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NOTATION 

A wing a spec t  r a t i o  

Ad fan  d i s k  area, sq f t  

Af fan  annulus area (excluding t i p - t u r b i n e  area), s q  f t  

a CL a l i f t - c u r v e  s lope ,  

b wing span,  f t  

C wing chord p a r a l l e l  t o  p lane  o f  symmetry, f t  
-

SC mean aerodynamic chord, 2 l b I 2c2  dy, f t  

cD dr2.g c o e f f i c i e n t ,  	-D 
qms 

c L  l i f t  c o e f f i c i e n t ,  	-L 
qms 

Mpitching-moment c o e f f i c i e n t ,  ­cm 
qmSC 

C blowing momentum c o e f f i c i e n t ,  


uf 


D drag,  l b  


DF diameter  of f a n ,  f t  


g a c c e l e r a t i o n  o f  g r a v i t y ,  3 2 . 2  


L t o t a l  l i f t  o f  model, l b  


M p i t c h i n g  moment, f t - l b  


t o t a l  p re s su re ,  l b / sq  f t  

s t a t i c  p re s su re ,  l b / sq  f t  

dynamic p r e s s u r e ,  lb / sq  f t  

fan  radius ,  f t  

W! g 
‘j 

2AfqfBLC o f f  

f t / s e c 2  

rPm fan  r o t a t i o n a l  speed co r rec t ed  t o  s tandard-day condi t ions  

S p ro jec t ed  wing area, s q  f t  
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l i f t - f a n  t h r u s t  perpendicular  t o  wing chord p l ane  with B = O o ,
V 

ci = Oo, T = 2Afqf '  l b  

t o t  a1 temperat  u r  e, F 


a i r  v e l o c i t y ,  f t / sec  un le s s  o therwise  noted 


l i f t - f a n  d ischarge  v e l o c i t y ,  f t / sec  


weight r a t e  o f  flow o f  BLC a i r ,  l b / s e c  


angle  o f  a t t a c k  of t h e  wing chord p l ane ,  deg 


f an  ex i t -vane  d e f l e c t i o n  angle  from t h e  f an  v e r t i c a l  a x i s ,  deg 


t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  measured normal t o  hinge l i n e ,  deg 


VW
t ip -speed  r a t i o ,  -

UR 

mass d e n s i t y  of a i r ,  s lugs /cu  f t  

f an  r o t a t i o n a l  speed, r ad ians / sec  

Subsc r ip t s  

BLC blowing j e t  

f r e e  stream 

s t a t i c  condi t ion ,  q, = 0 

power o f f  

BLC on boundary-layer con t ro l  appl ied  


BLC o f f  boundary-layer con t ro l  no t  appl ied  
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SUMMARY 


The low-speed aerodynamics of a large-scale triangular wing model, with 

a reduced thickness, tip-turbine driven lift fan in each wing were investi­

gated in the Ames 40- by 80-Foot Wind Tunnel. The model had a 5-percent-thick 

wing typical of wings designed for supersonic performance. Conventional lift-

fan depth has, in the past, limited wing thickness to about 10 percent. A 

thinner lift fan for the present investigation was obtained by modification of 

a conventional fan. The modification included removing the discharge stator 

and reducing the fan inlet length and radius. To control airflow separation 

resulting from small inlet radii, blowing boundary-layer control was applied 

through a nozzle in the inlet. 


Performance of the modified fan along with aerodynamic characteristics of 

the total configuration is presented. The static thrust performance of the 

conventional fan (requiring a 10-percent wing) was equalled by the reduced 

thickness fans of this investigation. 


INTRODUCTION 


Previous wind-tunnel investigations (refs. 1, 2, 3) of V/STOL fan-in-wing 

concepts have been limited to subsonic aircraft configurations because of the 

wing thickness required to house the fan dictated subsonic cruise performance. 

In the interest of applying the fan-in-wing concept to supersonic configura­

tions, this investigation endeavored to reduce the fan thickness for instal­

lation in a 5-percent wing. To reduce fan thickness, the discharge stator 

was removed inlet length and radius were reduced, and boundary-layer control 

was added. (3ther means of minimizing fan thickness are discussed in refer­

ence 4, but the methods require total redesign of the fan and exceeded the 

scope of th s investigation.) A triangular wing planform was chosen to 

maximize absolute wing thickness while minimizing the dimensionless wing 

thickness. 


Aerodynamic force and pitching-moment characteristics of the model are 

presented and limited comparisons are made between these results and those 

from other lift-fan V/STOL aircraft configurations. Effects of boundary-layer 
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con t ro l  on f a n  performance with and without  forward speed are presented  and 
performance o f  t h e  reduced th ickness  f an  i s  compared with t h a t  o f  t h e  
convent ional  f an .  

MODEL AND APPARATUS 

Aircraft 

The model i s  shown i n  f i g u r e  1 mounted on t h e  normal s t r u t  system i n  t h e  
Ames 40- by 80-FOOt Wind Tunnel. Figure 2 i s  a close-up photograph of  t h e  
reduced th i ckness  l i f t  f an .  Note t h a t  t h e  contoured BLC i n l e t  was i n s t a l l e d  
only on t h e  outboard s i d e  of  t h e  fan  where t h e  wing was too  t h i n  t o  accommo­
d a t e  t h e  f u l l  t h i ckness  of  t h e  conventional fan i n l e t .  Figure 3 i s  a ske tch  
of t h e  model showing p e r t i n e n t  dimensions. 

