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Presen ted  h e r e i n  are t h e  r e s u l t s  o f  wind tunr-e l  tests  of a 

-094 s c a l e  model of a modif isd  T-39 L i f t l c r u i s e  Fan V/STOL 
b 

r e s e a r c h  a i r p l a n e .  The tests were conducted by t h e  Boeing 

M i l i t a r y  ~ i r p l - a n e  Development o r g a n i z a t i o n  of the Boei nq 

Aerospace Compa~y ?Q define t h e  g e n e r a l  aerodynamic 

c h a r a c t e r i s t i c s  of t h e  modif ied  P 3 9  i n  ground e f f e c t s  anc t o  

t h e  effectiueness nf t h e  a i l e r o n s ,  rudder  and yaw UC LC* ..(A ..- 
c o n t r o l  vanes. The model was powered by t h r e e  13.97 (5.5 i n c h )  

d i a m e t e r  t i p  d r i v e n  turbopowered s i m u l a t o r s .  I t  was t e s t e d  i n  

f o u r  c o n f i g u r a t i o n s ,  namely VTDL, STOL, CTOL and l o i t e r .  'Irest 

v a r i a b l e s  included:  T h r u s t  l e v e l ,  forward speed,  model p i t c h  and 

s i d e s l i p  ansle, and ground he igh t .  S t a t i c  t e s t s  =ro conducted 

i n  t h e  Boeing S t a t i c  Checkout F a c i l i t i e s  whi le  forward speed 

tests were conducted i n  t h e  Boeinq 9 ' Lowspeed Wind Tunnel. 
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SUMMARY 

Wind t u n n e l  tests of a .09U s c a l e  powered model of a modif ied  

T-39 L i f t / C r u i s e  Fan V/STOL r e s e a r c h  a i r p l a n e  have  been 

conducted.  The tests were run  c o n c u r r e n t l y  wi th  a s i m i l a r  test  

program completed under  a NASA c o n t r a c t  (Reference  1) us ing  t h e  

model developed under t h a t  c o n t r a c t .  The model was powered by 

t h r e e  l U c m  (5.5 i n c h )  turbopowered s i m u l a t o r s .  It was t e s t e d  

p r i m a r i l y  i n  t w o  c o n f i g u r a t i o n s :  a VTOL c o n f i g u r a t i o n  w i t h  f l a p s  

deployed,  g e a r  down, ana  l i f t / c r u i s e  fan n a c e l l e s  tilted t o  8C0, 

9 G O  and 950; and i n  a n  STOL c o n f i g u r a t i o n  which d i f f e r e d  from t h e  

VTOL c c n f i g u r a t i o n  p r i m a r i l y  i n  t h a t  t h e  l i f t l c r u i s e  f a n s  were 

tilted to 500.  A d d i t i o n a l  tests were conducted  w i t h  t h e  b a s i c  

wing-body-tai 1 combination ( n a c e l  l e s -o f  f )  . 

The tests were p r i n c i p a l l y  to  d e t e r m i n e  t h e  ground e f f e c t s  

upon t h e  VTOL and STOL c o n f i g u r a t i o n s  a t  fo rward  s p e e d s  and t o  

d e t e r m i c e  t h e  e f f e c t i v e n e s s  o f  t h e  aerodynamic c o n t r o l s .  Tests 

w e r e  conducted  from z e r o  fo rward  s p e e d s  t o  31 rn/sec (50 knots)  

w i t h  t h e  VTOL c o n f i g u r a t i o n  and from 33 m/sec (65 k n o t s )  t o  4 6  

m/scc (90 k n o t s )  with t h e  STOL c o n f i g u r a t i o n .  Other  test 

v a r i a b l e s  i n c l u d e d  model p i t c h ,  yaw, ground h s i g h t  and t h r u s t .  



The f o l l o v i n g  c h a r a c t e r i s t i c s  ot  ?he VTOL c o n f i g u r a t i o n  i~ 

g r ~ u n d  effect were determined:  

D i f f e r e n t i a  1 t h r u s t  ( s i d e - t o - s i d e )  , s i m u l a t i n g  roll  c o n t r o l  

d u r i n g  hover  produced induced r o l l i n g  soments  which opposed 

the t h r u s t  c o n t r o l  power a t  model h e i g h t s  o f  1.4 wing chords  

and above,  and augmented the t h r u s t  c o n t r o l  n e a r  t h e  ground. 

