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STATIC AND WIND-ON TESTS OF AN UPPER-SURFACE-BLOWN JET-FLAP 

NOZZLE ARRANGEMENT FOR USE ON THE QUIET CLEAN 

SHORT-HAUL EXPERIMENTAL ENGINE (QCSEE) 

Arthur E. Phelps  III* 
Langley Research Center 

SUMMARY 

An i n v e s t i g a t i o n  of  t h e  i n t e r n a l  aerodynamic performance, the  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 ,  and t h e  forward-speed c h a r a c t e r i s t i c s  of  two 1/12-scale upper­
surface-blown j e t - f l a p  exhaust-nozzle arrangements designed f o r  use on t h e  Q u i e t  
Clean Short-Haul Experimental  Engine (QCSEE) has  been conducted. The nozz les  
were equipped w i t h  i n t e rchangeab le  a rea -con t ro l  s i d e  doors  i n  t h e  a f t  sidewalls 
of t h e  nozz le  so t h a t  t h e  e f f e c t i v e  nozzle  area could be va r i ed  over a wide range. 
A s imulated wing was used t o  eva lua te  i n s t a l l a t i o n  l o s s e s  f o r  t h e  nozz les .  A 
smoothiy curved f l a p  (Coanda f l a p )  was attached t o  t h e  t r a i l i n g  edge of  t h e  simu­
lated wing t o  a l low an eva lua t ion  of  t h e  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  the  
nozzle  arrangement.  Forward-speed effects on t h e  j e t  t u r n i n g  c h a r a c t e r i s t i c s  of  
t he  QCSEE nozz les  were eva lua ted  by mounting a s i n g l e  engine on a semispan wing 
designed t o  be r e p r e s e n t a t i v e  of a four-engine STOL t r a n s p o r t  conf igu ra t ion .  

Resu l t s  of  t h e  i n v e s t i g a t i o n  showed t h a t  a D-nozzle inco rpora t ing  large s i d e  
doors  a t  t h e  nozzle  e x i t  f o r  use  i n  matching t h e  nozz le  e x i t  area t o  t h e  engine 
cyc le  requirements  had good low-speed j e t  tu rn ing  performance. It must be recog­
n ized ,  however, t h a t  t h e  f i n a l  des ign  of  a p r o p u l s i v e - l i f t  nozz le  must i nc lude  
c a r e f u l  cons ide ra t ion  of  the c r u i s e  drag c h a r a c t e r i s t i c s  and that  t h e  nozz le  
shapes i n  t h i s  r e p o r t  are s u b j e c t  t o  modi f ica t ions  of  t h e  e x t e r n a l  flow l i n e s  t o  
s a t i s f y  high-speed c r u i s e  requirements .  Large i n c r e a s e s  i n  j e t  tu rn ing  ang le  
were achieved by i n c r e a s i n g  the  j e t  d e f l e c t i o n  ang le  r e l a t i v e  t o  t h e  engine ten­
ter  l i n e  up t o  about  14O, but  beyond 140 v i r t u a l l y  no improvements i n  t u r n i n g  
angle  were observed. Vortex g e n e r a t o r s  had only a small effect  on t h e  t u r n i n g  
performance of  the D-nozzles tested i n  t h i s  i n v e s t i g a t i o n ,  ev iden t ly  because of  
t h e  absence of ex tens ive  r eg ions  of separa ted  flow f o r  which vo r t ex  gene ra to r s .  
are most b e n e f i c i a l .  The low-speed l o n g i t u d i n a l  aerodynamic performance of  t h e  
semispan wing equipped wi th  t he  D-nozzle arrangement was i n  agreement wi th  the  
performance obtained wi th  a r ec t angu la r  nozz le  i n  a previous  i n v e s t i g a t i o n  of a 
similar w i n g  con f igu ra t ion .  

INTRODUCTION 

The Nat iona l  Aeronaut ics  and Space Adminis t ra t ion is p r e s e n t l y  engaged i n  
t h e  Q u i e t  Clean Short-Haul Experimental  Engine (QCSEE) Program t o  develop 

'Langley D i r e c t o r a t e ,  U . S .  Army A i r  Mobi l i ty  R&D Laboratory.  



advanced-technology 
NASA L e w i s  Research 

tu rbofan  engines  f o r  use on p r o p u l s i v e - l i f t  aircraft .  The 
Center  is re spons ib l e  f o r  o v e r a i l  management of  t h e  QCSEE 

program, and t h e  General  Electr ic  Company is t h e  prime c o n t r a c t o r  f o r  developing 
and demonstrat ing t h e  QCSEE propuls ion  system. The o v e r a l l  o b j e c t i v e  of  t h e  
program is t o  des ign ,  b u i l d ,  and t e s t  experimental  engines  f o r  t h e  purpose of  
conso l ida t ing  and dem.onstrating t h e  technology needed f o r  very q u i e t  c l e a n  pro­
puls ion  systems f o r  e f f i c i e n t  and environmental ly  accep tab le  p r o p u l s i v e - l i f t  
a i rcraf t .  The.program inc ludes  t h e  des ign ,  f a b r i c a t i o n ,  and t e s t i n g  of  two 
experimental  eng ines ,  one f o r  t h e  e x t e r n a l l y  blown j e t - f l a p  (EBF) concept and 
one f o r  the  upper-surface-blown j e t - f l a p  (USB) concept .  Because of  t h e  c l o s e  
i n t e g r a t i o n  of  engine and airframe requ i r ed  i n  development o f  t h e  USB exhaust  
nozz le ,  t h r u s t  r e v e r s e r ,  and wing-flap arrangement,  t h e  NASA Langley Research 
Center ,  w i t h  i t s  background i n  USB powered-l i f t  r e sea rch  ( f o r  example, see 
refs. 1 t o  31, provided suppor t ing  research and technology. 

The p r e s e n t  i n v e s t i g a t i o n ,  conducted a t  t h e  Langley Research Center ,  was 
aimed a t  developing a nozz le  considered r e p r e s e n t a t i v e  of  good p r o p u l s i v e - l i f t  
technology f o r  t h e  QCSEE USB demonstrator  engine.  The i n v e s t i g a t i o n  cons i s t ed  
of two p a r t s  conducted on d i f f e r e n t  models: s t a t i c  tests t o  eva lua te  t h e  i n t e r ­
n a l  aerodynamic performance and j e t  turn ing .  c h a r a c t e r i s t i c s  of  t h r e e  D-shaped 
nozz le  c o n f i g u r a t i o n s ,  i nc lud ing  t h e  des ign  and a n a l y s i s  of  a t h r u s t  r e v e r s e r ;  
and wind-tunnel t es t s  t o  eva lua te  t h e  effects  of  forward speed on t h e  j e t  turn­
ing  c h a r a c t e r i s t i c s  of  t h e  D-nozzles mounted on a r e p r e s e n t a t i v e  p r o p u l s i v e - l i f t  
wing des ign .  

The s t a t i c  tes t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  were performed f o r  a range of 
nozz le  p re s su re  r a t i o  on a series of  1/12-scale 'models  of  QCSEE engine nozz les  
mounted on a two-stage turbofan  s imula to r  equipped wi th  a bell-mouth i n l e t .  The 
test program included an eva lua t ion  of  t h e  effects  of changes i n  nozz le  e x i t  
area and of t h e  presence  o f  a s i m u l a t e d  wing s u r f a c e  on t h e  i n t e r n a l  aerodynamic 
performance of  t h e  nozz le s .  S t a t i c  t u rn ing  performance of  t h e  nozz le s  was inves­
t igated by a t t a c h i n g  a smooth, cont inuous ly  curved f l a p  (Coanda f l a p )  t o  t h e  
t r a i l i n g  edge of  the s imulated wing, and the  effects  of  vo r t ex  gene ra to r s  and 
nozz le  kickdown ang le  ( t h e  angle  a t  which t h e  t h r u s t  vec to r  was caused t o  impact 
t h e  wing upper s u r f a c e )  on j e t  tu rn ing  c h a r a c t e r i s t i c s  were eva lua ted .  Wind-on 
tes ts  were performed on a 1/12-scale model of  a semispan wing and QCSEE USB 
engine arrangement cons idered  r e p r e s e n t a t i v e  o f  a p r o p u l s i v e - l i f t  short-haul  
t r a n s p o r t .  The model had a fu l l - span  leading-edge Krueger f l a p ,  a pa r t i a l - span  
Coanda f l a p  behind t h e  engine ,  and a pa r t i a l - span  double-s lo t ted  f l a p  between 
t h e  Coanda f l a p  and t h e  a i l e r o n .  Tests were performed over a range of angle o f  
a t t a c k  and t h r u s t  c o e f f i c i e n t  f o r  f l a p  d e f l e c t i o n s  o f  Oo and 600. 

Resu l t s  of  t h e  s ta t ic  engine-performance tests 
are r epor t ed  i n  r e f e r e n c e  4. Resu l t s  o f  t h e  s ta t ic  
wind-on tes ts ,  which are no t  presented  i n  r e f e r e n c e  
r e p o r t .  

and t h r u s t - r e v e r s e r  tests 
je t  tu rn ing  tests and t h e  
4 ,  are presented  i n  t h i s  

SYMBOLS 

All data i n  t h i s  r e p o r t  are r e f e r r e d  t o  t h e  aerodynamic s t a b i l i t y  a x i s  sys­
tem shown i n  f i g u r e  1 .  The o r i g i n  of  t h e  a x i s  system f o r  t h e  wind-on f o r c e  
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tests corresponded t o  an a i rcraf t  center -of -gravi ty  p o s i t i o n  o f  25 percent  o f  
t h e  w i n g  mean aerodynamic chord. 

