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AERODYNAMIC CHARACTERISTICS OF A LARGE-SCALE V/STOL 

TRANSPORT MODEL WITH LIFT AND LIFT-CRUISE FANS 

By Leo P. H a l l ,  David H. Hickey, 
and J e r r y  V. Kirk 

Ames Research Center 

SUMMARY 

A wind-tunnel inves t iga t ion  was conducted t o  determine the aerodynamic 
cha rac t e r i s t i c s  of two configurations of a V/STOL t ranspor t  model powered by 
t ip- turbine-dr iven fans .  The VTOL propulsion system f o r  t he  f irst  configura­
t i o n  was  a combination of l i f t  fans  and ro t a t ing  c ru ise  fans ,  and f o r  the 
second configuration was tandem mounted l i f t  fans. Both configurations used a 
high mounted wing with an aspect r a t i o  of 5.8, swept back 35' a t  the  quarter  
chord l l ne ,  and a taper  r a t i o  of 0.3. 

The r e s u l t s  showed a large increase i n  l i f t  with forward speed f o r  both 
configurations i n  s p i t e  of the  unloading of the wing induced by f r o n t  fan  
operation. Longitudinal cha rac t e r i s t i c s  f o r  bo th  configurations with the  fans 
operating appear t o  be s imi la r  t o  the cha rac t e r i s t i c s  of conventional a i r c ra f t ;  
however, both configurations su f fe r  d i r ec t iona l  i n s t a b i l i t y  over a t  l e a s t  p a r t  
of the speed range. 

INTRODUCTION 

The Ames Research Center i s  studying the large-scale  low-speed aerody­
namic cha rac t e r i s t i c s  of V/STOL t ranspor t  configurations powered by l i f t  fans, 
c ru ise  fans,  or combinations of both.  The purpose of the  present invest iga­
t ion ,  conducted i n  the 40- by 80-foot wind tunnel, was t o  determine the aero­
dynamic cha rac t e r i s t i c s  of two configurations:  The f i r s t  had l i f t  fans  
mounted ahead of t he  wing and r o t a t i n g  c ru ise  fans  mounted a f t  of the  wing; 
t he  second configuration had tandem mounted l i f t  fans  f a i r e d  in to  the wing. 
The l i f t -propuls ion  system consis ted of four  3-foot-diameter t ip-dr iven fans  
powered by one gas generator.  

General aerodynamic cha rac t e r i s t i c s  presented show the  e f f e c t s  of fan 
operat ion on model var iab les  and the  e f f e c t s  of forward speed on fan  operation. 
Some of the model var iab les  invest igated include the  e f f e c t s  of exit-vane 
def lect ion,  f l a p  def lect ion,  f r o n t  l i f t  fan location, and ro t a t ing  c ru ise  f an  
angle. Results f o r  bo th  configurations,  obtained over the fan-powered speed 
range, are  analyzed t o  show the  e f f e c t  of in te r fe rence  between the  fan flow 
and airframe flow f i e l d .  
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fan  e x i t  area, sq f t ,  o r  wing aspect  r a t i o  

wing span, f t  

wing chord p a r a l l e l  t o  plane of symmetry 

mean aerodynamic chord, 

Ddrag coef f ic ien t ,  -
CIS 

2rolling-moment coef f ic ien t ,  ­
qSb 

Ll i f t  coef f ic ien t ,  ­
qs 

Mpitching-moment coef f ic ien t ,  	­qsc 
Nyawing-moment coef f ic ien t ,  ­

qSb 

Yside-force coef f ic ien t ,  ­
qs 

drag, l b  

diameter of the  fan, f t  

c ru ise  duct angle, angle-of-thrust  ax i s  t o  f r e e  stream, deg 

ho r i  zon t  a 1-ta i l  incidence angle , deg 

r o l l i n g  moment, f t -1b 

t o t a l  lift on model, lb 

pitching moment, f t - l b  

moment center  

yawing moment , f t -1b 
l o c a l  s t a t i c  pressure,  B/sq  f t  

free-stream s t a t i c  pressure,  Ib/sq f t  

pressure coef f ic ien t ,  
p1 	- ps 
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P O  standard atmospheric pressure,  2116 lb/sq f t  

9 free-s t ream dynamic pressure,  lb/sq f t  

R f an  radius, f t  

RPM corrected fan  r o t a t i o n a l  speed, -
f a n  speed 

4T 
s wing area, sq f t  

T complete ducted f a n  t h r u s t  i n  the  l i f t  d i r ec t ion  with a = Oo and 

P, = Oo, pAvj2, l b  

V a i r  veloci ty ,  f t / s e c  

VO free-stream a i r  veloci ty ,  knots o r  f t / s e c  

X dis tance from the  leading edge, f t  

Y spanwise dis tance perpendicular t o  the  plane of symmetry, f t  

Y side force,  lb 

a angle of a t t ack  of the  wing chord plane, deg 

P angle of s i d e s l i p ,  deg 

Pv f a n  exit-vane def lec t ion  angle from the  f an  axis, deg 

PS
6 r e l a t i v e  s t a t i c  pressure ­, 
6f t ra i l ing-edge  f l a p  de f l ec t ion  measured normal t o  the  hinge l ine ,  deg 


0 r a t i o  of ambient temperature t o  standard temperature ( 51g0 R )  


E average downwash a t  t he  hor izonta l  t a i l ,  deg 


7 f r a c t i o n  of wing semispan, a 

b 

V-IJ- t ip-speed r a t i o ,  UR 

P density,  l b  -sec2/f t4  

w f a n  r o t a t i o n a l  speed, radians/sec 
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I 