* The l a n d i n g  g e a r  produced a 1% l i f t - l o s s .  

When t h e  h o r i z o n t a l  t a i l  was set t o  z e r o  degrees ,  a down l o a d  

on t h e  t a i l  was produced. Removing t h e  t a i l  r e s u l t e d  i n  a  2 %  

l i f t  i n c r e a s e .  

r The yaw v a n e s  produced o n l y  50% of t h e  d e s i r e d  yawing moment 

d u r i n g  hover  which remained c o n s t a n t  u p  t o  1 5 . 4 4  msec (30 

kno t s )  b u t  d iminished wi th  i n c r e a s e d  speed  a t  ground h e i g h t s  

above 1.5 chords .  

The ST0 c o n f i g u r a t i o n  d u r i n g  ground ro l l  c o n d i t i o n s  e x h i b i t e d  

l o n g i t u d i n a l  j t a b i l i t y  whicti was degraded by h e i g h t  (up t o  f o u r  

chord  l e n g t h s ) .  The l i f t  a t  g e a r  c o n t a c t  and a t  a h e i g h t  o f  f o u r  

c h o r d s  compared w e l l  w i t h  f r e e  a i r  d a t a  b u t  dropped o f f  

approx imate ly  20% a t  a  h e i g h t  o f  one chord .  H o r i z < > n t a l  t a i l  



e f f e c t i v e n e s s  was comparable with f r e e - a i r  data  a t  a he ight  of  

four chcrd l e n g t h s  but was reduced 50% a t  gear  contact ,  

When out of  ground e f f e c t  the  STOL conf igurat ion  ( A  = 500)  

e x h i b i t e d  aileron e f f e c t i v e n e s s  which produced adequate r o l l i n g  

moments for t h e  desired angular a c c e l e r a t i o n .  The rudder, 

however, d i d  not  produce an adequate yawing moment. 



1 .0 INTRODUCTION 

Wind t u n n e l  t e s t s  have been conducted u s i n g  a  .094 scale 

powered model o f  a  modi f i ed  T-34 V/STOL r e s e a r c h  a i r p l a n e ,  which 

was des igned  t o  p rov ide  a t echno logy  base f o r  a  Navy t y p e  @ A g  ' 

V/STOL a i r p l a n e .  The tes ts  were p r i m a r i l y  t o  d e t e r m i n e  ground 

e f f e c t s  and t h e  e f f e c t i v e n e s s  o f  t h e  aerodyns.mic c o n t r o l  

s u r f  aces. 

ST0 l i f t - o f f  speeds  and hence  t h e  l e n g t h  of t h e  t a k e o f f  

ground r o l l  a r e  impacted by g r o u n i  e f f e c t s ;  a l s o  impacted i s  t h e  

s t a b i l i t y  d u r i n g  hover  o v e r  a 1;oving s h i p s  deck. C o n t r o l  

e f f e c t i v e n e s s  is of p a r t i c u l a r  i n t e r e s t  f o r  V/STOL development 

because  o f  t h e  d i m i n i s h i n g  dynamic p r e s s u r e  a s  t h e  c o n f i g u r a t i o n  

u t i l i z e s  more p r o p u l s i v e  l i f t .  
I 

I 

The tests were conducted  c o n c u r r e n t l y  w i t h  a n o t h e r  proqram: 

NASA c o n t r a c t  NAS2-9178,  t i t l e d  "Design and F a b r i c a t i o n  o f  a  

L i f t / C r u i s e  Fan V/STOL Model f o r  Wind Tunnel  Testsn,  and used t h e  

model developed under t h a t  c o n t r a c t .  

S t a t i c  ground t e s t s  #re corrducted i n  t h e  Boeing S t a t i c  

Checkout F a c i l i t i e s  w h i l e  t e s t s  a t  forward  speeds were conducted 

i n  t h e  Boainq 9' Low speed Wind Tunnel.  



