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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 .  
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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 2.- PIodel conf igurat ior ,  ~ariables for p a r n l l  el exf t flow, i I 1 :  
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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 .  
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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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Figure 12.- Static turning arc! wind-on lift for small-radius f l a p .  
a = OO. 