Subs c r i p t s  

3 fan  e x i t  

S s t a t i c  conditions 

T t a r e  

U uncorrected 

W wing 

MODEL AND APPARATUS 

The model i s  shown i n s t a l l e d  i n  the t es t  sect ion of the  Ames 40- by 
8 0 - ~ o o tWind Tunnel i n  f igu re  1. Figure l ( a )  i s  a photograph o f  the  l i f t -
cru ise  f an  configuration ( d i r e c t  l i f t  fan forward and r o t a t i n g  c ru ise  fan  a f t ) .  
Figure l ( b )  i s  a photograph of the  tandem l i f t  f an  configuration. Per t inent  
dimensions of the  two configurations a re  given i n  f igu res  2 (a )  and 2 (b ) .  

Wing Geometry 

The high-mounted wing had an aspect r a t i o  of 5.8 and a taper  r a t i o  of 
0.3, and was swept back 3 5 O  a t  t h e  quarter-chord l i n e .  An NACA 65-412 a i r f o i l  
sec t ion  was bas i c  f o r  t he  wing. Fair ings covered the  gap between the  f a n  and 
the  wing on the  tandem l i f t  fan configuration. 

Deta i l s  of t h e  22-percent-chord s ing le - s lo t t ed  f l a p  a re  shown i n  
f igu re  2 ( c ) .  The f l a p  on the configuration with the  ro t a t ing  c ru ise  fans  and 
d i r e c t  l i f t  fans  extended from 15.9 t o  63.6 percent semispan. The f l a p  on the 
configuration with the  tandem l i f t  fans  extended from 41.6 t o  63.6 percent 
semispan. Flap def lec t ions  of  0' and 4 5 O  were t e s t e d .  

Fuselage 

The fuselage was s lab sided with rounded corners .  Overall  it was 
6.5 f e e t  high, 5.8 f e e t  wide, and 44.0 f e e t  long. The fans  were driven by a 
G.E. J85-5 gas generator mounted on top of t he  fuselage.  

T a i l  

The geometry and locat ion of  the a l l  movable hor izonta l  t a i l  are  shown i n  
f igu re  2 ( b ) .  The t a i l  was pivoted about the  quarter  chord and had a range 
from -1.3' t o  +23O incidence. For the  t e s t s  indicated " t a i l  o f f "  only the 
horizontal  t a i l  was removed. 
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Propulsion System 

For these s tudies ,  the  four  3-foot-diameter G.E. X-376 t ip- turbine-dr iven 
fans were powered by one G.E. 585-5 engine. The engine exhaust was ported 
through a d ive r t e r  valve i n t o  a plenum chamber and then ducted t o  t h e  t i p  
turbines  of the  ind iv idua l  fans .  Fan locat ions and associated ducting arrange­
ments could be var ied i n  order t o  t e s t  the two f r o n t  fans  i n  the  pos i t ions  
shown i n  f igu re  2 ( a ) .  

For t h e  tests with only two fans  operating,the excess 5-85 exhaust was 
ducted out  a t a i l  pipe i n  the  thrust direct ion;  t he  da ta  w e r e  corrected f o r  
t h i s  t h r u s t .  

Fan i n s t a l l a t i o n . - Deta i l s  of t h e  ro t a t ing  c ru ise  f an  pods are given i n  
f igu re  2 ( c ) .  The e x i t  area was intended t o  produce the  design pressure r a t i o  
across t h e  fan  a t  zero and low forward speeds. Symmetrical a i r foi l -shaped 
f a i r ings ,  attached t o  t h e  f a n  pods, covered the  supporting s t ruc ture .  Deta i l s  
of  t h e  l i f t  fan  pods, used f o r  t h e  l i f t - c r u i s e  fan  configuration, a re  a l so  
given i n  f igu re  2 ( c ) .  The l i f t  f a n  pods were 0.67 foot  t h i ck  and had a 
0.33-foot-radius i n l e t .  

For the  tandem l i f t  fan  configuration the  f an  pods were the  same as  
previously described; however, the  gaps between t h e  fans and the  wing were 
covered with f a i r i n g s .  

A cascade of fourteen 4.06-inch-chord e x i t  vanes was mounted downstream 
of t h e  l i f t  fan  pods. These vanes extended across the  t ip - turb ine  exhaust 
and were used both  t o  d i r e c t  t he  fan  flow and as  a lower surface wing closure 
(p, = 90') f o r  power-off t e s t i n g .  The vane a i r f o i l ' s e c t i o n s  had a maximum 
thickness of 10-percent chord a t  20-percent chord and a m a x i m  of 2.3-percent­
chord camber of t he  mean l i n e  a t  35-percent chord. 

TESTING AND PROCEDURE 

Longitudinal fo rce  and moment da ta  were obtained through an angle-of­
a t t ack  range from -2O t o  +24O; l a t e r a l  d i r ec t iona l  da ta  were obtained through 
an angle-of-sideslip range of -loo t o  + 4 O  a t  Oo angle of a t tack.  Airspeed of 
t he  t e s t s ,  corresponding t o  a m a x i m  Reynolds number of 10.4 mill ion,  var ied 
from 0 t o  140 knots. Fan RPM was var ied from 1800 t o  4000. Some fan e x i t  
pressures and wing surface pressure d i s t r ibu t ions  were a l so  measured during 
the  t e s t s .  