Three 1UCM (5.5 i n c h )  t u r b ~ p o w e r e d  s i m u l a t o r s  were used t o  

power the model which was t e s t e d  p r i m a r i l y  i n  two 

con£ i q u r a t i o n s :  

VTOL w i t h  f l a p s  d e p l .  ~yed, g e a r  down, and e n g i n e s  t i l t e d  t o  

804, 900 and 950. 

sTOL with f l a p  & g e a r  down and e n g i n e s  t i l t e d  t o  S O 0 .  

L o i t e r  w i t h  f l a p s  and gear up  and L/C n a c s l l e s  o f f .  

Data a c q a i r e d  d u r i n g  the tests a r e  i n c l u d e d  a s  an  append ix  t o  

this r e p o r t  w h i l e  the r e p o r t  i t s e l f  f o c u s e s  on d a t a  a n a l y s i s .  

F e s u l t s  o f  t h e  c o n t r a c t  tes t  program which was run  c o n c u r r e n t l y  

a r e  p r e s e n t e d  i n  Ref5rence  1. 



2.0 NOMENCLATURE 

Ci .p i t a l  le t ters  are g e n z r a l l y  used f o r  symbols t o  be 

c o m p ~ t i b l e  w i t h  t h e  computer p l o t t 2 d  r e s u l t s  of t h e  Appendix. 

The s t a b i l i t y  a x i s  c o e f f i c i a n t s  and r a t i o s  i n  t h e  fo l lowing  list 

a r e  r e l a t e d  t o  aerodynamic f o r c e s  and moments, where t h e  d i r e c t  

t h r u s t  and ram f o r c e s  and moments iiave been removed; a d e t a i l e d  

d e s c r i p t i o n  o f  t h e  d a t a  reduct:-on p rocedure  is g i v e n  i n  Refe rence  

1. 

CLA 

C DA 

C PMA 

C SFA 

CYMA 

CRPA 

S FA/ FGT 

YMA/FGTXB 

E M F /  FGTXB 

aerodynamic ( d i r e c t  t h r u s t  and ram r e m v e d )  

aerodynamic l i f t  c o e f f i c i e n t  = LA/QS 

aerodynamic d r a g  c o e f f i c i e n t  = DA/QS 

aerodynamic p i t c h i n g  momflnt c o e f f i c i e n t  = P W / Q S  

aerodynamic s i d e  f o r c e  c o e f f i c i e n t  = SFA/QS 

aarodynanuc yawirig moment c o e f f i c i e n t  = YMA/QS 

aerodynamic r o l l i n g  moment c o e f f i c i e n t  = RMA/QS 

aerodynamic l i f t  r a t i o  

a e r o d y n a r i c  irag r a t i o  

aerodynamic p i t c h i n g  moment r a t i o  

aerodynamic s i d e  force r a t i c  

aerodynamic yauina moment r d t i  o 

aerodynamic r o l l  in!, moment r a t i ~  

aerodynamic mean chord 

t h r u s t  c o e f f i c i e n t  = FG/QS 



D 

FGT 

d r a g  , Newtons ( ~ o u ~ I ~ s )  

t o t a l  g r o s s  tnrust  of a l l  t h r e e  ~ r o ~ u l s i o n  u n i t s .  

FGA, FGB and Fc,C r e p r e s e n t  t h e  g r o s s  t h r u s t  of 

each i n d i v i d u a l  p - ~ p u l s t c n  u n i t ,  Newtons (pounds) 

he igh t  o t  moue1 r~ference p o i n t  akcve  ground p lane  

(see F i g u r e  1) , meters ( i n c h e s )  

node1 ground he igh t - to -  chord  r a t i o  

l i f t ,  Newtons (pounds) 

p i t c h i n a  mcmnt, Newton mnter; (f t- l t s )  

wind t ~ ~ n n e l  tes t  s e c t i o n  dynamic Fressure ,  

N e w  :o.ls/me te rs2 ( p s f )  

r c l l i n g  mcments, Nswt.or .  meters (f t-lbs) 

wing r e f e r e n c e  a r e a ,  meters2 ( f t 2 )  

s i d e  f o r  ce, Newtons (pounds) 

r a t i o  of f r e e s t r e a m  v e l o c i t y  t o  t a n  e f f l u x  v e l o c i r y  

yawina moment, WwtDn m e t e r s  ( f  t - l b s )  

angle of  a t t a c k  of body a x i s ,  d 3 g r e e s  

a n g l e  o f  s i d e s l i p  of body a x i s ,  degrees 

l i f t / c r u i s e  f a n  tilt a n g l e  r e l a t i v e  t o  ~ o d y  a x i s  

a i l e r o n  a n g l e  ( p o s i t i v e :  T/Eup) 

h o r i z c n t a l  t a i l  angle ( p o s i t i v e :  W E  up) 

rudder  a n g l e  ( p o s i t i v e :  l e f t  r u d d e r ,  T/E t o  F o r t )  