Measurements and c a l c u l a t i o n s  were made i n  U.S. Customary Uni t s  and are 
presented  i n  both t h e  I n t e r n a t i o n a l  System of  Un i t s  ( S I )  and U.S .  Customary 
Units .  Equivalent  dimensions were determined by us ing  t h e  conversion f a c t o r s  
given i n  r e fe rence  5. 
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e f f e c t i v e  e x i t  area o f  D-nozzle, ob ta ined  by c o r r e c t i n g  geometric 
area for boundary-layer l o s s e s ,  cm2  ( i n 2 )  

e f f e c t i v e  e x i t  area o f  D-nozzle i n  c r u i s e  conf igu ra t ion ,  cm2 ( i n 2 )  

drag c o e f f i c i e n t ,  D/qS 

l i f t  c o e f f i c i e n t ,  L/qS 

pitching-moment c o e f f i c i e n t ,  My/qSa 

engine g r o s s - t h r u s t  c o e f f i c i e n t ,  T/qS 

mean aerodynamic chord,  cm ( i n . )  

f l a p  chord ,  c m  ( i n . )  

Krueger f l a p  chord,  c m  ( i n . )  

vane chord,  cm ( i n . )  

l o c a l  w i n g  chord,  c m  ( i n . )  

drag, N ( l b )  

a x i a l  f o r c e ,  N ( l b )  


normal f o r c e ,  N (lb) 


t h rus t - r eve r se r  a x i a l  f o r c e ,  N (lb) 


take-off nozz le  t h r u s t ,  N ( l b )  


l i f t ,  N ( l b )  

p i t ch ing  moment, m-N ( f t - l b )  

atmospheric p r e s s u r e ,  P a  ( l b / f t 2 )  

exhaust duc t  t o t a l  p r e s s u r e ,  P a  ( l b / f t 2 )  

free-stream dynamic p r e s s u r e ,  pV2/2, Pa  ( l b / f t 2 )  

wing area, m2 ( f t 2 )  
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T g r o s s  s t a t i c  t h r u s t ,  N ( l b )  

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

a ang le  o f  a t t a c k ,  deg 

Y f l i g h t - p a t h  ang le ,  deg 

9 nozzle  kickdown a n g l e ,  ang le  r e l a t i v e  t o  engine c e n t e r  l i n e  a t  which 
t h r u s t  vec to r  impacts wing upper s u r f a c e ,  deg 

6, t o t a l  f l a p  d e f l e c t i o n ,  deg 

'3 s t a t i c  j e t  d e f l e c t i o n  ang le ,  p o s i t i v e  downward, deg 

9 s t a t i c  thrus t - recovery  e f f i c i e n c y ,  / G F A 2 / T  

P a i r  d e n s i t y ,  kg/m3 ( s l u g s / f t 3 )  

Abbreviat ions:  


B.L. b a s e l i n e  


MOD. mod i f  i e d  

NPR nozz le  p re s su re  r a t i o ,  pt/po. 


QCSEE Q u i e t  Clean Short-Haul Experimental  Engine 


S t a .  wing s t a t i o n  (see f i g .  7 ( a ) )  


USB upper-surface blown 


V . G .  vo r t ex  gene ra to r s  


BACKGROUND OF MODEL AND APPARATUS DEVELOPMENT 

The QCSEE USB engine is an advanced-technology, high-bypass-rat io  (B .P .R .  
o f  10) tu rbofan  engine designed t o  exhaust  both t h e  f a n  and t h e  co re  f lows i n t o  
a single exhaust  duc t  and nozz le .  F igure  2 ( a )  shows a ske tch  of  t h e  QCSEE USB 
n a c e l l e  design i n  t h e  c r u i s e  conf igu ra t ion .  The D-shaped exhaust  nozz le  was 
chosen t o  minimize c r u i s e  drag p e n a l t i e s  which may be expected from t h e  presence 
of t h e  n a c e l l e  on t h e  wing upper s u r f a c e  (see re f .  6 ) .  The QCSEE demonstrator 
engine r e q u i r e s  approximately a 20-percent i n c r e a s e  i n  e f f e c t i v e  e x i t  area of  
t h e  nozzle  as the engine t o t a l  p re s su re  r a t i o  is  reduced from the  c r u i s e  va lue  
of 1.85 t o  t h e  take-off va lue  of  1.29, as shown i n  f i g u r e  2 ( b ) .  

Although t h e r e  are a number of reasons  f o r  t h i s  large v a r i a t i o n  i n  e x i t  
area,  one of t h e  main reasons  is t o  maintain a cons t an t  i n l e t  weight flow (o r  
very nea r ly  so)  over t h e  ope ra t iona l  range of  engine p re s su re  ratirj. The reason 
f o r  t h i s  is  t h a t  t h e  QCSEE i n l e t  is designed t o  have a high subsonic  t h r o a t  Mach , 

1
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number f o r  a c o u s t i c  suppress ion  o f  forward-radiated 'fan n o i s e ,  whereas t h e  fan 
is designed t o  produce h igh  take-off t h r u s t  a t  a low p res su re  r a t i o  (1 .29)  i n  
order  t o  reduce exhaust  no i se .  Thus, a large ex i t  is  requ i r ed  f o r  take-off i n  
order  t o  main ta in  h igh  i n l e t  f low and, hence,  h igh  subsonic  t h r o a t  Mach number 
a t  a low p res su re  r a t i o .  A t  c r u i s e  a i r s p e e d s ,  however, it is desirable t o  oper­
ate a t  the  h ighes t  p o s s i b l e  p re s su re  r a t i o  compatible w i t h  t h e  surge  cha rac t e r ­
istics o f  t h e  f a n  i n  o rde r  t o  opt imize  c r u i s e  e f f i c i e n c y ;  t h e  high p res su re  
r a t i o  r e q u i r e s  a smaller e x i t  area. Although t h i s  p a r t i c u l a r  requirement is 
a p p l i c a b l e  t o  any turbofan  engine ,  it is somewhat more seve re  f o r  t h e  QCSEE 
engine w i t h  its very h igh  bypass r a t i o .  

The method selected f o r  achiev ing  t h e  large area v a r i a t i o n  is t h e  use  o f  
large doors  mounted i n  t he  a f t  s idewa l l s  of  t h e  nozz le  and hinged a long  t h e i r  
upper edge so tha t  they open outward as shown i n  f i g u r e  2 ( c ) .  There are ,  o f  
course ,  many d i f f e r e n t  ways o f  i nco rpora t ing  some v a r i a b l e  geometry f e a t u r e s  
i n t o  t h e  nozz le ,  bu t  large s i d e  doors  se rve  t h e  dua l  purpose of  i nc reas ing  t h e  
e x i t  area of  t h e  nozz le  whi le  a t  t h e  same time spreading  t h e  exhaust  j e t  span-
wise along the  wing and d i r e c t i n g  the  flow downward toward t h e  wing upper sur ­
face t o  he lp  t h i n  t h e  j e t .  F igure  2 (d )  shows t h e  r e s u l t s  of some flow v i s u a l i ­
z a t i o n  tes ts  of a small model w i t h  the doors  c losed  and open and i l l u s t r a t e s  
t h e  s i g n i f i c a n t  spanwise spreading  of  t h e  j e t  wi th  t h e  doors  open. 

The o b j e c t i v e  of t he  s ta t ic  tu rn ing  tes ts  was t o  ach ieve ,  a t  an approach 
nozzle  p re s su re  r a t i o  o f  1.19, a high j e t  tu rn ing  ang le  (57O t o  60°) a t  high 
thrus t - recovery  e f f i c i e n c y  for a t y p i c a l  approach f l a p  s e t t i n g  of  60° us ing  a 
D-shaped nozzle  s u i t a b l e  f o r  c r u i s e  a p p l i c a t i o n s .  During t h i s  test  program, 
three d i f f e r e n t  D-nozzle conf igu ra t ions  were tested and the  e s s e n t i a l  d i f fer­
ences are shown i n  f i g u r e  3 .  A "base l ine  nozz le ,"  designed us ing  t h e  r e s u l t s  
of  prev ious  work r epor t ed  i n  r e fe rences  3 and 6 ,  served as a s t a r t i n g  po in t  f o r  
t he  nozzle  development. The o t h e r  two nozz les  were modified t o  i n c r e a s e  nozz le  
kickdown ang le  a f te r  a series of  i n i t i a l  sc reening  tes t s  w i t h  t h e  base l ine  noz­
z l e .  The first modi f ica t ion  involved a ' s l i g h t  f l a t t e n i n g  of t h e  c ross -sec t ion  
contours  o f  t h e  nozz le  roof  upstream of  t h e  e x i t ,  an i n c r e a s e  i n  t h e  l o n g i t u d i n a l  
roof angle  upstream of  the e x i t ,  and a l s o  an i n c r e a s e  i n  t h e  angle  of the  nozzle  
f l o o r  w i t h  r e s p e c t  t o  the wing. The second modi f ica t ion  a l s o  used increased  
f l o o r  angle  a t  t h e  nozzle  e x i t ,  but  the o r i g i n a l  c ros s - sec t ion  roof contours  and 
e x i t  shape w e r e . r e t a i n e d ,  and t h e  roof ang le  a t  the  e x i t  was inc reased ,  thereby 
inc reas ing  the  e x t e r n a l  b o a t t a i l  angle .  Both the  e x i t  shape and the  geometr ic  
e x i t  area were he ld  cons t an t  f o r  a l l  three nozz les .  