Wing geometry- The mid-mounted wing had an a spec t  r a t i o  of  2.30 and a 
leading-edge sweep o f  60". An NACA 16-005 (modified) a i r f o i l  s e c t i o n  (coordi­
n a t e s  i n  t a b l e  1)  was b a s i c  f o r  t h e  wing. 

The wing had a s i n g l e - s l o t t e d  t r a i l i n g - e d g e  f l a p  which extended from 14.1­
t o  73.4-percent semispan. Provis ions  were made f o r  0" ,  3 0 " ,  and 60" f l a p  
d e f l e c t i o n s .  

Fuselage- The fuse l age  was s l a b  s ided  with rounded corners  and was 
approximately 4 f e e t  wide. Two YJ-85-5 t u r b o j e t  engines were mounted s i d e  by 
s i d e  high on t h e  fuse l age .  

T a i l - Figure 3 shows t h e  loca t ion  and d e t a i l s  o f  t h e  v e r t i c a l  t a i l .  A l l  
r e s u l t s  shown a r e  with t h e  h o r i z o n t a l  t a i l  o f f .  

Propuls ion System 

The X-353-5B l i f t  f an  has been thoroughly descr ibed  i n  previous 
i n v e s t i g a t i o n s  ( r e f s .  1, 2 ,  and 5 ) .  The wing fans  a r e  t i p - t u r b i n e  dr iven  by 
exhaust gases  from t h e  YJ-85-5 j e t  engines .  Both fans  r o t a t e d  i n  a counter­
clockwise d i r e c t i o n  when viewed from above t h e  model. 

L i f t - f a n  i n s t a l h t i o n - Location of t h e  wing mounted l i f t  fans  i s  shown 
i n  f i g u r e  3 .  The f ans  were completely enclosed wi th in  the  wing with t h e  
except ion of t h e  f a n  hub which, because of mechanical complexity, was not  
modified t o  f a l l  w i th in  t h e  wing contour .  However, i t  i s  f e l t  t h a t  proper  
hub modi f ica t ion  would no t  i n v a l i d a t e  f an  performance presented  i n  t h i s  inves­
t i g a t i o n .  Tee-shaped d i v e r t e r  valves  mounted behind t h e  j e t  engines were 
used t o  d i v e r t  exhaust gases  t o  power t h e  l i f t  fans  o r  t o  provide forward 
t h r u s t .  A cascade o f  e x i t  vanes was mounted d i r e c t l y  beneath each fan  (see 
f i g .  4) t o  vec to r  t h e  f an  exhaust .  The e x i t  vane a i r f o i l  s e c t i o n  had a chord 
of 14 inches ,  a maximum th ickness  of 10-percent  chord a t  20-percent chord, and 
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a maximum camber o f  3 .6-percent  chord a t  35-percent chord. The e x i t  vane 
cascade spanned t h e  f an  r o t o r  and t i p - t u r b i n e  d ischarge .  Thrust  vec to r ing  was 
accomplished by symmetrical ac tua t ion  of t h e  e x i t  vanes.  

L i f t - f a n  i n l e t  modification- The f a n  i n l e t  was modified as shown i n  
f i g u r e  5. E s s e n t i a l l y ,  t h e  conventional bellmouth i n l e t  and c i r c u l a r  i n l e t  
guide vane were removed from t h e  outboard 180° of  t h e  f an .  This  i n l e t  s e c t i o n  
was then  rep laced  by an i n l e t  o f  varying r a d i u s  which would blend i n  with t h e  
l o c a l  contours  of  t h e  wing. A blowing nozzle  f o r  boundary-layer con t ro l  was 
incorpora ted  i n  t h e  i n l e t .  

Boundary-Zayer-control system and measurement- Two 300-horsepower 
e l e c t r i c  motors powered a c e n t r i f u g a l  f low compressor t o  provide the  boundary­
l aye r -con t ro l  a i r .  Compressor d i scharge  was exhausted t o  t h e  semic i r cu la r  
plenum chamber ahead of t h e  nozz le  f o r  each i n l e t .  Two nozzle  geometries were 
t e s t e d  as shown i n  f i g u r e  6. To ta l  and s t a t i c  p r e s s u r e  and t o t a l  temperature  
measurements were made a t  s t a t i o n  1 (see f i g .  6) f o r  de te rmina t ion  of BLC a i r  
mass flow. Nozzle v e l o c i t y  was computed from t o t a l  p re s su re  measurements a t  
s t a t i o n  2 ( f i g .  6) assuming i s e n t r o p i c  expansion. Nozzle gap was s e t  a t  
0 .040  inch f o r  t h e  e n t i r e  i n v e s t i g a t i o n .  

Fan thrus t  measurement- Zero-forward-speed t h r u s t  of both l i f t  fans  was 
obtained from t h e  wind-tunnel fo rce  balance whi le  f a n  t h r u s t  with forward 
speed was der ived  from t o t a l  p re s su re  rakes  mounted d i r e c t l y  beneath each f an .  

TESTING PROCEDURE 

Longitudinal fo rce  and moment d a t a  were obta ined  f o r  angles  of a t t a c k  
from -4" t o  +24' .  Tunnel a i r speed  was v a r i e d  from 0 t o  100 knots  co r re ­
sponding t o  a maximum Reynolds number of  1 7 . 8  m i l l i o n .  Fan speed was v a r i e d  
from 1100 t o  1700 rpm; however, f o r  t h e  ma jo r i ty  of t h e  i n v e s t i g a t i o n  f an  
speed w a s  he ld  a t  approximately 1700 rpm. 