3.C TEST PROGRAM 

3.1 Hodel D e s c r i p t i o n  

The .09U x 3 l e  &el r e ~ r e s e n t e d  a  V/STOL techno logy  

demons t ra to r  a i r p l a n e  based  cn a  modified T-39 (Model 10Ul-135-2R 

o f  F ef e r e n c e  2) . The m o d i f i c a t i o n s  inc luded:  

r Expanding t h e  forebody t o  house  a l i f t  r a n  

Eep lac ing  t h e  T-39 e n g i n e  pods w i t h  tilting l i f v c r u i s e  

f a n  pods 

a k a i s i n g  the s t a b i l i z e r  t o  a T - t a i l  p o s i t i o n  

r Replac ing  t h e  g e a r  wi th  A-4 g e a r  

a add ing  a f l a p  door  t o  p rov ide  c l e a r a n c e  fo r  t h a  l i f t l c r u i s e  

fan e f f l u x  when t h e  n a c e l l e s  a r e  t i l t e d  t o  t h e  hover 

p o s i t i o n .  

A ~ h o t o g r a p h ,  F i g u r e  1 ,  q i v e s  a  g e n e r a l  view of t h e  model i n  

VToL c o n f i g u r a t i o n  ( A  = 900) mounted i n  t h e  s t a t i c  tsst f a c i l i t y .  

F i g u r e  2 shows t h e  model i n  STOL c o n f i g u r a t i o n  ( A  = 5 3 O )  rnountod 

i n  the P r o p u l s i o n  Low Speed Wind Tunnel .  The model was s u p p o r t e d  



on a six-component, s t ra in-gauged *flow throughn balance which is 

i l l u s t r a t 2 d  on Figure  3 and d iscussed  i n  Reference 3. 

Figure  4 shows t h e  model i n  i ts  va r ious  con f igu ra t ions  and 

g i v e s  t h e  p r i n c i p a l  dimensions. The t o p  view d e p i c t s  t h e  CTOL 

conf igg ra t ion ,  with 2 nacell"c a t  1 = 00 and t h e  f r o n t  f a n  

doors  open; t h e  srda view d e p i c t s  a  'ImL conf igura t ion ,  shoving 

t h e  n a c e l l e s  a t  = 900. The f l a p s  and f l a p  d o x s  a r e  shown 

extended i n  t h e  W L  conf igura t ion .  

Three mTecshnology Development Inc. 14 c m  (5.5 inch) diameter 

t i p  dr iven  f a n s  were used t o  s imu la t e  t h e  propuls ion system. One 

of t h e s e  u n i t s  is shown, disassembled, i n  Figure  5 and a  

d e s c r i p t i o n  is  found i n  Referents 4. The u n i t s  were furn ished  by 

NASA for t h i s  t e s t  proaram. 

Each fan :#as rated a t  35000 RPM w i t h  a  design f a n  pressure  

r a t i o  of 1.25. A t  t h i s  r a t i n g  2acn had a fan a i r £  low of 2.5 

kg/sec (5.55 lbs/sec) and used .5 kglsec  (1.1 lbs/sec) of d r i v e  

a i r .  For t h e  purpose of t h i s  test ,  t hey  were operated up t o  a 

maximum of 36COC EPH. The d r i v e  a i r  was snpp l i ed  t o  t h e  model a t  

41.4 bars  (600 psig)  and heated t o  71 O C  ('.60°F) to prevent  i c ing  

at t h e  t a r b i n e  e x i t .  Remotely c o n t r o l l e d  valves  and c r i t i c a l -  



f low v e n t u r i  meters l o c a t e d  w i t h i n  t h e  model were us2d t o  c o n t r o l  

and moni tor  t h e  a i r f l o w  to  each i n d i v i d u a l  f a n  (F igure  6 ) .  

