, I  

microphones which were in the vicinity of the flap trailing edge region. Figures 12 and 13 give i i 
a representation of the frequency distribution of the acoustic energy as defined by 113-octave i '  i 

I ;  1 
band analysis. The principal features of this acoustic data and the other data analyzed to date 
can be summarized as: 1 :  1 

I I ,  ! 
Overall fluctuating pressures on the wingiflaplfuselage in excess of 160 dB tend to be 
contained within the flow-scrubbed regions on the USB flaps or the adjacent fiberglass 
fairing between the wing and fuselage 

Overall fluctuating pressure levels on the fuselage itself tend to remain less than 155-dB 
(fuselage section below the fiberglass fairing) or less than 150 dB (fuselage section above 
the fiberglass fairing) 

e Overall fluctuating pressure levels measured in the fan duct and on the nozzle wall did 
not exceed 155 dB 

@ Preliminary comparisons of overall sound pressure level between full-scale and Boeing 
118-scale model data show quite good agreement with respect to the wing and fuselage 
regions; measurements in the USB flap region agree reasonably well 

0 i;Y-octave band spectral analysis shows low frequency activity in the neighborhood of 
80 to 199 Hz corresponding to a Strouhal number of approximately 0.35. Peak energy in 

I this frequency is measured on the fuselage region near the flap trailing edge, on the flaps 
and on the wing trailing edge panel. Activity in this Strouhal number range is consistent 
with previous model-scale investigations of near-field acoustic measuremiants for USB 
propulsive lift installations and is associated with the jetlwing-surface interaction shear 
regions 



An icdication that  fuselage microphones near the flaps are  directly exposed to tile flow 
scrubbing is that  higher levels of low frequency activity (approximately 10 dB) are 
measurtd than in more distant regions. The level of activity In the frequency band of 30 to 
50 Hz is clightly higher than indicated by model data but detailed assessment must await - a narrow tand  analysis 

Anotli, . a p p ~ ~ r e n t  peak in the spectra is in the 300- to 400-Hz range corresponding i;o a 
Strouhal numher of approximately 1.5. This frequency band is predominant in nozzle, 
wing. and flap iegions and is associated with the exhaust-jeuambient-air shear regions. 
This pattern of acoustic energy is also consistent with observations of previous model 
experiments 

- 
Retraction of the vot tex generators a t  full-down flaps and high power setting produced a 
considerable (approxii~ately 5 dB) decrease of noise in the neighborhood of 90 to 100 Hz. 
This characteristic was noticeable in both the wing and nozzle microphone measurements 

Engine fan tone noise is (~vident in the high frequency end of the spectrum (1500 to 
5000 Hz) for measurements in the fan duct and in the nozzle wall region and is also 
prominent in some of the wing microphone data. H O M ~ .  L.  the levels tend to be 
considerably less evident do\t~nstream of the wing in the flap and fuselage regions where 
the broad band noise of the jet mixing region determines the noise level a t  these higher 
frequencies 

Acceleration Environment 1 '  i : 
1 

Figures 14 tn 16 are representative txmmaries of the USB flap acceleration data for the 
flaps down test condition analyzed. Figu.-e 14 gives overall vibration levels in g's rms for 
several chordwise locations a t  the spanwi.;e position of the outboard hinge fitting. The direction 
of the accelerometer sensor is indicated by the arrows. Figure 15 gives the results of an 

1 engine-off test where the installed flaps weie subjected to inputs from an electromagnetic 
shaker over a range of frequencies from 0 to 500 Hz. The engine-off t e s t  were i n t e ~ d e d  to help 
interpret the resulting engine-on a c ~ e l e r o m e t ~ ~ r  measurements in terms of the flap-assembly 
natural modes. Fig -e 16 gives frequency specira for several accelerometers illustrating the 
variation in energy distribution with downstream location. The primary features of this data 

1 and the other accelerometer data analyzed to date are summarized below: 