Although an a n a l y s i s  of  t h e  i n t e r n a l  aerodynamic performance and propuls ive  
e f f i c i e n c y  of  the  D-nozzles is  repor t ed  i n  r e fe rence  4 as explained p rev ious ly ,  
a summary of  the performance of  t h e  s i d e  doors  i n  i n c r e a s i n g  t h e  e f f e c t i v e  e x i t  

i 	 area of  each of t h e  nozz les  is repea ted  i n  f i g u r e  4 f o r  convenience. The data 
show t h a t  modified nozzle  number 2 had only a 17-percent i n c r e a s e  i n  e f f e c t i v e  
e x i t  area, whereas modified nozz le  number 1 had an i n c r e a s e  i n  e f f e c t i v e  e x i t  
area of 19.5 pe rcen t .  For t h i s  reason no f u r t h e r  tests were conducted on modi­
f i e d  nozz le  number 2 .  A l l  tests d iscussed  i n  t h e  p re sen t  r e p o r t  were conducted 
on the  b a s e l i n e  nozz le  and modified nozzle  number 1 ,  hereafter referred t o  as 
the modified nozz le .  One important  r e s u l t  peported i n  r e fe rence  4 is t h a t  both 
the  b a s e l i n e  nozz le  and t h e  modified nozzle  had good p ropu l s ive  e f f i c i e n c y ,  so  
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t h a t  there w a s  no t  a s i g n i f i c a n t  engine pena l ty  f o r  t h e  r e l a t i v e l y  high kickdown 
angle  o f  t h e  modified nozzle .  

An a d d i t i o n a l  requirement o f  t h e  QCSEE USB nozz le  is  t h a t  it con ta in  a 
means f o r  provid ing  r eve r se  t h r u s t .  The t h r u s t  r e v e r s e r  is requ i r ed  t o  provide 
a maximum r e v e r s e  t h r u s t  component equa l  t o  35 pe rcen t  o f  t h e  maximum a v a i l a b l e  
take-off t h r u s t  a t  a nozzle  p re s su re  r a t i o  o f  1.29, whi le  provid ing  f o r  an i n l e t  
weight flow o f  no t  less  than 80 percent, o f  t h e  take-off  weight flow. The reason 
f o r  t h e  minimum weight flow requirement f o r  t h e  full-scale engine is t o  i n s u r e  
adequate  surge  margin f o r  t h e  f a n  when t h e  t h r u s t  reverser is  deployed. 

F igure  5 ( a )  shows a ske tch  of  t h e  s i n g l e - t a r g e t  t h r u s t - r e v e r s e r  concept 
used on t h e  QCSEE USB nozz le .  I n  its o r i g i n a l  form, t h e  t h r u s t  r e v e r s e r  had a 
s h o r t e r  d e f l e c t o r  l i p  and d id  not  i nco rpora t e  t h e  "side s k i r t s "  shown on t h e  
f i g u r e .  I n i t i a l  t e s t i n g  showed t h a t  a very  l a r g e  amount of  t h e  engine flow was 
not  being turned  by t h e  b locker  door because of  t h e  comparat ively small cap tu re  
area, and t h e  r eve r se - th rus t  e f f i c i e n c y  was very  poor as shown i n  f i g u r e  5 ( b ) .  
A series of  development tes ts  l e d  t o  inco rpora t ion  of  t h e  art iculated s i d e  
s k i r t s  shown on f i g u r e  5 ( a ) ,  a long  wi th  a longer  d e f l e c t o r  l i p .  The r e s u l t  of  
t hese  mod i f i ca t ions  on r eve r se - th rus t  e f f i c i e n c y  is presented  i n  f i g u r e  5 ( b ) ,  

which shows t h a t  t h e  r e v e r s e r  met t h e  r eve r se - th rus t  requirements  (- = 0.3,) 

a t  a t o t a l  p re s su re  r a t i o  of  1.29. The d e t a i l e d  t h r u s t - r e v e r s e r  a n a l y s i s  is  
presented i n  r e fe rence  4. 

MODELS 

Two types  of  models were used i n  the  t e s t  program: s t a t i c  t e s t  nozz les  
used i n  the  nozz le  development tes ts ,  and a wind-tunnel model used i n  wind-on 
tests. These two model types  are d iscussed  s e p a r a t e l y  i n  t h i s  s e c t i o n .  

S t a t i c  Models 

The engine s imula to r  used i n  t h e  s t a t i c  i n v e s t i g a t i o n  was a 13.97-cm 
(5.5- in . )  diameter, two-stage, tu rbofan  s imula to r  composed of  two commercially 
avai lable  s ing le - s t age  s imula to r s  i n  a tandem arrangement shown i n  f i g u r e  6 ( a ) .  
This  arrangement was used because t h e  maximum pres su re  r a t i o  of  1 .2  a v a i l a b l e  
from a s i n g l e  gimulator  would not  a l low t e s t i n g  a t  t h e  QCSEE take-off  p re s su re  
r a t i o  of  1.29. The maximum pres su re  r a t i o  a v a i l a b l e  wi th  t h e  tandem-fan simu­
l a t o r  was about  1.3. There w a s  no mechanical connect ion between t h e  two simu­
l a t o r s .  The f a n s  were mounted on a manifold which suppl ied  d r i v e  a i r  t o  both 
t u r b i n e s  and which incorpora ted  two t h r o t t l i n g  va lves  f o r  i n d i v i d u a l  adjustment  
o f  t h e  d r ive -a i r  supply t o  each f a n ;  compressed a i r  was suppl ied  t o  t h e  manifold 
through t h e  engine mounting s t r u t .  kbe l l -mou th  i n l e t  was a t t ached  t o  t h e  f r o n t  
face of  t h e  s imula to r ,  and t h e  a f t  end of  t h e  s imula to r  was equipped wi th  a 
f l ange  on which t h e  test nozz les  could be mounted. 

Three nozzle  conf igu ra t ions  were tested as p rev ious ly  descr ibed .  Each noz­
z l e  was fabricated from a f iberglass-epoxy lamina te  l a i d  up over  a p rope r ly  con-



toured male p a t t e r n ;  t h u s ,  on ly  the  i n t e r n a l  f low l i n e s  were a c c u r a t e l y  def ined .  
Eight t o t a l  p re s su re  rakes were mounted around the  circumference of  each nozz le  
f o r  measuring the  duc t  t o t a l  p re s su re .  Provis ion  was made a t  the  a f t  s idewa l l s  
of  each nozzle  f o r  mounting in te rchangeable  s i d e  doors .  

Each nozz le  w a s  provided w i t h  a mounting arrangement f o r  a t t a c h i n g  a simu­
lated wing upper s u r f a c e  t o  the  unders ide  of t h e  nozz le  and could be tested w i t h  
the  s imulated wing attached o r  removed. S t a t i c  tu rn ing  data were measured by 
attaching a curved f l a p ,  o r  Coanda f l a p ,  t o  the  t r a i l i n g  edge of  t h e  s imulated 
wing. (See tab le  I f o r  coord ina te s  o f  Coanda f l a p  on the  s t a t i c  model.) I n  
a d d i t i o n ,  some s ta t ic  tu rn ing  data were obtained w i t h  vo r t ex  g e n e r a t o r s  mounted 
j u s t  ahead of the knee of  the  f l a p .  Two shapes o f  vo r t ex  g e n e r a t o r s  were 
tested: r ec t angu la r  and del ta .  The cu rva tu re  of  t h e  Coanda f l a p  was designed 
t o  correspond t o  the  wind-tunnel wing descr ibed  subsequent ly  i n  t h i s  s e c t i o n .  
Details of  the  s imulated wing, Coanda f l a p ,  and vo r t ex  g e n e r a t o r s  are shown i n  
f i g u r e s  6 ( b )  and 6 ( c ) .  

Wind-Tunnel Model 

Wind-tunnel t e s t s  were conducted on the  s ingle-engine  semispan model shown 
i n  f i g u r e  7 ( a ) .  The f u l l - s c a l e  QCSEE engine is envis ioned as being used on a 
four-engine USB powered-l i f t  a i rc raf t  having an i n s t a l l e d  thrust-weight  r a t i o  of  
0 .6 .  The semispan w i n g  used i n  t h e  wind-tunnel tes ts  was der ived  by s c a l i n g  a 
wing which had been designed t o  meet these f u l l - s c a l e  cons ide ra t ions .  Although 
a semispan model of a four-engine a i rc raf t  would proper ly  have two engines ,  only 
one engine was mounted on the  model a t  a p o s i t i o n  midway between t h e  p o s i t i o n s  
normally occupied by two engines .  T h i s  was done because t h e  purpose of  the  wind-
tunne l  tes ts  w a s  on ly  t o  eva lua te  the  effect  of  forward speed on t h e  tu rn ing  
c h a r a c t e r i s t i c s  of the  D-nozzle i n  the  low-speed conf igu ra t ion ,  and previous  
experience had shown t h a t  i n t e r f e r e n c e  effects  between two ad jacen t  j e t s  were 
not  of a type  t o  reduce t h e  tu rn ing  performance of e i the r  j e t .  