Tests  With Constant Angle of Attack 

A t  0' angle of a t tack,  f an  speed and wind-tunnel veloci ty  were var ied 
independently. For the  l i f t - c r u i s e  f an  configuration, r e s u l t s  were obtained 
f o r  th ree  f r o n t  l i f t - f a n  locat ions,  f i v e  ro t a t ing  c ru ise  fan  angles, severa l  
ex i t  vane angles, two f l a p  def lect ions,  t a i l  on and t a i l  o f f .  Also, a l imi ted  
amount of da ta  was taken a t  12O angle of a t tack .  For the  tandem l i f t  f a n  
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configuration r e s u l t s  were obtained a t  seve ra l  e x i t  vane angles, two f l a p  
def lect ions,  t a i l  on and t a i l  o f f .  Some da ta  were taken with the  f a i r i n g s  
removed from the  tandem lift fan  configuration. 

Tests With Varying Angle of Attack 

Fan RF'M and tunnel  forward speed were maintained e s s e n t i a l l y  constant 
when angle of a t t a c k  was varied.  These tests were made a t  severa l  values of 
f an  RPM and tunnel  airspeed. The model var iab les  t e s t e d  i n  t h i s  manner were 
the same as those mentioned above. 

C O m C T I  ONS 

Force and moment da ta  obtained without the fans operating were corrected 
f o r  the  e f f e c t  of wind-tunnel wal l  cons t ra in t  as  follows: 

a. = % + 0.486 CLU 

CD = C% + 0.0085 C h 2  

C, = Cmu + 0.0169 C% ( t a i l  on only) 

Reference 1 defines a s e t  of model-to-wind-tunnel s i z ing  cons t ra in ts  t h a t  
give only small  wind-tunnel wal l  e f f e c t s .  According t o  those cons t ra in ts  
there  should be only small wind-tunnel wal l  e f f e c t s  f o r  the  subject  model; 
therefore  no wind-tunnel wal l  correct ions were applied t o  the  r e s u l t s  obtained 
with the fans operat ing.  

A correct ion of  C D ~= 0.0016 f o r  t h e  drag of t he  model support s t ruc ture  
has been applied t o  a l l  of the data .  

Table I i s  an index t o  t h e  f igures .  Results from the l i f t - c r u i s e  f an  
configuration a re  presented before those from the  tandem l i f t  f an  configura­
t ion .  (Unless otherwise noted, the l i f t  fans are  i n  the  low a f t  posi t ion,  
f i g .  2 ( a ) . )  For each configuration t h e  c h a r a c t e r i s t i c s  a t  constant angle of 
a t t ack  are  presented f irst ,  then r e s u l t s  with var iab le  angle of a t tack,  and 
l a s t ,  r e s u l t s  with var iable  angle of yaw. 

Tip-speed r a t i o ,  p, w i l l  be used as  the independent parameter i n  the 
following data  presentat ion.  The r e l a t ionsh ip  between tip-speed r a t i o  and 
the  more general  parameter, free-stream t o  fan-veloci ty  r a t i o ,  i s  shown i n  
f igu re  3. 
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L i f t - C r u i s e  Fan Configuration 

Fan cha rac t e r i s t i c s .  - The e f f e c t  of t e s t  and configuration var iables  on 
f a n  performance a t  zero airspeed i s  shown by the  r e s u l t s  i n  f igu re  4. Fig­
ure  &(a)  shows the  t o t a l  forces  and moments on the  complete l i f t - c r u i s e  f an  
configuration a t  various c ru i se  f an  angles, with and without t he  l i f t  fans 
running. The e f f e c t  of exit-vane angle def lec t ion  on forces  and moments con­
t r ibu ted  by the  l e f t  f r o n t  fan operat ing a t  3600 RPM i s  presented i n  f i g ­
ure  4(b) .  Figure 5 presents  t h e  va r i a t ion  of average f an  t h r u s t  with airspeed 
f o r  the l e f t  f r o n t  f an  as  measured with an equal-area momentum rake. 

Aerodynamic cha rac t e r i s t i c s  with constant angle of a t tack .  - Figures 6 
through 16 show t h e  e f f e c t  of fan and model configuration var iables  on 
longi tudina l  and l a t e r a l - d i r e c t i o n a l  cha rac t e r i s t i c s .  

The var ia t ion  with t ip-speed r a t i o  of the  r a t i o  of l i f t  a t  forward speed 
t o  t h e  s t a t i c  l i f t  and t h e  r a t i o  of moment t o  s t a t i c  l i f t  f o r  t r i m  drag (D = 0) 
f o r  the two f r o n t  fans  operat ing i n  each of t he  three a l t e rna te  pos i t ions  i s  
presented i n  f igu re  6(a) .  Similar  da ta  f o r  the l i f t - c r u i s e  f an  configuration 
with the hor izonta l  t a i l  o f f  are presented i n  f igu re  6(b) ,  and f o r  the com­
p l e t e  l i f t - c r u i s e  f an  configuration i n  f igu re  6 ( c ) .  The s t a t i c  l i f t  used i n  
f igu re  6 i s  f o r  a c ru ise  duct angle o f  90 and p v  = 0'. 