Tes ts  a t  Zero Angle of  A t t a c k  

A t  zero angle  o f  a t t a c k ,  f an  speed, BLC momentum, wind-tunnel v e l o c i t y ,  
and e x i t  vane angle  were va r i ed  independently.  Data were obtained f o r  both 
BLC nozz les ,  e x i t  vanes on and o f f ,  and t h r e e  f l a p  d e f l e c t i o n s .  

Tests a t  Var iab le  Angle of Attack 

When angle  of a t t a c k  was va r i ed ,  fan  rpm and BLC momentum were he ld  
e s s e n t i a l l y  cons t an t .  Resul t s  were obtained f o r  s e v e r a l  tunnel  a i r speeds  with 
and without BLC,  e x i t  vanes on and o f f ,  and t h r e e  f l a p  d e f l e c t i o n s .  Power-off 
runs were made with f an  i n l e t s  s ea l ed  and e x i t  vanes c losed .  
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CORRECTIONS 

Force d a t a  obta ined  with t h e  fans  no t  ope ra t ing  (power o f f )  were 
co r rec t ed  f o r  t h e  effects of  wind-tunnel w a l l  i n t e r f e r e n c e  i n  t h e  fol lowing 
manner: 

~1 = ~1 + 0.8120 CL,
U 

CD = C h  + 0.0142 CL, 

A ACD c o r r e c t i o n  was appl ied  t o  a l l  d a t a  t o  account f o r  t a r e s  r e s u l t i n g  
from exposed t i p s  on t h e  s t r u t  mounting system. Addit ional  ACD and ACm 
co r rec t ions  were app l i ed  t o  a l l  l ong i tud ina l  r e s u l t s  t o  a d j u s t  f o r  an un fa i r ed  
t a i l  s t r u t .  

Reference 3 p r e s e n t s  c r i t e r i a  f o r  acceptab le  boundaries of  model t o  
wind-tunnel s i z e  r a t i o s  t h a t  are known t o  g ive  n e g l i g i b l e  wall e f f e c t s .  This  
information i s  based on comparison of  wind-tunnel and f l i g h t - t e s t  d a t a .  For 
models having concent ra ted  l i f t i n g  elements,  such as l i f t  f ans ,  t h e  most 
important parameter  i s  probably the  l i f t i n g  element r a t i o .  The model of t h i s  
i n v e s t i g a t i o n  had a l i f t i n g  element a r e a  r a t i o  and d i s k  loading wi th in  t h e  
boundaries presented  i n  r e fe rence  3 .  Therefore ,  no wind-tunnel wall  
co r rec t ions  have been app l i ed  t o  t h e  r e s u l t s  with t h e  l i f t  fans  ope ra t ing .  

RESULTS 

The r e l a t i o n s h i p  between f an  t ip -speed  r a t i o  and f r e e  stream t o  f a n  
v e l o c i t y  r a t i o  i s  presented  i n  f i g u r e  7.  For convenience, l i f t - f a n  t ip -speed  
r a t i o  i s  used as t h e  independent parameter f o r  t h e  p r e s e n t a t i o n  of  r e s u l t s  
un le s s  otherwise s t a t e d .  

Table 2 i s  an index t o  the  b a s i c  d a t a  f i g u r e s .  The f i r s t  s e c t i o n  o f  t h e  
t a b l e  i s  devoted t o  l i f t - f a n  performance d a t a  only; t he  second s e c t i o n  t o  
model l ong i tud ina l  f o r c e  and moment da t a  a t  zero angle  of a t t a c k  with l i f t -
f ans  opera t ing ;  and t h e  t h i r d  s e c t i o n  t o  t h e  v a r i a t i o n  of l ong i tud ina l  r e s u l t s  
with angle  of a t t a c k .  

Lif t -Fan C h a r a c t e r i s t i c s  

Zero airspeed- L i f t - f a n  s t a t i c  t h r u s t  f o r  a l l  conf igura t ions  t e s t e d  i s  
shown i n  f i g u r e  S .  Data were obtained with and without BLC appl ied  
(CPf = 0.025 and CPf = 0 ,  r e s p e c t i v e l y ) ,  e x i t  vane cascades on and o f f ,  and 
f o r  two BLC j e t  nozz les .  When BLC was appl ied ,  blowing momentum was he ld  
e s s e n t i a l l y  cons tan t  as rpm was va r i ed .  
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Variable airspeed- Fan t h r u s t  v a r i a t i o n  with forward speed, der ived  from 
fan  e x i t  t o t a l  p r e s s u r e  measurements, i s  shown with and without  BLC i n  
f i g u r e  9. In  both  cases t h e  e x i t  vane cascade was i n s t a l l e d  and i n  t h e  Oo 
p o s i t i o n .  