Power f o r  t h e  model w a s  provided by a s ing le - s t age  turbofan  s imula tor  shown 
i n  f i g u r e  7 ( b ) .  A s ing le - s t age  s imula tor  was used on t h e  wind-tunnel model f o r  
two reasons:  f irst ,  t h e  tandem-fan s imula tor  used on the  s t a t i c  t e s t  model was 
too  long t o  a l low the  e x t e r n a l  dimensions of  the  f u l l - s c a l e  n a c e l l e  t o  be 
modeled; and second, the  j e t  tu rn ing  t e s t s ,  f o r  which the  wind-tunnel t e s t  pro­
gram was conducted, were performed f o r  the  landing  conf igu ra t ion  s i n c e  t h a t  is  
t h e  most severe  case  f o r  j e t  tu rn ing .  The QCSEE des ign  nozz le  p re s su re  r a t i o  
f o r  the  landing  cond i t ion  is  1.19,  and t h i s  va lue  was wi th in  the  c a p a b i l i t i e s  of 
the s ing le - s t age  s imula to r .  Both the  b a s e l i n e  nozz le  and the  modified nozz le  
were tested w i t h  a c r u i s e  door conf igu ra t ion  (Door ang le  = Oo) f o r  r e fe rence  

L purposes and a low-speed door conf igu ra t ion  (Door ang le  = 2 5 O ) .  Details o f  t he  
engine i n s t a l l a t i o n  are shown i n  f i g u r e  7 ( b ) .  

The wing l ead ing  edge w a s  equipped w i t h  a two-segment Krueger f l a p ,  one seg­
ment extending from the  w i n g  r o o t  t o  t h e  inboard s i d e  of  the  n a c e l l e ,  and the  
second segment extending from the  outboard s i d e  of  the n a c e l l e  t o  the wing t i p .  
W i n g  t r a i l i ng -edge  h i g h - l i f t  devices  cons i s t ed  of  a smoothly curved,  cons tan t -
chord Coanda f l a p  behind the  engine extending from the  wing r o o t  t o  the  m i d s e m i ­
span w i n g  s t a t i o n ,  and a pa r t i a l - span  double-s lo t ted  f l a p  between the  Coanda 
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f l a p  and the  a i l e r o n .  Provis ion  was made f o r  i n s t a l l a t i o n  o f  a chord ex tens ion  
a long  the trail ing edge o f  t he  Coanda f l a p  and f o r  i n s t a l l a t i o n  o f  vo r t ex  gener­
a t o r s  j u s t  forward of the knee of the  f l a p ,  as w a s  the case f o r  the  s t a t i c  
model. Details o f  p o s i t i o n s  and d e f l e c t i o n s  o f  the leading-edge and t r a i l i n g -
edge h i g h - l i f t  dev ices  are presented  i n  f i g u r e  7 ( c ) .  Coordinates  are g iven  f o r  
the Coanda f l a p  i n  table 11, f o r . t h e  w i n g  a i r f o i l  s e c t i o n s  i n  table 111, f o r  
the two elements  of the  double-s lo t ted  f l a p  i n  table IVY and f o r  the leading-
edge Krueger f l a p  i n  table V. 

TESTS AND PROCEDURES 

The test  program was conducted i n  two phases: s ta t ic  tests followed by 
wind-on tests. The s t a t i c  tests included an e v a l u a t i o n  o f  the  in te rna l :  aerody­
namic performance f o r  both the  high-speed and the  low-speed conf igu ra t ions  and 
an eva lua t ion  o f  t he  j e t  tu rn ing  performance o f  the v a r i o u s  conf igu ra t ions  under 
s tudy.  The wind-on tests i n v e s t i g a t e d  the  effects  o f  forward speed on the  
p r o p u l s i v e - l i f t  characteristics o f  the  nozz le s  and wing assembly. 

S ta t ic  Tests 

I n  p repa ra t ion  f o r  t h e  tandem-fan nozz le  development tests,  a series o f  
round-nozzle c a l i b r a t i o n  tes ts  were conducted on the  tandem-fan s imula to r .  The 
e x i t  areas o f  the  c a l i b r a t i o n  nozz les  were chosen t o  inc lude  the  complete range 
of  e f f e c t i v e  e x i t  area which occurs  as t h e ' s i d e  doors  i n  the  D-nozzles are 
opened from t h e i r  c r u i s e  p o s i t i o n  t o  the  f i n a l  l and ing  p o s i t i o n .  Tests were 
made on each c a l i b r a t i o n  nozz le  by varying engine r o t a t i o n a l  speed (rpm) and 
measuring t h r u s t ,  d r i v e - a i r  weight f low,  i n l e t  s t a t i e p r e s s u r e s ,  and exhaust  
duct  t o t a l  p r e s s u r e s  a t  each speed. I n  a d d i t i o n ,  l o c a l  temperature  and baromet­
r i c  p res su re  were recorded a t  each test  speed. A l l  c a l i b r a t i o n  tests and 
D-nozzle s t a t i c  t es t s  were made wi th  the  bell-mouth i n l e t  shown i n  f i g u r e  6 ( a ) .  

After t h e  s imula to r  c a l i b r a t i o n  t es t s ,  the  D-nozzles were each tested 
according t o  the  fo l lowing  gene ra l  o u t l i n e :  

1 .  	Nozzle-alone tests (no s imulated wing) .  Side-door ang le s  = Oo, 20°, 
25O, and 3 O O . l  

2. Nozzle w i t h  s imulated wing. Side-door ang le s '  = Oo, 20°, 25O, and 3OO.l 

3. 	Stat ic  t u r n i n g  tests (nozz le  w i t h  s imula ted  w i n g  and Coanda f l a p ) .  
Side-door ang le  = 25O: 

a.  Without vo r t ex  gene ra to r s  

b .  With vo r t ex  g e n e r a t o r s  

~.- . . . . .- . . .. . ~ . ~ . . . 

IThe effect  of  door ang le  on i n t e r n a l  aerodynamic performance is repor t ed  
i n  r e fe rence  4 .  

i 
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A few s t a t i c  tu rn ing  tests were a l s o  performed w i t h  t he  wind-tunnel model, i n  
which the  effects of  kickdown ang le  over  a range from IOo t o  16O were i n v e s t i ­
gated by t i l t ing  the  e n t i r e  engine assembly on the w i n g .  

The va lue  o f  g r o s s  t h r u s t  used i n  t he  D-nozzle s ta t ic  performance evalua­
t i o n  was computed t o  be the r e s u l t a n t  o f  t he  measured normal and a x i a l  f o r c e s  

(T = {-) w i t h  t he  s imulated w i n g  i n  p l ace  bu t  w i t h  the  Coanda f l a p  

removed. For the  wind-tunnel model, the  engine c a l i b r a t i o n  w a s  performed w i t h  
the  engine mounted on the  w i n g  and w i t h  t he  t r a i l i ng -edge  f l a p s  i n  t he  retracted 
p o s i t i o n .  

The D-nozzle development tests were performed i n  the  s ta t ic  t e s t  area o f  
the  Langley f u l l - s c a l e  tunne l .  Force measurements were made us ing  a three-
component s t ra in-gage  ba lance ,  and bell-mouth i n l e t  s ta t ic  p r e s s u r e s  and exhaust  
duc t  t o t a l  p re s su res  were measured by means of  p re s su re  t r ansduce r s .  
c i a l l y  a v a i l a b l e  d r i v e - a i r  flowmeter w a s  mounted j u s t  upstream o f  the balance 

A commer­

and was used t o  measure d r i v e - a i r  mass flow t o  t he  engine s imula to r .  For s a f e t y  
purposes ,  bear ing  tempera tures  and r o t a t i o n a l  speed of  each fan  were monitored 
during a l l  s t a t i c  tests. 

Wind-On Tests 

Wind-on tests were run f o r  t h e  c r u i s e  f l a p  s e t t i n g  (6, = Oo) and the  land­
i n g  f l a p  s e t t i n g  (6f  = 600) over an angle-of-at tack range from about  -40 t o  36O. 
The range of t h r u s t  c o e f f i c i e n t  was from 0 t o  2.0 f o r  the  c r u i s e  conf igu ra t ion  
and from 0 t o  4.0 f o r  t h e  landing  conf igu ra t ion .  The power-on tests were run by 
setting t h e  engine speed t o  provide the  des i r ed  l e v e l  of s ta t ic  t h r u s t  (deter­
mined i n  t h e  s t a t i c  engine c a l i b r a t i o n )  and by holding t h i s  speed cons t an t  
throughout the angle-of-at tack range. A t  t h e  tunne l  speeds used i n  inves t iga ­
t i o n s  of t h i s  t ype ,  experience w i t h  o t h e r  models ( ref .  1 )  has shown t h a t  the  
effect  of  forward v e l o c i t y  on the  g r o s s  t h r u s t  of  the  engine s imula to r s  is very 
small, and it is g r o s s  t h r u s t  t h a t  is  used i n  d e f i n i n g  C,,. 