Only a small portion of the acquired acceleror.~eter data was able to be analyzed in the 
allotted time. However, all of the data examintd appeared to be orderly and self-consistent 
with respect to power setting, geometric iocatior and expectations based upon the 
engine-off, shske test 

Overall vibration levels of 3 to 4 g's rms (parallel) t nd 7 to 9 g's rms (transverse to the 
flap chord) were measured on both flaps a t  the inbohrd and outboard attachment points of 
the primary flap structural components. Higher o v e r ~ l l  levels of 14 and 38 g's rms were 
measured normal to the skin of the aft flap d0wnetrea.n of the hinge arm support 
structure but a t  the same spanwise location. One accelr~ronieter, on an aft flap skin pallei 
outboard of the hinge arm, measured 56 g's rms 
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Based upon the preliminary data analysis, recommendations for detailed analysis of this 
ground test data a re  deemed appropriate. The principal elements of these recommendations 
include: 

Further analysis of the full-scale Tulalip data to include additio1.d test conditions not yet 
anall~zed 

Additional interpretation of the data by ~ntegrated assessment of the microphone, 
accelerometer and steady state measurements 

Extending comparisons of the full-scale data to those ot' Boeing 1116-scale and 
NASA-Langley 114-scale JT15D static tests in order to assess scaling relationships 

CONCLUDING REMARKS 

Conclusions based upon the preliminary data analysis a re  given in figure 18. In summary, 
al l  of the principal objectives of the ground test measurements have been accomplished. The 
material and data developed will provide a sound basis for both: (1) extending the preliminary 
analysis presented herein to help evaluace scaling relationships, and (2) serving a s  a guide for 
accomplishing satisfactory flight test measurements. 
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1. Assess USB structural environment 
Pressure, thermal;, fatigue loads 

2. Assess US& flap structural response 

3. ldeniify US8 nolse Sources 
Near-field assessment 

4. Assess slatle aerodynamic flow turning 

5. Assess fuselage noise environment 

6. Assess nacelle acousilcs 

7. Develop preflight Instrumentation verification 

8. Develop data for ground\fllght correlation 

9. Develop data lor scallng eonelatlona 



Figure 5 . -  Ground test instrumentatian. 

Figure 6 . -  NASA Langley JT153 static t e s t  r i g .  
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Figure 7.- Static flow turning da:a - intermediate and full-down USB flaps. 
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Figure 8.- USB flap static turning performance. 



Figure 9.-  Chordwise upper surface pressures along engine centerline. 

Figure 10.- US3 flap temperature distributions. 
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Figure 13.- Typical i/3-octave band spectra. 
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Figure 14.- Flap overall rms acceleration levels. 



Flgure 15 . -  Typical resul ts  of engine-off shake t e s t .  

Frequency, Hz 

Figure 16.-  Vertical acceleration spectra, flaps 41°1700. 
h 



Evidence of ave rs  wear 
At connections 

Data suggested 
intermittent signal 
contact 

Sprlng conbcl to pln 

F i g u r e  1 7 . -  M i c r ~ p k ~ o n e  d e s c r i p t i o n  and prob lem a r e a s .  

Full-down flap turning angles of about 62" agreed well with Boeing model data 

Static pressure data confirmed force balance measurement trends; however 
agreement with model data was not satisfactory and further study is  
recommended 

Maximum (adjusted) flap temperature was 21 1.1' C and agreed well r ~ i t h  
model data 

Maximum (adjusted) surface acoustic levels of 
-165 dB on the USB flaps and adjacent fairing 
-1 55 dB on the fuselage and within the nacelle 

agreed well with 3cdel data 

Acoustic spectra showed activity at Strouhal no's of about 0.3 and 1.5 giving 
good agreement with model data 

Flap acceleration levels and spectra are interpretable in terms of the imposed 
acoustic pressure field and flap vibration modes established during engine-off 
shake tests 

Figure 18.- C o n c l u s i o n s  b a s e d  ULI p r e l i m i n a r y  a n a l y s i s .  
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