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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 
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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 .  
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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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STATIC PRESSURE PORTS AND THERMOCOUPLES 

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 .  