The C,, range was obta ined  by varying both  the  engine  t h r u s t  and the  tun­
n e l  speed. The free-stream dynamic p res su re  f o r  t h e  power-off tests w a s  230 P a  
(4.81 l b / f t 2 )  f o r  an a i r s p e e d  o f  19.4 m/sec (63.57 f t /sec) and a Reynolds number 
of  6.10 x IO5 based on the wing mean aerodynamic chord.  For the  power-on tests 
the  free-stream dynamic p r e s s u r e  va r i ed  from 80.44 P a  (1.68 l b / f t 2 )  t o  230 Pa  
(4.80 l b / f t 2 )  f o r  an a i r speed  range from 11.5 m/sec (37.7 f t /sec)  t o  19.4 m/sec 
(63.67 f t /sec)  and a Reynolds number range from 3.62 x IO5 t o  6.10 X IO5. 
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Tests were performed i n  t he  3.66-m (12-f t )  oc tagonal  test; s e c t i o n  of  a low-
speed wind tunne l  a t  the  Langley Research Center ,  and w a l l  c o r r e c t i o n s  deter­
mined empi r i ca l ly  from re fe rence  7 were app l i ed  t o  the  data. All tes ts  were 
made w i t h . t h e  model mounted v e r t i c a l l y  i n  t he  tunne l  on a five-component (no 
s ide- force  beam) s t ra in-gage  ba lance .  F igure  8 shows the  model mounted i n  the  
tunnel  f o r  f o r c e  t e s t i n g .  
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RESULTS AND DISCUSSION 

S t a t i c  Tests 

Resu l t s  of  tests t o  determine t h e  s t a t i c  t u r n i n g  characterist ics o f  t h e  
b a s e l i n e  and modified D.-nozzles i n  t h e  low-speed conf igu ra t ion  are presented  i n  
f i g u r e  9.  The d a t a  show t h a t  the b a s e l i n e  nozz le  was d e f i c i e n t  i n  meeting the  
s ta t ic  t u r n i n g  g o a l s  p rev ious ly  d iscussed .  Flow v i s u a l i z a t i o n  s t u d i e s  us ing  
both t u f t s  and o i l - f low techniques  showed reasonably  well-attached flow extend­
i n g  t o  the t ra i l ing edge of  the f l a p  w i t h  some small r eg ions  o f  separa ted  f low,  
but  t h e r e  was evidence o f  s u b s t a n t i a l  j e t  t h i cken ing  and s ide vo r t ex  r o l l u p  as 
t h e  j e t  turned  downward over the  s u r f a c e  o f  the  Coanda f l a p .  Vortex g e n e r a t o r s  
were a t t ached  t o  the  Coanda f l a p  as shown i n  f i g u r e  6 ( c )  i n  an a t t empt  t o  spread 
the je t  f u r t h e r  spanwise and t o  break up t h e  large vor t ex  a t  the  s ides  of t h e  
j e t  sheet.  The data of  f i g u r e  9 show t h a t  the  vo r t ex  g e n e r a t o r s  had only a 
small effect  on the  t u r n i n g  c h a r a c t e r i s t i c s  o f  the  b a s e l i n e  nozzle  and an i n s i g ­
n i f i c a n t  e f f e c t  on the  tu rn ing  characterist ics o f  t h e  modified nozzle . .  T h i s  
r e s u l t  w a s  ev iden t ly  due t o  the fact  t h a t  t h e r e  were no l a r g e  reg ions  of sepa­
rated flow f o r  which vo r t ex  gene ra to r s  would be expected t o  be most b e n e f i c i a l .  
It should be noted t h a t  the vo r t ex  g e n e r a t o r s  used i n  these tests were not  o p t i ­
mized but  were tested only  t o  g ive  an i n d i c a t i o n  of  t h e  g r o s s  effects t h a t  might 
be expected from t h e i r  u se .  The comparat ively low je t  t u r n i n g  ang le  obta ined  
w i t h  t h e  base l ine  nozz le  appeared t o  be p r i m a r i l y  a r e s u l t  of  i n s u f f i c i e n t  span-
wise spreading  of  the j e t  before  it began t o  t u r n  downward over t h e  Coanda f l a p .  
Nozzle-alone tests of  the base l ine  nozz le  showed t h a t  the nozz le  kickdown ang le  
was about go ( r e f .  4 ) ;  so  t h e  modified nozz le  was designed t o  have increased  
kickdown ang le  as p rev ious ly  d e s c r i b e d .  

Tests t o  eva lua te  the  e f f e c t i v e n e s s  o f  i nc reased  nozz le  kickdown angle  on 
s t a t i c  tu rn ing  were conducted on the wind-tunnel wing-flap assembly w i t h  the  
modified nozz le ,  and t h e  r e s u l t s  are presented  i n  f i g u r e  10 f o r  kickdown ang les  
o f  I O o ,  14O, and 16O. The data show a large i n c r e a s e  i n  t u r n i n g  a n g l e  as nozz le  
kickdown angle  was increased  from I O o  t o  14O, but  p r a c t i c a l l y  no e f fec t  as t h e  
kickdown ang le  was f u r t h e r  increased  t o  16O. Note t h a t  the  tu rn ing  ang le  
obta ined  w i t h  t h e  nozz le  set  a t  IOo is about  49O, which is  the  same value  
obtained wi th  the b a s e l i n e  nozz le  a t  NPR = 1.2 ( f i g .  9 ) .  Tuf t s  a t t ached  t o  
the  s u r f a c e  of  the wing showed an i n c r e a s e  i n  the  spanwise spreading  of  the  
exhaust  as the nozz le  kickdown ang le  was inc reased  from IOo t o  14O, bu t  no s i g ­
n i f i c a n t  i n c r e a s e  i n  spreading  when the kickdown ang le  was inc reased  from l4O t o  
16O. Inc reas ing  the  f l a p  chord by adding an ex tens ion  t o  the  t r a i l i n g  edge of  
the  Coanda f l a p  p.roduced a small i n c r e a s e  i n  j e t  t u r n i n g  ang le ,  wi th  no s i g n i f i ­
can t  l o s s  i n  t u r n i n g  e f f i c i e n c y .  The data o f  f i g u r e  9 ( b )  show t h a t  t h r u s t -
recovery e f f i c i e n c i e s  were g e n e r a l l y  f a i r l y  h igh ,  about  84 t o  90 pe rcen t ,  but  
both vo r t ex  gene ra to r s  and kickdown ang le  caused a r educ t ion  i n  e f f i c i e n c y .  

Wind-On Tests 

The l o n g i t u d i n a l  aerodynamic character is t ics  o f  the wing wi th  t h e  b a s e l i n e  
nozzle  are presented  i n  f i g u r e s  I l ( a )  and I l ( b )  f o r  the  c r u i s e  and landing  con­
f i g u r a t i o n s ,  r e s p e c t i v e l y .  The data show the c h a r a c t e r i s t i c  i n c r e a s e  i n  maximum 
l i f t  c o e f f i c i e n t ,  s ta l l  angle  of  at tack, and nega t ive  pitching-moment c o e f f i c i e n t  
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with  inc reas ing  t h r u s t  c o e f f i c i e n t ;  a maximum l i f t  c o e f f i c i e n t  o f  about  8 .5  
w a s  achieved f o r  t h e  model i n  the  landing  conf igu ra t ion .  The large negat ive  
pitching-moment c o e f f i c i e n t s  accompanying the  high l i f t  c o e f f i c i e n t s  are charac­
ter is t ic  of  powered-l i f t  ' conf igu ra t ions  but  are somewhat more severe  than those  
obtained from swept wing models of prev ious  inves t iga t io r i s  ( f o r  example, ref .  I ) .  

T u f t s  attached t o  t h e  upper s u r f a c e  of  t h e  wing and f l a p  showed t h a t  t h e  
j e t  spreading under forward f l i g h t  cond i t ions  was n e a r l y  i d e n t i c a l  wi th  tha t  
observed i n  t h e  s t a t i c  case. Thus, t h e  r e l a t i v e l y  low r e s u l t a n t  t u r n i n g  angle  
f o r  the  b a s e l i n e  nozz le  appears  t o  be due t o  t h e  th i ckness  o f  t h e  j e t  rather 
than t o  surface s e p a r a t i o n ,  s i n c e  both the  wind-on and wind-off tes ts  showed 
wel l -a t tached su r face  flow extending t o  t h e  t r a i l i n g  edge o f  t h e  Coanda f l a p .  

The effect  of  t h e  r e l a t i v e l y  low tu rn ing  ang le  on t h e  aerodynamic character­
ist ics of  the b a s e l i n e  nozz le  is shown i n  the  drag p o l a r  o f  f i g u r e  11 (b). A t  t h e  
p r e s e n t  t i m e  there are no cer t i f ied  requirements  f o r  approach performance of  
powered-l i f t  a i r c ra f t ;  f o r  the  purpose of  comparative a n a l y s i s ,  an approach l i f t  
c o e f f i c i e n t  o f  4 .0 ,  a 60 g l i d e  s l o p e ,  and 15O s t a l l  margin are considered repre­
s e n t a t i v e  cr i ter ia .  The data show t h a t  the b a s e l i n e  nozz le  produced f a i r l y  high 
l i f t  c o e f f i c i e n t s ,  but  there was too  l i t t l e  drag t o  provide accep tab le  descent  
c a p a b i l i t y ,  and the s t a l l  margin w a s  only about  g o .  