Results i n  f igu res  7 through 11 show the longi tudinal  cha rac t e r i s t i c s  as  
a funct ion of t ip-speed r a t i o  f o r  t he  model var iables  t e s t ed .  Figures 7 
through 9 show c h a r a c t e r i s t i c s  with only the  t w o  f r o n t  fans  operating i n  
three pos i t ions ;  f i gu re  7 presents  da ta  f o r  the  high a f t  posi t ion,  f i gu re  8 
presents  data  f o r  the  high forward posi t ion,  and f igu re  9 presents  da ta  f o r  
t he  low a f t  pos i t ion .  A l imi ted  amount of data  a t  12O angle of a t t ack  i s  a l so  
included. Figure 10 shows the  longi tudina l  cha rac t e r i s t i c s  with jus t  t he  
ro t a t ing  c ru ise  fans  operat ing.  Figure 11 shows the longi tudina l  character­
i s t i c s  f o r  the  complete l i f t - c r u i s e  fan configuration with severa l  exit-vane 
angles and ro t a t ing  c ru i se  fan  angles.  Included i n  f igu re  11 are the  da ta  
with the hor izonta l  t a i l  o f f .  

Results i n  f igu res  12 and 13, showing the  e f f e c t  of varying f an  
r o t a t i o n a l  speed a t  s eve ra l  c ru ise  f an  angles and forward speeds, demonstrate 
the  adequacy of t ip-speed r a t i o  as  a parameter. 

Figure 14  shows t h e  e f f e c t  of f r o n t  l i f t  f an  locat ion on spanwise wing 
loading when only the  f r o n t  l i f t  fans  a re  operating. Tabulated on t h i s  f i gu re  
a re  the  wing l i f t  coe f f i c i en t s  from in tegra ted  pressure d i s t r ibu t ions .  

Figure 1-5 shows the  t r i m  e f fec t iveness  of t he  hor izonta l  t a i l  wi th  power 
of f  and l i f t  fans sealed; f i gu re  16 shows the  average downwash a t  t h e  hor i ­
zontal  t a i l  f o r  d i f f e r e n t  c ru ise  f a n  duct angles and forward speeds as  
computed from t a i l - o n  and t a i l - o f f  data .  

V g i a t i o n , f  aerodynamic c h a r a c t e r i s t i c s  with angle of a t tack .  - Data 
i n  f igu res  1-7 through 24 show t he  va r i a t ion  of longi tudina l  cha rac t e r i s t i c s  
with angle of a t tack .  The da ta  f o r  speeds up t o  30 knots a r e  presented as 
fo rces  and moments while t h e  r e s u l t s  f o r  higher speeds are i n  coe f f i c i en t  form. 
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Figure 1-7 presents  the longi tudinal  c h a r a c t e r i s t i c s  f o r  t he  bas i c  model with 
a l l  fans  removed. Figure 18 presents  s imi la r  da ta  f o r  t h e  three  a l t e rna te  
l i f t  f an  locat ions (power o f f )  with the  r o t a t i n g  c ru i se  fans removed. Fig­
u re  19 presents  power-off data  f o r  the complete l i f t - c r u i s e  f an  configuration. 
Figure 20 presents  t h e  longi tudinal  c h a r a c t e r i s t i c s  a t  low forward speed with 
four  fans operating, and f igu re  21 presents  s i m i l a r  da ta  a t  higher forward 
speeds. Figure 22 presents  t he  longi tudina l  c h a r a c t e r i s t i c s  f o r  the  model i n  
t h e  c ru ise  configuration with a c ru ise  fan angle of Oo and f l a p s  up. Fig­
u res  23 and 24 show the  va r i a t ion  of longi tudina l  cha rac t e r i s t i c s  with angle 
of a t t ack  f o r  t he  f r o n t  l i f t  fans  operating i n  the  three a l t e rna te  pos i t ions  
with the ro t a t ing  c ru ise  fans  removed. 

Aerodynamic- cha rac t e r i s t i c s  with var iab le  angle of s i d e s l i p .  - Figure 25 
presents  the  e f f e c t  of s i d e s l i p  angle on the  longi tudina l  and l a t e r a l -
d i r ec t iona l  cha rac t e r i s t i c s  f o r  the complete l i f t - c r u i s e  f an  configuration. 
The data  obtained were f o r  two tip-speed r a t i o s  and th ree  r o t a t i n g  c ru ise  
fan angles.  

Tandem L i f t  Fan Configuration 

Fan cha rac t e r i s t i c s . - Figure 26 presents  the  zero airspeed character­
i s t i c s  of the model with only the  l e f t  f r o n t  f a n  operating and with a l l  four  
fans  operating i n  the  tandem l i f t  fan  configuration. 

Aerodynamic cha rac t e r i s t i c s  with zero angle of a t t ack . - Results presented 
i n  f igu res  27 through 34<howlongitudinal cha rac t e r i s t i c s  a t  0' angle o f  
a t t ack  as  a function of t ip-speed r a t i o .  The va r i a t ion  of the  r a t i o  of l i f t  
a t  forward speed t o  s t a t i c  lift and the  r a t i o  of moment t o  s t a t i c  l i f t  f o r  
t r i m  drag i s  shown i n  f igu re  27. Results f o r  the  r e a r  fans  operating and 
f r o n t  fans  sealed a re  presented i n  f igu re  28 and those f o r  the  f r o n t  fans  
operating and r ea r  fans  sealed, i n  f igu re  29. Figures 30 and 31 show t h e  
longi tudinal  cha rac t e r i s t i c s  f o r  the complete tandem l i f t  f an  configuration, 
with f l a p s  a t  45O and Oo, respect ively.  The longi tudina l  cha rac t e r i s t i c s  with 
the  horizontal t a i l  and f a i r i n g s  removed a re  shown i n  f igu res  32 and 33. For 
analysis  of these data, moments a re  presented f o r  two moment centers  (see 
f i g .  2 ( b ) ) .  