The high p r e s s u r e  a i r  s u p p l i e d  t o  t h e  L/C n a c e l l e s  was 

d i v i d e d  i n t o  two p o r t i o n s ,  one ph, c f o r  d r i v i n g  the f a n  and the  

other f o r  s i m u l a t i n g  t h e  primary e x h a u s t  e f f l u x ,  S i n c e  both 

p o r t i o n s  were always  choked t h e  s i m u l a t e d  primary weight  f low 

v a r i e d  i c  d i r e c t  p r o p o r t i o n  t o  t h e  f a n  s u p p l y  weignt  flow. The 

primary a i r  was passed th rough  a choke p l a t e  and s c r e e n s ,  t o  

o b t a i n  a  uni form t o t a l  p r e s s u r e  d i s t r i b u t i o n  and r e p r e s e n t a t i v e  

p r e s s u r e  ratio, b e f o r e  e x h a u s t i n g  from the pr imary nozzles .  

F i g u r e  7 snows d e t a i l s  of t h e  l i f t / c r u i s e  n a c e l l e  assembly. Each 

n a c e l l e  c a n  be pre - se t  t o  v a r i o u s  tilt p o s i t i o n s ,  r e p r e s e n t i n g  

v a r i o u s  f l i g h t  conf i g u r a t  idns .  A s z r r a t e d  i n t e r c o n n e c t i o n  

a l lowed  a n g u l a r  s e t t i n g s  i n  incr?rnents of 50.  limits o f  

a n g u l a r  r o t a t i o n  were determined by i n s t r u m e n t a t i o n  c a b l e s  and 

t u b e s  which were r o u t e d  o u t  of t h e  n a c e l l e  around t h e  p e r i p h e r y  

o f  this connect ion.  T h i s  a l l r , ~ ~ ?  r o t a t i o n  from A = O 0  ( a l i g n e d  

wi th  t h e  model a x i s )  t o  = 105=, about  a pivot p o i n t  located a t  

f u s e l a g e  s t a t i o n  82 .93  c m  (32.65 inches )  and wa te r  l i n e  30.53 c m  

(72.02 i n c h e s ) .  

The e x t e r n a l  l i n e s  of t h e  n a c e l l e  were g e n e r a t e d  t o  r e p r e s e n t  

t h o s ?  of t h s  technology demonst ra tor  having A l l i s o n  PD 370- 16 



enginss  i n s t a l l e d .  The model s c a l e  was determiced b y  the f a n  

e x i t  a rea ;  t h e  s c a l e  f a c t o r  (-094) being t h e  squa re  r o o t  of  t h e  

r a t i o  of model f an  t o  f u l l  s c a l e  fan  e v i t  a rea .  A more complete 

d e s c r i p t i o n  of t h e  des ign  process  is  included i n  Appendix of 

Reference 1, which d e s c r i b e s  how the i n l e t  contours  were chosen 

and g i v e s  d e t a i l s  of  t h e  n a c e l l e  ord ina tes .  The e x t e r n a l  cross-  

s e c t i o n  of  the c o r e  eng ine  nozz le  cowl was e l l i p t i c a l  a s  

i n d i c a t e d  by t h e  shading i n  Figure 7. This  was done on t h e  

assumption t h a t  t h e  engine a c c e s s o r i e s  could be d i s t r i b u t e d  

between t h e  t o p  and bottom of t h e  core engine. 

Each n a c e l l e  was inst rumented with t o t a l  p re s su re  r a k e s  a f t  

of t h e  fans and near  t h e  exits of t h e  core engine s imula tor  a s  

w e l l  a s  t o t a l  temperature probes and s t a t i c  p ressure  o r i f i c e s .  

The n a c e l l e s  w e r e  a l s o  inst rumented wi th  inlet t o t a l  p ressure  

probes and s t a t i c  o r i f  ices. The l o c a t i o n s  of t h e  p re s su re  and 

temperature  ins t rumenta t ion  a r e  i l l u s t r a t e d  i n  Fiqure  7 ,  and 

descr ibed  i n  f u r t h e r  d e t a i l  i n  Eeference 1. 