Data f o r  the b a s e l i n e  nozz le  w i t h  vor tex  g e n e r a t o r s ,  p resented  i n  f i g u r e  12, 
i n d i c a t e  a s i g n i f i c a n t  improvement i n  l i f t  performance when compared w i t h  t h e  
b a s e l i n e  nozzle  f o r  the  same t h r u s t  c o e f f i c i e n t ,  even though t h e  s t a t i c  t u r n i n g  
ang le  w a s  only moderately increased  (approximately 2 O ) .  I n  a d d i t i o n  t o  t h e  
increased  lift obta ined  through t h e  u s e  o f  vor tex  g e n e r a t o r s ,  there was a l s o  a 
s i g n i f i c a n t  i n c r e a s e  i n  drag, ev iden t ly  as a r e s u l t  of  the  lower thrus t - recovery  
e f f i c i e n c y ,  and the  drag p o l a r s  of f i g u r e  12 i n d i c a t e  good descent  c a p a b i l i t y  a t  
an approach l i f t  c o e f f i c i e n t  of 4 .0 ,  w i t h  the  s t a l l  margin increased  t o  about  
120. 

Although these data i n d i c a t e  t ha t  t h e  b a s e l i n e  nozz le  could produce accept­
able low-speed aerodynamic performance when used i n  conjunct ion  w i t h  vor tex  gen­
e r a t o r s ,  it w a s  desired t o  use a nozz le  which d i d  no t  r e q u i r e  a secondary o r  
e x t e r n a l  means f o r  achiev ing  t h e  requi red  low-speed t u r n i n g  performance. The 
remainder of  the  wind-on t e s t  program was t h e r e f o r e  conducted w i t h  the modified 
nozzle .  

Resu l t s  of  tests t o  determine the effect  o f  kickdown ang le  on the  aerody­
namic performance of  t h e  modified nozzle  i n  t h e  landing  conf igu ra t ion  are pre­
sented  i n  f i g u r e s  13(a),  1 3 ( b ) ,  and 1 3 ( c )  f o r  nozz le  kickdown ang les  of  I O o ,  1 4 O ,  
and 16O, r e s p e c t i v e l y .  The data show a s i g n i f i c a n t  i n c r e a s e  i n  both l i f t  and 

I. 	 drag c o e f f i c i e n t s  as kickdown ang le  was increased  from loo t o  1 4 O ,  bu t  on ly  a 
very small change as kickdown angle  was f u r t h e r  i nc reased  t o  16O. Tuf t  s t u d i e s  
wi th  t h e  wind on showed a t t ached  flow f o r  a l l  the  cases tes ted ,  b u t  there w a s  
s i g n i f i c a n t l y  more spanwise spreading  f o r  t he  14O nozz le  sett ing than f o r  t h e  
loo nozz le  s e t t i n g ,  as expected on the  basis of  r e s u l t s  of s t a t i c  tests. Vir tu­
a l l y  no d i f f e r e n c e  i n  wind-on flow spreading  was observed f o r  t he  Ill0 and 16O 
nozz les ;  f o r  t h i s  reason ,  t h e  t e s t  program was conducted wi th  the  modified noz­
z l e  set a t  its design kickdown angle  o f  14O. Comparison o f  t he  drag p o l a r s  of  
f i g u r e  13(b) f o r  the  modified nozz le  w i t h  t hose  o f  f i g u r e  12 f o r  t h e  b a s e l i n e  
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nozz le  w i t h  v o r t e x  g e n e r a t o r s  i n d i c a t e s  similar descent  c a p a b i l i t y  f o r  the two 
conf igu ra t ions ,  a l though the  modif ied nozz le  d i d  produce s l i g h t l y  higher maxi­
mum l i f t  c o e f f i c i e n t s  than the b a s e l i n e  conf igu ra t ion .  

For an approach l i f t  c o e f f i c i e n t  o f  4.0, the  model w i t h  the modified nozz le  
would be r equ i r ed  t o  f l y  a t  an angle o f  attack o f  about  80 and a t h r u s t  c o e f f i ­
c i e n t  o f  about  0.9 (see f ig .  1 3 ( b ) ) .  I n  o rde r  t o  reduce the  approach ang le  o f  
at tack, an e f f o r t  was made t o  i n c r e a s e  l i f t  w i t h  a f l a p  chord ex tens ion  which 
produced a 10-percent i n c r e a s e  i n  f l a p  chord (measured a long  the  epgine c e n t e r  
l i n e ) ,  and r e s u l t s  o f  tests o f  t h i s  conf igu ra t ion  are shown i n  f i g u r e  14. The 
data i n d i c a t e  a modest i n c r e a s e  i n  both  l i f t  and drag o f  t he  conf igu ra t ion  w i t h  
the  f l a p  chord ex tens ion ,  as w e l l  as a s l i g h t  (approximately 2O) i n c r e a s e  i n  
s t a l l  angle  of  attack. S t a t i c  t u r n i n g  data f o r  t h i s  conf igu ra t ion  i n d i c a t e  t h a t  
the  use o f  the  f l a p  chord ex tens ion  r e s u l t e d  i n  v i r t u a l l y  no change i n  t he  mea­
sured  s t a t i c  t u r n i n g  angle .  

F igure  15 p r e s e n t s  a comparison o f  the  drag p o l a r s  o f  the  conf igu ra t ion  o f  
f i g u r e  14 (modified nozz le  and f l a p  chord ex tens ion )  w i t h  those  o f  the  configura­
t i o n  of  f i g u r e  I l ( b )  ( b a s e l i n e  nozz le ) .  The data show t h a t  both conf igu ra t ions  
could f l y  the  selected approach cond i t ion  (CL = 4.0 and y = -60) a t  a t h r u s t  
c o e f f i c i e n t  of  about  0 .9 ,  bu t  the  modified conf igu ra t ion  had a s i g n i f i c a n t l y  
improved s t a l l  margin. From the l i f t  data of  f i g u r e s  l l ( b )  and 14 f o r  these two 
c o n f i g u r a t i o n s ,  it can be seen t h a t  the  b a s e l i n e  conf igu ra t ion  had about  go 
s t a l l  margin a t  CL = 4.0 and CP = 0.9 ,  whereas the  modified conf igu ra t ion  had 
a 15O s t a l l  margin a t  these cond i t ions .  I n  a d d i t i o n ,  use o f  t h e  modified nozz le  
and f l a p  chord ex tens ion  reduced the  apprwach ang le  o f  attack from 1 2 . 5 O  f o r  the  
b a s e l i n e  conf igu ra t ion  t o  60 f o r  the modified conf igu ra t ion .  

I n  order  t o  assess the  low-speed performance o f . t h e  D-nozzle compared w i t h  
r ec t angu la r  nozz les  of  earlier i n v e s t i g a t i o n s ,  f i g u r e  16 p r e s e n t s  a comparison 
of  the  drag p o l a r  of  t h e  modified conf igu ra t ion  o f  t he  p r e s e n t  i n v e s t i g a t i o n  
w i t h  the  drag p o l a r  o f  t h e  twin-engine,  s t ra ight -wing  conf igu ra t ion  o f  refer­
ence 8 ,  which had a r ec t angu la r  nozzle .  The data f o r  t h e  model of  r e fe rence  8 
have been p l o t t e d  f o r  the conf igu ra t ion  which produced the same j e t  tu rn ing  
angle  as the  modified conf igu ra t ion  of  the  p resen t  s tudy ,  and show g e n e r a l l y  
comparable descent  capabi l i t i es  f o r  t h e  two conf igu ra t ions .  

SUMMARY OF RESULTS 

S t a t i c  and wind-on tests of  D-nozzles designed f o r  the  Q u i e t  Clean Short-
Haul Experimental  Engine (QCSEE) f o r  the upper-surface-blown j e t - f l a p  concept 
have been conducted. The r e s u l t s  may be summarized as fo l lows:  

4

1 .  A D-nozzle inco rpora t ing  l a r g e  s i d e  doors  a t  the  nozz le  e x i t  f o r  use  i n  

matching the nozz le  e x i t  area t o  t h e  engine c y c l e  requirements  has been shown t o  
have good low-speed j e t  tu rn ing  performance. It must be recognized,  however, 
that  the f i n a l  design o f  a p r o p u l s i v e - l i f t  nozz le  must i nc lude  c a r e f u l  considera­
t i o n  of  the  c r u i s e  drag c h a r a c t e r i s t i c s ,  and t h a t  the  nozzle  shapes i n  t h i s  
r e p o r t  are s u b j e c t  t o  modi f ica t ion  of  t he  e x t e r n a l  f low l i n e s  t o  s a t i s f y  high-
speed c r u i s e  requirements .  
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2. The o r i g i n a l  nozz le  des ign  was d e f i c i e n t  i n  meeting t h e  s ta t ic  t u r n i n g  
g o a l  ( j e t  tu rn ing  ang le  of  570 t o  600), but  l a r g e  i n c r e a s e s  i n  j e t  t u r n i n g  ang le  
were achieved by inc reas ing  nozz le  kickdown ang le  up t o  about  1 4 O .  Inc reas ing  
kickdown angle  from 140 t o  160 r e s u l t e d  i n  v i r t u a l l y  no improvements i n  t u r n i n g  
angle .  