Figures 34 and 35 present  t h e  t r i m  e f fec t iveness  of t he  hor izonta l  t a i l  
and average downwash a t  the horizontal  t a i l  f o r  t he  complete tandem l i f t  f a n  
configuration. 

Aerodynamic cha rac t e r i s t i c s  wLth var iab le  angles o f  a t tack .  - Data i n  
figures 36 through 38 show the  va r i a t ion  of longi tudina l  cha rac t e r i s t i c s  with 
angle of  a t tack.  Figure 36 presents  the  power-off longi tudinal  charac te r i s ­
t i c s  showing the e f f e c t  of f l a p  def lect ion,  hor izonta l  t a i l ,  and f a i r i n g s .  
Figure 37 presents the  longi tudinal  c h a r a c t e r i s t i c s  f o r  the  complete tandem 
l i f t  f an  configuration a t  various t ip-speed r a t i o s .  The l o w  speed da ta  a re  
presented as  forces  and moments while the  r e s u l t s  a t  higher speed are  i n  
coef f ic ien t  form. Figure 38 presents  s imi la r  longi tudinal  cha rac t e r i s t i c s  
with the  f a i r ings  removed. 

8 



Aerodynamic characteri-%tics with var iable  angle of s i d e s l i p .  - Figures 39 
and 40 present t he  eFfect o f i d e s l i p  angle on longi tudinal  and l a t e r a l -
d i r e c t i o n a l  cha rac t e r i s t i c s  f o r  t h e  complete tandem l i f t  fan  configuration. 
Figure 39 presents  t h e  low speed da ta  as  forces  and moments. Figure 40 
presents  t h e  higher speed da ta  i n  coe f f i c i en t  form. 

DISCUSSION 


Combination L i f t  Fans and Rotating Cruise Fans 

Fan performance.- Comparison of t he  l e f t  f ron t  f a n  t h r u s t  ( f i g s .  4(b) 
and 26) with the  two-fan thrust ( f i g .  4(a)) and the  four  l i f t  fans  ( f i g .  26) 
ind ica tes  t h a t  t he  l e f t  f r o n t  l i f t  f an  t h r u s t  i s  86 percent of t he  r i g h t  fan 
thrust and of the r e a r  l i f t  fans. This poor performance of the l e f t  f r o n t  
l i f t  fan i s  probably caused by leakage from the  turbine i n t o  the  f an  flow. 
The measured s t a t i c  l i f t  fan thrus t ,  f o r  both f r o n t  l i f t  fans, i s  80 percent 
of the  c ru ise  fan  thrus t  (ca lcu la ted  f o r  iD= 90'). This decrement i s  
bel ieved due t o  i n l e t  losses,  exi t - louver  losses, and the  previously noted 
leakage. 

-.­&ergdynamic c h a r a c t e r i s t i c s . - I n  order t o  determine and minimize unload­
ing of t he  wing induced by f a n  operation, the two f r o n t  fans were t e s t e d  i n  
three  pos i t ions  before the  complete configuration was t e s t ed .  The spanwise 
wing loading f o r  these three  f r o n t  f a n  pos i t ions  shows t h a t  fan  operation did 
cause negative wing l i f t  over p a r t  of the t ip-speed r a t i o  range i n  a l l  f a n  
locat ions,  and i n  the  worst f a n  loca t ion  (high a f t ) ,  caused negative wing 
l i f t  a t  a l l  a i rspeeds.  With f an  power o f f ,  wing l i f t  was pos i t ive  because of 
l i f t  due t o  caniber. I n  s p i t e  of t he  unloading of the wing due t o  f an  opera­
t ion, the r a t i o  of t o t a l  l i f t  t o  fan s t a t i c  thrust as a funct ion of t ip-speed 
r a t i o  f o r  t r i m  drag ( f i g .  6 ( a ) )  shows an increase of l i f t  with forward speed 
f o r  each of  t he  three  f r o n t  f a n  locat ions.  This surpr i s ing  r e s u l t  i s  d i s ­
cussed more completely i n  reference 2. The low fan  pos i t i on  j u s t  forward of 
t he  wing leading edge has t h e  l a r g e s t  l i f t - t o - t h r u s t  r a t i o  over the  whole 
speed range; consequently, the  complete l i f t - c r u i s e  f an  configuration was 
t e s t e d  with t h e  l i f t  fans i n  t h i s  l o w  a f t  pos i t ion .  

The var ia t ions  of t he  r a t i o  of t o t a l  l i f t  a t  forward speed t o  s t a t i c  
l i f t  with t ip-speed r a t i o ,  f i g u r e  6, summarize the  data  i n  f i g u r e s  7 through 9 
and figure 11. Figures 6(b)  and ( c )  show a marked increase i n  l i f t  r a t i o  with 
t ip-speed r a t i o  f o r  the  complete l i f t - c r u i s e  f an  configuration; however, a 
large par t ion  of t h i s  l i f t  i s  due t o  wing l i f t .  A t  high t ip-speed r a t i o s  the  
l i f t - t o - s t a t i c - t h r u s t  r a t i o  without t he  wing l i f t  i s  less than 1,ind ica t ing  
t h a t  when the  complete l i f t - c r u i s e  f a n  configuration i s  assembled, induced 
l i f t  due t o  the  operation of l i f t  fans  and cru ise  fans  i s  not s u f f i c i e n t  t o  
balance the  l i f t  l o s t  by vectoring the  l i f t  f an  flow or r o t a t i n g  the  c ru ise  
f ans . 