Longitudinal C h a r a c t e r i s t i c s  

Zero angle of attack- L i f t ,  d rag ,  and pitching-moment c o e f f i c i e n t s  a t  zero 
angle  o f  a t t a c k  a r e  presented  i n  f i g u r e s  10(a)  t o  1O(i) f o r  e x i t  vane de f l ec ­
t i o n s  o f  O o  t o  50" a t  f l a p  d e f l e c t i o n s  of 0" ,  30°, and 60". A l l  d a t a  a r e  f o r  
l i f t - f a n s  ope ra t ing  and BLC appl ied  t o  t h e  fan  i n l e t ,  except f i g u r e s  1 0 ( f )  and 
lO(g),  which provide  BLC o f f  d a t a  f o r  comparison a t  t h e  30" f l a p  d e f l e c t i o n .  
In  f i g u r e s  lO(a) t o  l O ( i ) ,  l i f t  c o e f f i c i e n t  i s  p l o t t e d  on a logar i thmic  scale 
f o r  b e t t e r  accuracy. 

VariabZe angZe o f  attack- Longitudinal  aerodynamic c h a r a c t e r i s t i c s  a t  
v a r i a b l e  angle  of  a t tack are presented  i n  f i g u r e s  11 t o  13(d) f o r  a i r speeds  
from 30 t o  100 knots  with f l a p  d e f l e c t i o n s  of  O " ,  30", and 60".  Power-off 
c h a r a c t e r i s t i c s  ( f i g .  11) were obta ined  with fan  i n l e t  c a v i t i e s  covered and 
e x i t  vanes i n  t h e  f u l l y  c losed  p o s i t i o n .  Cower-on c h a r a c t e r i s t i c s  ( f i g s .  
12(a) t o  13(d))  with and without  BLC a r e  compared a t  each forward speed bu t  
only f o r  t he  30" f l a p  d e f l e c t i o n .  The da ta  f o r  a l l  o the r  f l a p  d e f l e c t i o n s  a r e  
f o r  BLC app l i ed .  The e x i t  vanes were s e t  t o  g ive  t h r u s t  (ho r i zon ta l  d i r e c t i o n )  
equal  t o  drag a t  zero angle  of  a t t a c k .  In add i t ion ,  power-on c h a r a c t e r i s t i c s  
were obta ined  with t h e  e x i t  vane cascade removed. Forces and moments obtained 
a t  low tunnel  a i r speeds  have been made dimensionless by fan  s t a t i c  t h r u s t .  

DISCUSSION 

Lif t -Fan Performance 

BLC e f f e c t s  at zero airspeed- Boundary-layer con t ro l  app l i ed  t o  t h e  f an  
i n l e t  s u b s t a n t i a l l y  increased  f a n  t h r u s t  ( f i g .  S ) ,  i n d i c a t i n g  a reduct ion  of  
i n l e t  flow sepa ra t ion  and subsequent improvement i n  t o t a l  p re s su re  recovery.  
Ex i t  t o t a l  p re s su re  measurements ( f i g .  14)  show a l a r g e  inc rease  i n  t o t a l  
p re s su re  due t o  BLC a t  the  b lade  t i p  with a smal le r  i nc rease  over  t h e  remain­
d e r  of t h e  b lade  up t o  t h e  hub. An a d d i t i o n a l  induced e f f e c t  due t o  BLC i s  
evidenced by an inc rease  i n  t o t a l  p r e s s u r e  on t h e  inboard s i d e  of  t h e  f an  
r o t o r  with t h e  convent ional  i n l e t .  Fan t h r u s t  was improved more with a 120° 
BLC nozz le  than  with a 90" nozz le ,  which ev iden t ly  caused poor  j e t  at tachment 
on t h e  f an  i n l e t  and i s  t h e r e f o r e  only  documented i n  f i g u r e  8. Figure 8 shows 
t h a t  i n s e r t i n g  t h e  e x i t  vane cascade inc reased  f a n  t h r u s t  s i g n i f i c a n t l y  when 
BLC was no t  appl ied ;  b u t  with BLC, t h e  cascade i n s e r t i o n  caused only  a small 
t h r u s t  i nc rease .  This  sugges ts  t h a t  with t h e  inc rease  i n  f a n  loading due t o  
BLC, t he  accompanying inc rease  i n  fan e f f l u x  s w i r l  angle  causes  r e l a t i v e l y  
l a r g e  l o s s e s  i n  t h e  cascade. When BLC i s  o f f ,  fan loading and s w i r l  ang le  
are reduced, a l lowing t h e  cascade t o  t u r n  t h e  s w i r l  v e l o c i t y  t o  t h e  a x i a l  
d i r e c t i o n  more e f f i c i e n t l y ,  b u t  with t h e  o v e r a l l  t h r u s t  l e v e l  lower than  with 
BLC. 
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The fol lowing comment should be made, however, regard ing  t h e  s u b j e c t  of 
t h e  f an  t h r u s t  i n c r e a s e  achieved wi th  BLC. BLC i n  t h i s  type a p p l i c a t i o n  i s  
probably e f f e c t i v e  only  when a l i m i t i n g  i n l e t  depth t o  diameter  r a t i o  is  not  
exceeded. An exp lo ra to ry  i n v e s t i g a t i o n  a t  Ames i n d i c a t e d  t h a t  BLC could be 
i n e f f e c t i v e  i n  a deeper  duc t .  