Yaw vanes  were loca ted  a t  t h e  f a n  nozzle  exit f o r  t h r u s t  

d e f l e c t i o n  and are shown i n  t h e i r  undef l e c t e d  p o s i t i o n  i n  Figure 

7. The vane chord bas 35.56 c m  (14 i n )  Fu l l  scale and i t s  

s e c t i o n  was t h a t  of  a NACA O O 1 ?  a i r f o i l .  The plvot  po in t  was a t  

1 0 %  of vane chord w i t h  t h e  vane l e a d i n g  edge locatzd a t  t h e  f a n  



e x h a u s t  l a n e .  D e f l l c t i o n  a n q l e s  of i100, and  k200  were 

prov ided .  

F a i r i n g s  were used t o  c o v e r  t h e  L ~ f t / C r u i s e  Fan n a c s l l e  

p i v o t s ,  instrument a t  i o n  connec t  i o n s  and air s u p p l y  1 i r . e ~ .  These  

f a i r i n g s  were n o t  c o m p l e t e l y  r e p r e s e n t a t i v e  o f  t h e  f u l l  scale 

a i r p l a n e .  P a r t  of e a c h  f ~ t i r i n g  w a s  attached to, a n d  r o t a t e d  

w i t h ,  t h l  n a c e l l e  an3 p a r t  was a t tpch2d  co t h e  f u s e l a g e .  Those 

f a i r i n g s  a r e  shown detaiied I n  F i q u r e  8. I n  o r d e r  t o  de t5 rmino  

t h e  a e r ~ d y ~ m i c  e f f x t  of t h e  f a i r i n g  a t t a c h e d  t o  t h e  n a c e l l e ,  it 

was removed for o n e  t e s t  a n d  t h e  l e a d i n g  e d g e s  of t h e  n a c e l l e  

f i t t i n g s  were faired w i t h  m d e l l i n q  c l a y  as  shown i n  F i g u r e  8. 

k e s u l t s  of  t h i s  compar ison  was r e p o r t e d  i n  F e f e r e n c e  1. 

D e t a i l s  o f  the n o s e  f a n  i n s t a l l a t i o n  a r l  g i v e n  i n  F i g u r e  9. 

The n o s e  fan w a s  l o c a t e d  as low i n  t h e  f u s e l a g e  a s  p o s s i b l e  i n  

o r d e r  t o  a l l o w  l e n g t h  f o r  developrnant of t h e  i n l e t  c o n t o u r s .  The 

t u s e l a q e  f o r e b o d y  was hand-work& t o  p r o v i d e  t h e  d e s i r e d  i n l e t  

shape. S e c t i o n s  of t h e  i n l e t  a r e  p r e s e n t e d  i n  hppend ix  "8" of 

S e f e r e n c e  1. 

The n5se f a n  i n l e t  d o o r s ,  which when c l o s e d  r3rm t h e  uppe r  

s u r f a c e  a£ t h e  a i r p l a n e  nose ,  a r e  s h w n  d i a g r a m m a t i c a l l y  on 

F i q u r e  9 i n  t h e  open  and c l o s a d  p o s i t i o n s .  When t h e  d o o r s  were 



i n  t h e  open p o s i t i o n ,  t h e y  irere stowed a t  t h e  s i d e s  o f  t h e  

f u s e l a g e  as shown. Parts were prov ided  t o  test b o t h  open and 

closed c o n f i g u r a t i o n s .  

The nose f a n  e x i t  d o o r s  which, when open, cou ld  be d e f l e c t e d  

t o  prov ide  t h r u s t  v e c t o r i n g  f o r  yaw c o n t r o l  are shown i n  the open 

p o s i t i o n  i n  F i g u r e  9. The o u t b o a r d  d o o r s  opened towards  t h e  

a i r p l a n e  p l a n e  o f  symmetry atld t h e  inboard  d o o r s  opened from t h e  

p l a n e  outwards  t o  form t h e  p r o j e c t i o n s  shown. A disc  was 

p rov ided  t o  f a i r  and seal t h e  e x i t  when a adoor-c losedn 

c o n f i g u r a t i o n  was t e s t e d .  