The va r i a t ion  of longi tudina l  cha rac t e r i s t i c s  with angle of a t t ack  a t  
severa l  airspeeds and c ru i se  duct angles ( f i g s .  17-24) shows t h a t  within t h e  
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angle-of -a t tack range tes ted ,  the  model has a bas i c  pitch-up problem t y p i c a l  
of a high h o r i z o n t a l - t a i l  locat ion.  Li f t -c ru ise  f a n  operat ion did not 
s i g n i f i c a n t l y  a f f e c t  t h i s  problem. 

The va r i a t ion  of l a t e ra l -d i r ec t iona l  c h a r a c t e r i s t i c s  with angle of 
s i d e s l i p  ( f i g .  25) f o r  t he  complete l i f t - c r u i s e  f a n  configuration shows the  
va r i a t ion  of s ide  force  and r o l l i n g  moment with s i d e s l i p  t o  be l i n e a r  and 
s t a b l e .  The va r i a t ion  of yawing moment with s i d e s l i p  i s  ne i ther  l i n e a r  nor 
s t ab le .  

Tandem L i f t  Fan Configuration 

Fan performance.- A s  mentioned i n  t h e  discussion of t he  l i f t - c r u i s e  f a n  
configuration, t he  s t a t i c  performance of the  l e f t  f r o n t  l i f t  fan  ( f i g .  26) 
was l e s s  than would be an t ic ipa ted  from the  da ta  with a l l  four  fans  operating. 
If the  difference between the  two-fan da ta  ( f i g .  4) and t h e  l e f t  f r o n t  l i f t  
f a n  data  i s  used as t h e  thrust of t he  o the r  fans, the  t o t a l  l i f t  f an  
performance can be predicted qui te  c lose ly .  

Aerodynamic cha rac t e r i s t i c s .  - The va r i a t ion  with t ip-speed r a t i o  of the 
r a t i o  of l i f t  a t  forward s p e e d t o  s t a t i c  l i f t  f o r  zero drag ( f i g .  27) summa­
r i z e s  the  da ta  i n  f igu res  28 through 33. This summary shows t h a t  with only 
the  r e a r  fans  operating, there  i s  a la rge  amount of pos i t i ve  induced l i f t ,  
whereas with only the  f r o n t  fans  operating, there  i s  a negative induced l i f t .  
With a l l  four  fans  operating l i f t  was approximately midway between t h a t  f o r  
t he  o ther  two s i tua t ions .  The e f f e c t  of the  f a i r i n g s  between the  l i f t  fans 
and t h e  wing i s  a l so  shown on t h i s  f igure .  These r e s u l t s  show s l i g h t l y  less 
induced l i f t  with the  f a i r i n g s  than without.  A s  i n  reference 3 there  was no 
evidence of l i f t  loss with increasing forward speed f o r  any of the f l a p  o r  
exit-vane conditions studied when a l l  four  fans w e r e  operating. 

Power-off longi tudina l  cha rac t e r i s t i c s  f o r  the  tandem l i f t  fan  configura­
t i o n  ( f i g .  36) had a severe pitch-up, perhaps caused by both the  horizontal-
t a i l  loca t ion  and the  wing planform. L i f t  f an  operat ion caused l i t t l e  change 
i n  l i f t - cu rve  slope or s t a t i c  margin. The pitching-moment va r i a t ion  with 
airspeed, discussed more f u l l y  i n  reference 2, was l e s s  f o r  t h i s  configuration 
than f o r  an equivalent fan-in-wing model. 

The l a t e ra l -d i r ec t iona l  cha rac t e r i s t i c s  with angle of s i d e s l i p  ( f i g s .  39 
and 40) show s ide  force  and r o l l i n g  moment t o  be large and a funct ion of 
airspeed bu t  s t ab le .  The va r i a t ion  of yawing moment with s i d e s l i p  i s  unstable 
only a t  low speeds. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif  ., 94035, Apri l  13, 1967 
721-03 -00-06-00 -21 
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(a) Lift-cruise fan configuration. A-35554 

r w Figure 1.-Model. mounted in Ames 40-by 80-Foot Wind Tunnel.. 




(b) Tandem L i f t  f a  corcfiguration. A-35376 

Figure 1.-Concluded. 
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Figure 2 . - Geometric de t a i l s  of the V/STOL transport model. 
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Figure 2. - Continued. 
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Figure 2. - Concluded. 
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Figure 4. - Concluded. 
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(a) Two f r o n t  fans  operating, hor izonta l  t a i l  o f f ,  f l a p s  up, 
r ea r  fans removed. 

Figure 6 . - The e f f e c t  of forward speed and f a n  RPM (t ip-speed r a t i o )  on t o t a l  
l i f t  and moment f o r  t r i m  drag. 
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Figure 6. - Continued. 
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( e )  Four fans running, hor izonta l  t a i l  on, 6f = 45'. 

Figure 6. - Concluded. 
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(b) a = 12O 

Figure 7. - Concluded. 
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( a )  L i f t  and drag coef f ic ien ts ,  a = 0'. 

Figure 8. - The e f f e c t  of t ip-speed r a t i o  on t h e  longi tudina l  cha rac t e r i s t i c s  
with the  two f r o n t  fans operat ing i n  the  high forward posi t ion,  r e a r  fans  
removed, t a i l  o f f ,  f l a p s  up. 
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(b) Moment coef f ic ien t ,  a = 0'. 

Figure 8.  - Continued. 
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(c) Lift, drag, and moment coefficients, a = 12O. 