To gage t h e  e f f e c t i v e n e s s  of  t h e  reduced th i ckness  f a n  with BLC, i t s  l i f t  
genera t ing  c a p a b i l i t y  was compared with t h a t  o f  a convent ional  f an  ( ref .  1) 
( f i g .  15 ) .  The convent ional  f an  was designed with an i n l e t  r ad ius  equal  t o  
6 pe rcen t  o f  t h e  f a n  r o t o r  diameter ,  a c i r c u l a r  i n l e t  guide vane, and a d i s ­
charge s t a t o r .  The l i f t  of  t h e  convent ional  and reduced th ickness  f ans  was 
equal over  t h e  rpm range t e s t e d .  However, t h e  t h r u s t  o f  t h e  BLC f an  should be 
lower than  t h a t  of  t h e  convent ional  f an  f o r  t h e  same t o t a l  gas horsepower 
input  due t o  t h a t  p o r t i o n  requi red  f o r  BLC a i r .  Unfortunately,  d i r e c t  measure­
ment of  gas horsepower was no t  a v a i l a b l e  from re fe rence  1, b u t  by making use  
of t he  compressor map suppl ied  by t h e  engine manufacturer ,  i t  was p o s s i b l e  t o  
e s t ima te  a g a s  horsepower t r e n d .  Figure 16 shows l i f t  versus  f an  rpm f o r  t h e  
modified fan  with and without  BLC. lhe dashed l i n e s  a r e  l i n e s  of  cons tan t  
t u rb ine  gas horsepower suppl ied  t o  t h e  system. For dashed l i n e  ( l ) ,  t h e  
system i s  comprised of  only the  f ans .  For dashed l i n e  (Z), t h e  system 
inc ludes  t h e  fan  and BLC apparatus  i f  used. The e f f e c t  on f an  l i f t  of  pro­
v id ing  power f o r  BLC a i r  i s  shown by t h e  l o s s  i n  l i f t  from t h e  i n t e r s e c t i o n  
of  the  l i f t  curve (BLC on) with cons t an t  power curve (1) t o  cons tan t  power 
curve ( 2 ) .  Following t h e  t o t a l  sys t em power curve ( 2 )  shows t h a t  lift with 
BLC i s  h igher  than l i f t  without BLC; t hus  BLC provided n e t  improvement. 

The e f f e c t s  of  varying BLC momentum on f an  t h r u s t  a r e  shown i n  f i g u r e  1 7 .  
The r a t i o  of  l i f t  with BLC t o  l i f t  without BLC i s  p l o t t e d  as a func t ion  of  BLC 
momentum c o e f f i c i e n t  C U f .  The c o e f f i c i e n t  Cpf r e l a t e s  BLC j e t  momentum t o  
f an  e x i t  momentum. C l a s s i c  momentum c o e f f i c i e n t s  have r e l a t e d  a j e t  v e l o c i t y  
t o  an ad jacent  v e l o c i t y  i n t o  which t h e  j e t  exhaus ts .  In  t h e  p re sen t  ca se  t h i s  
would r equ i r e  a d i f f i c u l t  measurement of  t h e  f a n  i n l e t  v e l o c i t y  near  t h e  BLC 
nozzle;  t h e r e f o r e ,  t h e  fan e x i t  v e l o c i t y ,  an e a s i e r  q u a n t i t y  t o  measure and 
propor t iona l  t o  i n l e t  l o c a l  v e l o c i t y ,  was used i n s t e a d .  As x i t h  curves  of 
l i f t  c o e f f i c i e n t  versus  blowing c o e f f i c i e n t s  f o r  a wing f l a p ,  t h e r e  i s  a r e l a ­
t i v e l y  l a rge  v a r i a t i o n  o f  l i f t  with C U f  u n t i l  flow attachment occurs ,  and 
then increased  blowing i n d i c a t e s  t h a t  most of  t h e  ga in  from BLC i s  ' r e a l i z e d  
when C U f  = 0.025.  The e f f e c t  of varying f an  rpm on t h e  c o r r e l a t i o n  of  l i f t  
with C U f  appears t o  be sma l l .  A nominal va lue  of C p f  = 0.025 was used 
dur ing  t h e  i n v e s t i g a t i o n  o f  bas i c  model aerodynamic c h a r a c t e r i s t i c s .  

L i f t - f a n  exhaust vectorinn- F a n  d i scharge  vec tor ing  by t h e  e x i t  vane 
cascade i s  shown i n  f i g u r e  18 along \ < i t h  comparative d a t a  f o r  t h e  conventional 
l i f t  fan of r e fe rence  5.  Chord-to-pi tch r a t i o  f o r  t he  p re sen t  cascade was 
1.37 and 1.40 f o r  r e fe rence  5 d a t a ,  bu t  vane a spec t  r a t i o  was h a l f  t h a t  used 
i n  re ference  5.  In  both cases  t h e  e x i t  vane a i r f o i l  s e c t i o n  c h a r a c t e r i s t i c s  
were the  same. Reference 5 d a t a  i n d i c a t e  e f f i c i e n t  vec tor ing  up t o  30' while  
t h e  p re sen t  cascade i s  only e f f i c i e n t  t o  approximately 12".  The l o s s  of 
vec tor ing  c a p a b i l i t y  with the  reduced th ickness  f an  i s  probably due t o  e i t h e r  



exhaust s w i r l  s epa ra t ing  t h e  e x i t  vane cascade a i r f l o w  prematurely o r  more 
pronounced end e f f e c t s  with t h e  low-aspec t - ra t io  louvers .  