3. Vortex g e n e r a t o r s  had only a s m a l l  effect on t h e  t u r n i n g  performance o f  
t h e  D-nozzles t e s t e d  i n  t h i s  i n v e s t i g a t i o n ,  probably because of  t h e  absence of  
ex tens ive  reg ions  of  separa ted  flow f o r  which vo r t ex  g e n e r a t o r s  are most 
bene f icia1. 

4. The low-speed l o n g i t u d i n a l  aerodynamic performance of  a semispan model 
of a four-engine USB conf igu ra t ion  equipped with a modified QCSEE D-nozzle was 
gene ra l ly  i n  agreement with t h e  performance obta ined  with r e c t a n g u l a r  nozz le s  i n  
a previous  i n v e s t i g a t i o n  of a s i m i l a r  conf igu ra t ion .  

Langley Research Center  

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 

A p r i l  20, 1977 
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TABLE I.- COORDINATES OF COANDA F L A P  USED ON S T A T I C  MODEL 

I 

I,13.97 cm 
(5.50 in.) I

1 

x=0 

X 


cm i n .  cm in. 

0 0 3.38 1.33 
2.54 1 .oo 3.38 1.33 
7.62 3 .oo 2.95 1 .16  

12.70 5 .OO 1.96 .77 
15.24 6.00 I .30 .51 
17.78 7.00 -.33 -.13 
20.32 8.00 -2.34 -.92 
21.59 
22.86 

8.50 
9 .oo 

. -3.71 
-5 - 41 

-I  .46 
-2.13 

24.13 9.50 -7.59 -2 * 99 
24.77 9.75 -9.04 -3.56 
25.40 10 .oo -11.20 -4.41 
26.04 10.25 -13.67 -5.38 
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TABLE 11.- COORDINATES OF COANDA F L A P  USED ON WIND-TUNNEL MODEL 

t +y 


IX Y 
. -

cm in. cm in. 

0 0 3.95 1.55 
5.08 2.00 3.43 3.35 

IO.  16 4.00 2.60 1.02 
15.24 6 .OO 1.07 .42 
17.78 7.00 -.28 - . I 1  
20.32 8.00 -2.31 -.91 
21.59 8.50 -3.64 -1.43 
22.86 9 .oo -5.3'1 -2 -09 
24.13 9.50 -7.54 -2 - 97 
25.40 10 .oo -1 1.18 -4.40 
26.04 10.25 -13.56 -5.34 

-

, 
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TABLE 111.- COORDINATES OF WING A I R F O I L  S E C T I O N S  USED ON WIND-TUNNEL MODEL 

b imens ions  are given i n  pe rcen t  l o c a l  wing c h o r d  

t 
y1 


S t a .  0 
X 


YU y1 

0 0 0 
1.25 2.96 -2.89 
2.50 3.93 -3.74 
5.00 5.14 -4.78 
7.50 5.97 -5.35 

10 .oo 6.57 -5.80 
15.00 7.33 -6.38 
20 .oo 7.80 -6.79 
25.00 8.09 -7.00 
30 .OO 8.23 -7.14 
35.00 8.25 -7.24 
40.00 8.25 -7.28 
50.00 8.09 -7.16 
60 .OO 7.53 -6.43 
70.00 6.56 -4.57 
80 -00 5.12 -2.05 
go. 00 3.00 -.25 
95 .OO 1..64 -’.14 

100.00 0 -.62 

Sta.  35.00 

YU y1 


0 0 
2.92 -3.12 
3.97 -4.14 
5.42 -5.34 
5.91 -6.06 
6.48 -6.58 

S t a .  70.00 

yu Y1 


0 0 
2.18 -2.17 
2.76 -2.80 
3.48 -3.58 
3.95 -4.09 
4.29 -4.46 

7.33 -7 - 30 4.77 -4.94 
7.92 -7.77 5.08 -5.23 
8.31 -8.04 5.27 -5.41 
8.61 -8.18 5.40 -5.49 
8.80 -8.16 5.47 -5.49 
8.92 -8.05 5.50 -5.25 
8.85 -7.37 5.45 -4.98 
8.34 -5.87 5.21 -3 90 
7.36 -1.56 4.74 -1.51 
5.61 -.13 3.96 - 53 
3.14 -.22 2.56 1.40 
1.62 -.45 1.45 1.07 
0 -.77 -.08 -.14 
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T A B L E  1 V . - C O O R D I N A T E S  OF DOUBLE-SLOTTED F L A P  U S E D  ON WIND-TUNNEL MODEL 


y1 VANE FLAP 


_ _ _- ­~~ 

Coordinates  f o r  vane, Coordinates  f o r  f l a p ,  
percent  cv percent  cf 

... . 
x, I

percent  . . . _L 

cv o r  cf Sta.  35.00 Sta.  52.50 I Sta.  35.00 Sta .  52.50 
- _  

y1 Yu Y1 

-

-4.00 -4.00 -2.50 -2.50 
0 -7.38 1.50 -5.05 
1.92 -8.42 3.25 -5.85 
4.79 -8.70 5.32 -6.48 
6.93 -8.45 6.60 -6.68 
8.68 -7.87 7.56 -6.56 

11.01 -6.70 9.08 -5.76 
12.64 -5.64 10.20 -4.84 
13.78 -4.67 11.06 -3.98 
14.52 -3.75 11.65 -2.15 
15.06 -2.15 12.11 -1.72 
14.25 -1.02 11.90 -.69 

12.32 -.43 I O  .95 0 
9.75 -.46 9.30 . I 5  
6.68 -1 .oo 7.17 0 
3.25 -1.79 4.75 -.60 
-.43 -2.70 2.11 -1.45 

-

Cf = 0 . 2 6 4 ~ ~Cf = 0 . 2 6 2 ~ ~  

yu Yu 


0 -12.50 -12.50 -8.00 
1.25 -6.52 -16.50 -3.50 
2.50 -4.00 - I 8  .Og -1.48 
5.00 -.30 -19.49 1.65 
7.50 3.55 -20.20 3.90 

10.00 4.82 -20.48 5.75 
15 .OO 8.50 -20.13 8.90 
20.00 11.52 -19.19 11.25 
25 .OO 14.10 -17.98 13.11 
30.00 16.28 -16.51 14.65 
40 .OO 19.40 -13.82 16.92 
50.00 21.05 -11.50 18.10 
52 .OO 21.24 1.10 18.25 
54.00 21.42 4.10 18.33 
60 .OO 21.84 9.98 18.40 
70.00 21.82 13.50 18.23 
80 -00 21 . I3  15.85 17.70 
go .  00 19.91 16.71 16.63 

100 .oo 18 .OO 16.55 15.28 

-8.00 I 
-12.60 
-14.00 
-15.50 
-16.27 
-16.65 
-16.65 
-16. IO 
-15.20 
-14.02 
-1 1.70 

-9.60/-2.00 
2.90 
4.80 
8.30 

11.32 
12.92 
13.50 
13.50 

cV = 0 . 2 3 6 ~ ~  cV = --O. 2 3 3 ~ ~  
~ 
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TABLE V.- COORDINATES OF KRUEGER FLAP USED ON WIND-TUNNEL MODEL 

[Dimensions g i v e n  i n  p e r c e n t  Krueger f l a p  chord) 

X 


0 
1 .25  
2.50 
5 .OO 
7 .50  

10 .oo 
15.00 
20 .oo 
30.00 
40 . O O  
50.00 
60.00 
70.00 
80 .OO 
go.  00 

100 .oo 

t 
Y1 


S t a .  0 

YU 

0 
5.00 
6 .95  

10 .oo 
12.05 
13.55 
15.60 
16.95 
17.90 
17.50 
16.20 
14.20 
11.60 
8 .55  
5 .25  
1.70 

CK = 0 . 1 7 ~ ~  

S t a .  35.00 

Yu 

0 
5.00 
6 .95  

10 .oo 
12.00 
13.55 
15.60 
16 .95  
17.90 
17.50 
16.20 
14.20 
11.60 
8 .55  
5 .25  
1.70 

S t a .  70.00 

yu 

0 
5 .OO 
6 .95  

10 .oo 
12.00 
13.55 
15.95 
17.50 
19.20 
19.35 
18.62 
17.25 
15.30 
12.80 
9.90 
6.70 

~ 

CK = 0 . 1 7 5 ~ ~  
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Figure 1.- Coordinate system used in presentation of data. Arrows denote 
positive directions of forces, moments, and angular displacements. 
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-- 

( a >  C r u i s e  c o n f i g u r a t i o n .  

-1.12 

- . 9 4  

LOW -S PEED NOZZLE 

-	 AA DUE TO OPEN DOORS e 

A 
1 C R U I S E  NOZZLE 

++-
I ' 

A A 
1. 19 1.29 

A 
1.85 

NPR 


(b) E x i t - a r e a  v a r i a t i o n  r e q u i r e d  for QCSEE USB e n g i n e .  

F i g u r e  2.- QCSEE USB n a c e l l e  c o n c e p t .  

21 



(e> Low-speed c o n f i g u r a t i o n  shown wi th  l and ing  f l a p  d e f l e c t i o n .  

CRUISE CONFIGURATION - LOW-SPEED CONFIGURATION ­
-

DOORS CLOSED DOORS OPEN L-77-192 
(d)  Effect of open sLde doors  on f low spreading .  NPR = 1.2. 