Figure 8.- Concluded. 
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Figure 9. - The e f f e c t  of  tip-speed r a t i o  on the  longi tudina l  cha rac t e r i s t i c s  
with the  two f r o n t  fans  operating i n  the low a f t  posi t ion,  r ea r  fans 
removed, t a i l  o f f ,  f l a p s  up. 
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(b) a = 12O 

Figure 9. - Concluded. 
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Figure 11.- The e f f e c t  of t ip-speed r a t i o  on the longi tudinal  cha rac t e r i s t i c s  
f o r  t he  complete l i f t - c r u i s e  f an  configuration; 6f = 45O.  

35 



3.0 2.2 

2.8 2.0 

2.6 I .8 

2.4 I.6 

CL 2.2 CL I.4 

2.0 1.2 

1.8 I.o 

1.6 .8 

1.4 .6 

.4 .3 

CD 0 .2 

-.4 CO .I 

0 

-.I 

-.2 

Cm 

-.3 

-.4 

-.5
.I6 .20 .24 .28 , 

P 

( e )  i,, = 45', i t-=15' 

0 

-.I 

.3 

.2 

c m  

. I  

0 
.28 .32 .36 .40 .44 

P 

(d )  i D  = 30°, it = 0' 

Figure 11.- Continued. 



I 


22 

20 

18 

16 

14 

12 

CL 

IO 

8 

6 


4 

2 

2 0  

0 


CD -2 

-4 

-6 I 

C 
Cm 

- I  

- 2  
.04 .08 .I2 .I6 

P 

(e) iD = 7 5 O ,  tail off.  

4.4 

4.0 

3.6 

3.2 
CL 

2.8 

2.4 

2.0 

1.6 

.8 

.4 

C O  0 

-.4 

-.8 

.2 

0 

-.2 
Cm 

-.4 

-.6 
-.8

.I2 .I6 .20 24 .28 
P 

( f )  iD = 60°, tail o f f .  

Figure 11.- Continued, 

37 




1.8 

1.6 

1.4 

CL 1.2 

1.0 

.8 

.6 

CD 

. 3  

.2 

. I  

0 


-.I 

Cm 

( g )  iD = 30°, tail off. 

Figure 11.- Concluded. 



1.2 

.8 


CD 	 .4 

0 l! 
-.4 Q 

1
h 

cm -8i
*4L 
0 .04 .08 .I 2  .I6 .20 .24 .28 .32 .36 

P 

( a >  i D  = 75' 

Figure 12.- The e f f e c t  of varying f an  speed a t  s eve ra l  c ru i se  fan  angles and 
forward speeds for the  complete l i f t  -cruise  fan configuration; hor izonta l  
t a i l  on, a = oO, 6f = 45'. 

39 



.2 cDE0 


P 

(b) i D  = 60' 

Figure 12. - Continued. 



3.6 

32 

2.8 

2.4 

CL 2.0 

I.6 

1.2 

.8 

.4 

.4 

.2 
CD 

0 


1 1 1 1 1 1 1 1 

.4 

.2 
C" 

0 


-.2 
.I2 .I6 .20 .24 .28 .32 .36 .40 .44 .48 

P 

(c) i D  = 4 5 O  

Figure 12. - Continued. 

41 



-- 

2.4 

2.0 

1.6 

CL 1.2 

-8 


.4 

0 


.4 

.3 

CD .2 

. I  

0 


1 

(d) iD= 

Figure 12. ­

i v, i t ,  Pv,
knots deg deg RPM 

o 	 90 0 0 19OOto 3800 
110 0 0 1750to3800 

0 125 0 0 1750to 4000 

, 0 


, .70 .75 .80 

30' 

Concluded. 

42 




24 

2c 

IE  

CL 

9 

t
! 


knots deg RPM 
o 20 0 1800to4000 ­

-

I .o 

.8 

.6 

.4 

CO 
.2 

0 


-.2 

-.4 .E 

.E 

0 


Figure 13.- The e f f e c t  of varying f a n  speed a t  s eve ra l  c ru ise  f an  angles and 
forward speeds f o r  the  l i f t - c r u i s e  f an  configuration; hor izonta l  t a i l  o f f  
a = ooY 6f = 45O. 

43 



4.4 

4.0 9 
I I I 

knots deg RPM 
4.6 \ T I r o 50 0 1800to4000­

3.2 t 

2.8 

CL 
2.4 

2.o 

I .6 

I .2 

.8 

c 


0 


.6 

.4 

CD 

.2 

0 


.2 

cln 
0 


- 3.L 


.I 2 .I 6 .20 .24 .28 .32 .36 .40 .44 .48 
P 

(b) iD = 60° 

Figure 13.- Continued. 

44 




2.0 

I .6 1800 to 4000 

1.2 

CL 
.a 

.4 

0 

( c )  iD = 30' 

Figure 13, - Concluded. 



.4 

0
0 
c
_-
U 
0 

-0 -.4 
c 

0 
a cn -.8 

-1.2 

(a) L i f t  f ans  i n  the  high a f t  posi t ion.  

.4 

0 0 
.-c 
U 
0 

0
- -.4 
c 

0 
n cn -.8 

-1.2 
(b) L i f t  fans  i n  the high forward pos i t ion .  

.4 

0
0 
c
_-
U 
0 
-O -.4 
c 
0 a cn 

-.8 

0.244 0 

- I  3 
I.­

0 .I .2 .3  .4 .5 .6 .7 .8 .9 1.0 1.1 
7 


( c )  L i f t  f ans  i n  the low a f t  pos i t ion .  