BLC e f f e c t s  at forward speed- The effects of v a r i a b l e  BLC momentum on 
f an  performance was aga in  examined with t h e  added in f luence  of forward speed. 
The momentum c o e f f i c i e n t  Cvf was used aga in .  However, i n  o rde r  t o  c o l l a p s e  
d a t a  a t  each forward speed i n t o  a s i n g l e  curve t h e  f i n a l  momentum c o e f f i c i e n t  
took t h e  form Cvf(VfBLc off/Vm). To ta l  model l i f t  r a t i o  i s  p l o t t e d  i n  
f i g u r e  19 versus  t h e  momentum c o e f f i c i e n t  CUf(VfBLc off/Vm). F o r  a more 

complete look a t  BLC e f f e c t s ,  t o t a l  model l i f t  r a t i o  was used because of  t h e  
l a r g e  inf luence  of f an  performance on wing l i f t .  The momentum parameter c,f(VfBLCoff/Vm), which now con ta ins  a l l  t h e  p r i n c i p l e  v e l o c i t i e s  i n t e r a c t i n g  
near  t h e  BLC nozz le ,  can be i n t e r p r e t e d  as t h e  BLC t o  f an  momentum r a t i o  t imes 
t h e  tangent  of t he  flow angle  through t h e  f a n  o r  as t h e  r a t i o  of BLC momentum 
t o  fan  ram drag .  The e f f e c t  o f  varying f an  rpm on t h e  c o r r e l a t i o n  of  l i f t  
with CPf(VfBLc off/Vm) i s  shown t o  be small ( f i g .  2 0 ) .  

Thrust variation with forward speed- The v a r i a t i o n  of f an - th rus t - to ­
s t a t i c - t h r u s t  r a t i o  ( a t  cons tan t  fan  rpm) with forward speed ( f i g .  9) shows 
t h a t  on a dimensionless  b a s i s  BLC had l i t t l e  e f f e c t  on f an  performance a t  
forward speed. On an abso lu te  b a s i s ,  however, l i f t  with BLC was cons iderably  
l a r g e r  than without RLC ( f i g .  8 ) .  In comparison with t h e  convent ional  l i f t -
fan  ( f i g .  2 1 ) ,  t h e  modified fan improved the  t h r u s t  r a t i o  a t  t ip -speed  r a t i o s  
g r e a t e r  than 0 .06 .  Since dimensionless performance with forward speed of t h e  
modified f ans ,  with o r  without  BLC,  was b e t t e r  than t h a t  of t h e  convent ional  
f a n ,  flow sepa ra t ion  may have occurred i n  t h e  conventional f an  d ischarge  
s t a t o r .  

Longitudinal C h a r a c t e r i s t i c s  of t he  blodel 

Zero angle of attack- Figure 2 2  shows t h a t  v a r i a t i o n  of l i f t  with 
a i r speed  with and without  t he  f l a p s  d e f l e c t e d .  Measured t o t a l  l i f t  and t h e  
sum of fan t h r u s t  p lus  power-off l i f t  a r e  presented .  The d i f f e r e n c e  between 
t o t a l  l i f t  and the  sum of fan  t h r u s t  p l u s  power o f f  l i f t  i s  t h e  induced l i f t .  
Comparison of  t he  d a t a  with f l a p s  up and down revea ls  t h a t  induced l i f t  with 
t h e  f l a p s  d e f l e c t e d  30" i s  28  percent  ( a t  V,/Vf BLC on = 0.4) l e s s  than  with 
t h e  f l a p s  up. This  l o s s  i s  s l i g h t l y  more than l ia l f  t he  l o s s  r epor t ed  i n  
r e fe rence  7 where a somewhat l a r g e r  po r t ion  of t h e  f l a p  was loca ted  behind t h e  
f ans .  The e f f e c t s  on l i f t  of a fan ope ra t ing  ahead of a f l a p  a r e  not  f u l l y  
understood because of t he  complex na tu re  of t he  flow f i e l d .  

Concerning the  magnitude of l i f t  induced by fan ope ra t ion ,  r e fe rence  6 
gives  some i n s i g h t  i n t o  the  more important v a r i a b l e s  t h a t  a f f e c t  induced l i f t .  
Data from va r ious  wind-tunnel models a r e  presented  t o  show e f f e c t s  on induced 
l i f t  of fan a r e a  t o  wing area r a t i o  and the  combined e f f e c t s  of  wing geometry, 
fan  loca t ion ,  and fan  d i s t r i b u t i o n .  In f i g u r e  23 induced l i f t  of  t h e  p re sen t  
i n v e s t i g a t i o n  i s  compared with previous convent ional  fan-in-wing d a t a  

7 

I 




( r e f s .  1, 2 ) .  Decreasing fan-to-wing area r a t i o  o f  compared d a t a  gave 
increased  induced lift as i n d i c a t e d  i n  r e fe rence  6 .  Induced l i f t  va lues  f o r  
t h i s  model appear t o  be of  t h e  c o r r e c t  magnitude based on fan-area-to-wing­
area r a t i o  and t h e  d a t a  of  r e fe rences  1 and 2. 

Var i a t ion  of p i t c h i n g  moment with a i r s p e e d  is  shown i n  f i g u r e  24 with 
BLC on and f o r  t h r e e  f l a p  d e f l e c t i o n s .  
by t h e  product  of  f a n  s t a t i c  t h r u s t  and diameter .  

P i t ch ing  moment i s  nondimensionalized 
The r e s u l t i n g  p i t c h i n g  

moment t r end  a t  zero f l a p  d e f l e c t i o n  i s  c h a r a c t e r i s t i c  o f  previous fan-in-wing 
i n v e s t i g a t i o n s  ( r e f s .  2 ,  3 ,  7 ) .  The d a t a  show t h a t  with forward speed, 
i nc reas ing  f l a p  d e f l e c t i o n  reduces t h e  change i n  p i t c h i n g  moment from t h a t  
r equ i r ed  f o r  t r i m  a t  hover.  