I F i g u r e  2.- Concluded. 
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,r BASELINE NOZZLE 
ENGINE STATION 

254 / ,-MODIF IED NOZZLE NO. 1 

' MODIF IED NOZZLE NO. 1 

Figure 3.- QCSEE D-nozzle mod i f i ca t ions .  

1.20 ­

-1.10 

-1.00 
A 

e,c 

.90 ­

.80 

Figure  4.- Var i a t ion  of  

~ BASELINE NOZZLE 
- .  - M O D I F I C A T I O N  1 
- M O D I F I C A T I O N  2 

. - A  A e  
- = .195 FOR 

/-----Ae,c MODIFICATION 1 
/-.----e 

A A e  - = .17 FOR 
Ae,c MODIFICATION 2 

i ~ T A K E - O F FNPR 
1 I I & I I I I 

1.1 1.2 1.3  1.4 1.5 

NPR 

e f f e c t i v e  e x i t  area, compared w i t h  c r u i s e  e x i t  area, 
f o r  three D-nozzles. 
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SIDE SKIRT -
ROTATES 
OUTWARD UPQN 
THRUST REVERSER 

BLOC KER DOOR 
(NOZZLE ROOF) 

( a >  S k e t c h  o f  s i n g l e - t a r g e t  t h r u s t - r e v e r s e r  c o n c e p t .  

. 4  

. 3  

F~~~ . 2  

. 1  

0 
1.0 

(b) Summary of 

MODIFIED DESIGN 

IN IT IAL  DESIGN 

1. 1 1 .2  1.3 1 . 4  

NPR 

r e v e r s e - t h r u s t  per formance  f o r  i n i t i a l  and mod i f i ed  
t h r u s t - r e v e r s e r  d e s i g n s .  

F i g u r e  5 .- T h r u s t  r e v e r s e r  for QCSEE D-nozzle.  
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BELL-MO UTH 
STATIC PRESSURE DUCT TOTAL PRESSURE 
MEASUREMENT PLANE MEASUREMENT PLANE 

v v 

- ~-

THROTTLING PLUG 

DRIVE-A IR M A N I FOLD 

MOUNT1NG STRUT aLA I R-DRIVE 

Ir- -
- -1TWO-COMPONENT ,

I FORCEBALANCE ; 

( a )  Tandem-fan s imula tor  and D-nozzle assembly. 

F igure  6.- S t a t i c  t es t  model. 
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- __. .. ..... 

I 
22.86 (9.00) _ _ ~~ 

I 

i -13.97 (5.50) -
TRAILING EDGE OF 

SIMULATED W I N G  SIMULATED WING 

SURFACE 1 FOR 6f = 0' 1
I 

i------ \\ 

FLAP SUPPORT R I B  -/ 

REMOVABLE COANDA FLAP 
SEE TABLE I up-

!-FOR CONTOUR DATA \ 
p6' 

( b )  Details of s imulated wing and Coanda f l a p  used on s t a t i c  model. 
Dimensions are i n  cen t ime te r s  ( i n c h e s ) .  

Figure 6 . - Continued. 
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RECTANGULAR VORTEX GENERATORS DELTA VORTEX.GENERATOR S 

29.20
29.20 !L----

U1.50) \
(11.50) 

2.54 (1.00) 
4.15 (1.63) 4

/

\I 

I. 27(. 50) +\ 2.23 (. 88) --A 

2.54 / 
(1.00) 

I 
I 

I 
I 5.72 (2.25) I 7.62 (3.00) 

( c )  Vortex generators .  Dimensions are i n  cent imeters  ( inches ) .  

Figure 6 .  - Concluded. 



- -  

50.80 ENGINE POS4TIONS FOR 4-ENGINE AIRPLANE 
(20.00)- m-

POSITION OF DEFLECTED rKRUEGER FLAPf 
I y I r WING REF. 

' !  
. ­

7- 7-7 

LTRAILINGEDGE FOR 6 ,  = 6001 1 

44.45 1 
I 89.00 (35.00) -

I (17.50) I 
177.78 (70.00) 1, 

LINE 

A 21.59 
(8.50) 

8.64 
(3.40) 


r; 


"7' GROUND PLANEI 
Sta. 0 Sta. 35.00 Sta. 52.50 Sta. 70.00 

(a) General arrangement. Dimensions are in centimeters (inches). 


Figure 7.- Semispan wing used in wind-tunnel tests. 


I 



----- -
-
13.97
59.7t23.5) 
(5.50) 


SEE TABLE I I FOR 


L-	 PYLON FAIRING -
C ONTA I NS D R IVE -A IR 

- TURBOFAN SIMULATOR 

FLAP EXTENS ION 
USED FOR SOME TESTS 

(b) Engine installation. Dimensions are in centimeters (inches). 

Figure 7 .- Continued. 
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I I I I  I I  I I I I I  I l l  I l l  

I­

35.00 70' 

52.50 60' 

70.00 40' 

( c >  Details of l ead ing -edge  Krueger f l a p  
Dimensions are 

F i g u r e  7.­

1 


Of Gf 

2.50 

2.50 

0 


and t r a i l i n g - e d g e  d o u b l e - s l o t t e d  f l a p .  
i n  p e r c e n t  cw. 

Concluded.  
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"# deg 50 

45 

40 


] ; E C  TURNING 

NOZZLE V.G. 

0 B.L. OFF 
0 B.L. RECT., ON 
0 B.L. 'DELTA, ON 
A MOD. OFF 
b MOD. . DELTA, ON 

1.10 1. 15 1.20 1.25 1.30 
NPR 

(a )  Turning a n g l e .  

1.00 

.95 

NOZZLE V. G. 
.90 

0 B.L. OFF 
0 B. L. RECT., ON 
0 B.L. DELTA, ON 
A MOD. OFF 

.85 tl MOD. DELTA, ON 

.80 

1. 10 1. 15 1.20 1.25 1.30 

NPR 

(b) Thrust-recovery e f f i c i e n c y .  

F igure  9.- S t a t i c  t u rn ing  performance o f  low-speed nozzle'. 
Side-door ang le  = 2 5 O .  
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- -  

r 


o e j  = ioo 

e = 14'
i 

o e. = i 6 O
6; = 75O J 

1.0 chord extension 

. 8  

. 6  

FN 

T 

. 4  
15' 

. 2  

0 . 2  . 4  .6 . 8  1.0 

FA 
. T 

Figure  10.- Effect of  kickdown.angle  on s t a t i c  t u r n i n g  performance of  modified 
nozz le  mounted on wind-tunnel wing-flap assembly. NPR = 1.2.  
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W 
& 

.2 

0 

c m  	 -.2 

-.4 

-.6 

2.0 

I 

c L  

-10 0 10 20 30 -1.0 -.5 0 .5 1.0 

a, deg c D  

( a )  6, = O o ;  s i d e  doors  c losed .  

Figure 11.- Longi tudinal  aerodynamic characteristics of model with base l ine  nozzle. 



0 


c, -2 

-4 

10 

8 


6 


cL 

4 

2 

a, deg 

(b) 6, = 60°; side-door angle = 25O. 

Figure  1 1 .- Concluded. 

W 
v1 



-10 0 10 20 30 -2 -1 0 1 2 


4 deg ‘D 

Figure 12.- Longitudinal aerodynamic characteristics of model with baseline 
nozzle and delta vortex generators. 6, = 60°; side-door angle = 25O. 
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0 

-2 

cm 


-4 

10 

8 

6 


cL  

4 

2 


n 


"-10 0 10 20 30 -2 -1 0 1 2 


a, deg c D  

( a )  0 j  = 100. 

Figure 13.- Longi tudina l  aerodynamic c h a r a c t e r i s t i c s  o f  model wi th  modified 
nozz le .  6, z . 6 0 0 ;  side-door ang le  = 2 5 O .  
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-10 0 10 20 30 -2 -1 0 1 

a, deg cD 

( b )  ej = 1 4 O .  

Figure  13.- Continued. 
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" 

0 10 20 30 -2 -1 0 1 2 

a, deg c D  

(c) e j  160. 

Figure 13.- Concluded. 
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-10 



cm 

cL 

0 


-2 


-4 

8 


6 


4 

2 

0 
-10 0 10 20 30 -1 0 1 2 3 

4 deg cD 

Figure 14.- Longi tudina l  aerodynamic c h a r a c t e r i s t i c s  of  model wi th  modified noz­
z l e  and f l a p  chord ex tens ion .  6f = 600; side-door angle  = 2 5 O ;  0.j = 140. 
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I 


BASELINE NOZZLE 

. MODIFIED NOZZLE + 
FLAP CHORD EXTENSION, 6. = 14O 

I 

8 

6 


cL 

2 


0 
-2 -1 0 1 2 

F i g u r e  15.- Drag p o l a r s  o f  b a s e l i n e  and mod i f i ed  
c o n f i g u r a t i o n s .  6, = 600. 
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MODIFIED NOZZLE + 
FLAP CHORD EXTENSION, e. = 14' 

1 
_ _ _ - - -. 'REFERENCE 8, RECTANGULAR NOZZLE 

Y = -6 0 

8 

6 

cL  4 

2 

0 
-2 -1 0 1 2 

cD 

Figure  16.- Comparison of  drag  p o l a r s  of  conf igu ra t ions  
h a v i n g r e c t a n g u l a r  and D-shaped nozz les .  6 j  5 7 O .  
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