Figure 14.- The e f f e c t  of f r o n t  l i f t  fan loca t ion  on spanwise wing loading; 
f r o n t  l i f t  f ans  operating, r e a r  fans  removed, a = Oo, pv = Oo, 6f = 0'. 
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Figure 16.- The variat ion of average downwash a t  the horizontal  t a i l  f o r  the complete l i f t - c ru i se  f an  
configuration; 6f = 4 5 O ,  pv = oO, a = 0’. 
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Figure 17.- Longitudinal charac te r i s t ics  with power of f ;  a l l  fans removed, t a i l  on, it = Oo, 
v = 80 knots. 



Figure 18. - Longitudinal cha rac t e r i s t i c s  with power off f o r  the  a l t e rna te  l i f t - f a n  locations; cruise  
fans  removed, t a i l  o f f ,  = Oo, V = 80 knots. 



Figure 19.- Longitudinal charac te r i s t ics  with power off f o r  the complete l i f t - c ru i se  fan configuration; 
f ront  l i f t  fans sealed, rear  cruise  fans windmilling, t a i l  on, 6f = 4 5 O ,  V = 80 knots. 



Lift-,Ib 

5200 --­

4800 --­
-400 0 400 800 1200 1600 2000 2400 -4 

-1
Drag 

Ib 0 1 ,  deg - 9  8 ft-lb 
0 4 8 12 16 20 4000 2000 

8 


Figure 20.- Longitudinal cha rac t e r i s t i c s  f o r  the complete l i f t - c r u i s e  fan  configuration with four  fans 
operating a t  low tip-speed r a t i o s ;  t a i l  on, 6f = 4 5 O ,  i D  = 75'. 
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Figure 22.-	 Longitudinal charac te r i s t ics  with two cruise  fans operating a t  high tip-speed r a t io s ;  f ront  
l i f t  fans removed, rear cruise fans a t  iD= Oo, t a i l  on, it = Oo, = Oo. 



Figure 23.- The e f f e c t  of f r o n t  f a n  location on longitudinal cha rac t e r i s t i c s  with the  two f r o n t  
l i f t  fans operating a t  low tip-speed r a t i o s ;  rear c ru ise  fans  removed, t a i l  o f f ,  Bf = Oo, 
V = 30 knots. 
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Figure 24.- The e f f ec t  of f ron t  fan location on longitudinal charac te r i s t ics  with the two f ron t  
l i f t  fans operating a t  various tip-speed ra t ios ;  rear  cruise  fans removed, t a i l  o f f ,  6f = 0'. 
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Figure 24. - Continued. 
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Figure 25.-The e f f e c t  of s i d e s l i p  angle on the longi tudinal  and l a t e r a l  
cha rac t e r i s t i c s  f o r  the complete l i f t - c r u i s e  f an  configuration; t a i l  on, 
8f = 4 5 O ,  a = oo. 
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Figure 30 . - The e f f e c t  of  tip-speed r a t i o  on t h e  longi tudinal  c h a r a c t e r i s t i c s  
f o r  t h e  complete tandem l i f t  fan configuration; it = Oo, Ef = 4 5 O ,  a = 0'. 
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Figure 32. - The e f f e c t  of t ip-speed r a t i o  on the  longi tudina l  cha rac t e r i s t i c s  
f o r  t h e  tandem l i f t - f a n  configuration; t a i l  of f ,  Ef = Oo, a = Oo. 
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Figure 32. - Concluded. 
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Figure 33.- The e f f e c t  of tip-speed r a t i o  on the  longi tudinal  cha rac t e r i s t i c s  
with four tandem l i f t - f a n s  operating; f a i r i n g s  o f f ,  t a i l  o f f ,  Ef = 45' 
(pa r t  span), a, = 0'. 
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Figure 33. - Concluded. 
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operating a t  various tip-speed r a t io s ;  6f = 45O, CL = 0'. 
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Figure 35.- Variation of average downwash a t  the horizontal t a i l  f o r  the  complete tandem l i f t - f an  
configuration; tif = oO, pv = 00, a = 0'. 



Figure 36. - Longitudinal charac te r i s t ics  with power o f f  for the  tandem l i f t - f a n  configuration; 
v = 80 knots. 
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Figure 37.- Longitudinal charac te r i s t ics  for the complete tandem l i f t - f a n  configuration a t  various 
tip-speed r a t io s ;  t a i l  on, = 4.5'. 
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Figure 39.- The e f f e c t  of s i d e s l i p  angle on longi tudina l  and l a t e r a l  
cha rac t e r i s t i c s  f o r  the  complete tandem l i f t - f a n  configuration operating 
a t  low t ip-speed r a t i o s ;  t a i l  on, = 45O, CL = Oo. 
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Figure 39. - Concluded. 
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Figure 40.- The e f f e c t  of s i d e s l i p  angle on longi tudina l  and l a t e r a l  
cha rac t e r i s t i c s  f o r  the  complete tandem l i f t  -f an configuration a t  various 
tip-speed r a t i o s ;  t a i l  on, 6f = 45O, a, = 0’. 
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tion because of preliminary data, security classification,or other reasons. 

CONTRACTOR REPORTS: Scientific and technical information generated 
under a NASA contract or grant and considered an important contribution to 
existing knowledge. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information derived from or of value to NASA 
activities. Publications include conference proceedings, monographs, data 
compilations, handbooks, sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION PUBLICATIONS: Information on tech­
nology used by NASA that may be of particular interest in commercial and other 
non-aerospace applications. Publications include Tech Briefs, Technology 
Utilization Reports and Notes, and Technology Surveys. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. PO546 