VariabZe angle of at tack- Power o f f  l ong i tud ina l  d a t a  shown i n  f i g u r e  11 
agree wel l  with e s t a b l i s h e d  t r i a n g u l a r  wing d a t a  ( r e f .  8) f o r  an aspec t  r a t i o  
of 2 with t r a i l i n g - e d g e  f l a p s  undef lec ted .  Figure 11 a l s o  shows d a t a  f o r  30" 
and 60" f l a p  d e f l e c t i o n s .  With power on, and BLC, t h e  l i f t - c u r v e  s lope  
( f i g s .  12(a)  t o  1 3 ( d ) ) ,  i n  a d d i t i o n  t o  varying with f l a p  d e f l e c t i o n ,  depends 
on the  combined e f f e c t s  of e x i t  vane d e f l e c t i o n ,  forward v e l o c i t y  and i t s  
i n t e r a c t i o n  with BLC j e t  v e l o c i t y .  A s  shown i n  f i g u r e  25, power-on l i f t - c u r v e  
s lopes  were gene ra l ly  above the  power-off va lue .  I t  should be noted t h a t  t h e  
improvement i n  l i f t  due t o  BLC,  i n  f i g u r e  1 2 ( a ) ,  i s  hidden due t o  nondimen­
s i o n a l i z i n g  t o t a l  l i f t  with fan  s t a t i c  t h r u s t .  The power-off p o r t i o n  of  t o t a l  
l i f t  does not  i nc rease  with add i t ion  of  BLC as does f an  t h r u s t .  Hence with 
BLC on, t h e  l i f t - t o - s t a t i c - t h r u s t  r a t i o  i s  reduced. 

A comparison o f  power-off da t a  ( f i g .  11) with power-on d a t a  ( f i g s .  12(a)  
t o  13(d))  over  t h e  same angle-of -a t tack  range showed t h a t  power on e f f e c t s  
caused a p o i n t  of maximum l i f t  t o  occur which d i d  no t  occur with power o f f .  
The e f fe t  t o f  i nc reas ing  forward speed, with power-on, was t o  inc rease  t h e  
angle  of a t t a c k  f o r  maximum l i f t .  This  angle  of  a t t a c k  d i d  n o t ,  however, 
reach 25" which was t h e  h ighes t  power-off angle  of  a t t a c k  t e s t e d .  The power-
on d a t a  of r e fe rences  1 and 2 show t h a t  i nc reas ing  forward speed had t h e  
oppos i te  e f f e c t .  This  d i f f e r e n c e  i n  t rends  might be exp,lained by f i r s t  not ing  

The p o i n t  of maximum l i f t  i n  eachwhere these  i n v e s t i g a t i o n s  were s imilar .  

case was followed by a l a r g e  d e s t a b i l i z i n g  moment, i n d i c a t i n g  a l o s s  i n  l i f t  

near  t h e  wing t i p .  Rela t ing  the  forward speed effects  and moment changes of 
the  compared i n v e s t i g a t i o n s  t o  f a n  proximity t o  t h e  wing leading  edge might 
suggest  t h e  fol lowing explana t ion .  The f ans  i n  r e fe rences  1 and 2 were c lose  
t o  t h e  wing leading  edge and could de lay  l i f t  l o s s  by fan  opera t ion  c r e a t i n g  
a l a r g e  suc t ion  source ,  thus reducing leading-edge s e p a r a t i c n .  The t r i a n g u l a r  
wing of t h e  p re sen t  t e s t s  has t h e  f an  much f a r t h e r  from t h e  wing leading edge, 
thereby e l imina t ing  such a s t rong  suc t ion  e f f e c t .  Increas ing  forward speed 
would then only c r e a t e  a Reynolds number effect  t h a t  would inc rease  the  angle  
of a t t ack  f o r  maximum l i f t .  

S t a t i c  margin i s  shown i n  f i g u r e  26 t o  be n e a r l y  cons tan t  except a t  a 
v e l o c i t y  r a t i o  of 0.5 where a d e s t a b i l i z i n g  e f f e c t  occurred.  This  d e s t a b i ­
l i z i n g  tendency was g r e a t e r  with BLC app l i ed .  Ex i t  vane d e f l e c t i o n  a t  each 
v e l o c i t y  r a t i o  was t h a t  r equ i r ed  t o  cause t h r u s t  equal t o  drag a t  zero angle  
of a t t a c k .  Data included with e s s e n t i a l l y  zero t h r u s t  vec tor ing  ( e x i t  vanes 
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o f f )  show only small changes i n  s t a b i l i t y  and thereby  i n d i c a t e  l i m i t e d  
i n t e r f e r e n c e  of  fan exhaust with wing flow. The opt ion  t o  choose from a wide 
range of  f an  t h r u s t  vec to r  angles  can be use fu l  when planning a i rc raf t  descent  
angles .  

Use of  t r a i l i n g - e d g e  f l a p s  was gene ra l ly  b e n e f i c i a l  t o  t h e  t o t a l  l i f t  
even though they  reduced t h e  induced p o r t i o n  of  t o t a l  l i f t .  The d a t a  f o r  60" 
f l a p  d e f l e c t i o n  a t  low forward speeds ( f i g s .  12(a)  and 13) show a d e f i n i t e  
improvement both i n  t h e  l i f t  with drag trimmed (a = 0") and i n  maximum l i f t .  

CONCLUDING REMARKS 

Resul t s  of  an i n v e s t i g a t i o n  o f  a supersonic  a i r c r a f t  conf igura t ion  with 
a t h i n  fan mounted i n  a t r i a n g u l a r  wing i n d i c a t e  fan th ickness  can be reduced 
without l o s s  of  s t a t i c  t h r u s t  by inc lus ion  of  a blowing BLC i n l e t .  

Effects of  f an  ope ra t ion  on model performance, s t a b i l i t y  and con t ro l  
i n d i c a t e  no l a rge  adverse dev ia t ions  from general  d e l t a  wing c h a r a c t e r i s t i c s .  
Therefore ,  V/STOL c a p a b i l i t y  provided by l i f t  fans  f o r  t h i s  supersonic  
conf igura t ion  appears f eas  i b  1e .  

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e ld ,  C a l i f . ,  94035, Aug. 30, 1970 

9 



REFERENCES 


1. 	 Hickey, David H.; and Hall, Leo P.: Aerodynamic Characteristics of a 
Large-Scale Model With Two High Disk-Loading Fans Mounted in the Wing. 
NASA TN D-1650, 1963. 

2. 	 Kirk, Jerry V.; Hickey, David H.; and Hall, Leo P.: Aerodynamic 
Characteristics of a Full-scale Fan-In-Wing Model Including Results in 
Ground Effect With Nose-Fan Pitch Control. NASA TN D-2368, 1964. 

3. 	 Cook, Woodrow L.; and Hickey, David H.: Comparison of Wind-Tunnel and 

Flight-Test Aerodynamic Data in the Transition-Flight Speed Range for 

Five V/STOL Aircraft. Conference on V/STOL and STOL Aircraft. NASA 

SP-116, 1966, pp. 447-467. 


4. Przedpelski, Zygmunt J.: Lift Fan Technology Studies. NASA CR-761, 1967. 


5. 	 Aoyagi, Kiyoshi; Hickey, David H.; and desavigny, Richard A.: Aerodynamic 
Characteristics of a Large-Scale Model With a High Disk-Loading Lifting 
Fan Mounted in the Fuselage. NASA TN D-775, 1961. 

6. 	 Goldsmith, Robert H.; and Hickey, David H.: Characteristics of Lifting-

Fan V/STOL Aircraft. Astronautics and Aerospace Engineering, vol. 1, 

no. 9, Oct. 1963, pp. 70-77. 


7. 	 Kirk, Jerry V.; Hodder, Brent K.; and Hall, Leo P.: Large-Scale Wind-

Tunnel Investigation of a V/STOL Transport Model With Wing-Mounted Lift-

Fans and Fuselage-Mounted Lift-Cruise Engines for Propulsion. NASA TN 

D-4233, 1967. 


8. 	 Graham, David: The Low-Speed Lift and Drag Characteristics of a Series 

of Airplane Models Having Triangular or Modified Triangular Wings. 

NACA RM A53D14, 1953. 


10 


I 




TABLE 1.- COORDINATES OF WING A I R F O I L  SECTION (NACA 16-005 MODIFIED) 

PERPENDICULAR TO THE WING CHORD PLANE 

~­

x/ c 

0 

1.25 

2.50 

5.00 

7.50 

10.00 

15.00 

20.00 

30.00 

40.00 

50.00 

60 .00  

70.00 

80 .00  

90.00 

95.00 

100.00  

U p p e r  

Y /  c 

0 

.563 

.801 

1.136 

1.405 

1.624 

1.986 

2.276 

2.709 

2.970 

3.083 

3.030 

2.758 

2.199 

1.307 

.731 

.OS0  

L o w e r  

Y l  C 
0 

.513 

.703 

.944 

1.123 

1.258 

1.461 

1.610 

1.809 

1.907 

1.917 

1.830 

1.633 

1.299 

.781 

.449 

.050 
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TABLE 2 . - LIST AND DESCRIPTION OF BASIC DATA FIGURES 


L i f t  - f a n  performance 
_ _ - .  

7 0 20, 3 0 ,  40 30 Rela t ionship  o f  v e l o c i t ;  
6 0 ,  80 r a t i o  t o  t ip -speed  ratic 

8 0 0 30 S t a tic t h r u s t  c a l  i b r a -
t i o n  o f  a l l  fan  config.  
u r a t i o n s  t e s t e d  

9 0 20, 30, 40 30 Fan t h r u s t  v a r i a t i o n  
60,  80 with forward speed, BLC 

on BLC o f f  
- __ . ..- . -

Longitudinal d a t a  a t  zero angle  of a t tack;  C L ,  r--D,  Cm, versus  p 

I 
-. ._ 

0 With BLC 

30 With BLC 

Without BLC 

60  With BLC 

Longi tudinal  d a t a  a t  v a r i a b l e  angle  of  a t t a c k  CL versus  C D ,  a, cm 
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A-37808(a) 3/4 front view. 

Figure 1.- Photograph of model mounted in Ames 40- by 8O-Foot Wind Tunnel. 
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A-37809 

(b) 3 /4  r e a r  view. 

Figure 1.- Continued. 
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A-38863 


(c) Top view. 

Figure 1.- Concluded. 



A-38944 
Figure 2.- Photograph of right lift-fan showing boundary-layer-control inlet. 
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