The basic T-39 model a i r f r a m e  w a s  def  i n s d  i n  accordance  wi th  

t h e  SaSer l i n e r  S p c i f  i c a t i o n s  Dacument (Ref e r e n c ?  5) w i t h  

a d d i t i o n a l  c o n s i d e r a t  i o n  o f  measurements taken from a f u l l  s c a l e  

T-39. Wing ar.d t a i l  planforms and  s e c t i o n  d e f i n i t i o n s  a r e  

p r e s e n t e d  i n  F i g u r e s  ? O  and 11. The model wing was p o s i t i o n e d  

.38 c m  ( - 1 5  i n c h e s )  lower r e l a t i v e  t o  the f u s e l a g e  t h a n  f u l l  

s c a l e  a i r p l a n e  def i n i t  i o n s  i n d i c a t e d .  T h i s  had t h e  e f f e c t  of 

i n c r e a s i n g  t h e  body d e p t h  i n  the v i c i n i t y  of t h e  winq and was 

done t o  p r o v i d e  more s p a c e  w i t h i n  t h e  model f o r  s t r u c t u r e  and  

i n s t r u m e n t a t i o n .  The wing d i h e d r a l  was 3.  I S o .  The wing w ? s  

t w i s t e d  l i n e a r l y  from z e r o  i n c i d e n c e  a t  t h e  r o o t  t o  -2.g0 a t  t h e  

c o n s t r u c i i o n  t i p .  The t i p  of t h e  v e r t i c a l  f i n  *as modif ied  t o  



s u p p o r t  t k  h o r i z o n t a l  s t a b i l i z e r .  A NACA-0010 a i r f o i l  s e c t i o n  

was u s e d  f o r  t h e  v e r t i c a l  f i n .  Tho a i r f o i l  s e c t i o n  of  t h e  a l l  

new h o r i z o n t a l  stabilizer varied l i n e a r l y  from a  NACA-0010 

a i r f o i l  a t  t h e  t i p  to  a  NACA-0015 a i r f o i l  a t  &%e r o o t .  The 

s t a b i l i z e r  had an a n h e d r a l  of 90. 

The b a s i c  h igh  l i f e .  sys tem ( e . ,  s la t s  and f l a p s )  were 

p o s i t i o n e d  i n  accordance  w i t h  measurements of a  f u l l  s c a l e  

a i r p l a n e  i n  t h e i r  f u l l y  deployed p o s i t i o n .  The s l a t s  and f l a p s  

were unchanged th roughou t  t h e  test w i t h  t h e  e x c e p t i o n  of  t e s t s  of 

t h e  l o i t e r  c o n f i g u r a t i o n  a t  which t i m e  t h e  s l a t s  and f l a p s  were 

n e s t e d .  The f l a p  doors ,  des igned  t o  p r o v i d e  c l e a r a n c e  f o r  t h e  

l i f t l c r u i s e  f a n  e f f l u x ,  were d e f l e c t e d  f o r  tests of t h o  hover  

c o n f i g u r a t i o n  when A u a s  900  o r  g r e a t e r  and r e t r a c t e d  f o r  a l l  

o t h e r  tests. D e t a i l s  of th2 f l a p  azd  s l a t  geometry a r e  shown on 

F i g u r e  11. 

The r n ~ d e l  was equipped w i t h  a i l e r o n s  and rudder .  The a i l e r o n  

h i ~ g e  l i n e  of the T-39 is such a s  t o  p rov ide  aerodynamic ba lance  

a s  shorn i n  Figure 11.  The r u d d e r  h i n g e  l i n e  was l ~ c a t e d  a t  t h e  

c e n t e r  of i t ,  l e a d i n g  edqe r a d i u s .  

N o  t r a n s i t i o n  g r i t  was used on t h e  model f o r  any o t  t h e  tests  

r e p o r t e d  h e r e i n .  



3.2 Test F a c i l i t i e s  

F l i g h t  S i m u l a t i o n  Chamber (FSC) 

P r e l i m i n a r y  c a l i b r a t i o n s  of t h e  .mdel  f a n s  were conducted i n  

t h e  Boeing Wind Tunnel F l i g h t  S i m u l a t i o n  Chamber. The f a c i l i t y  

i n c i u d e s  t h r u s t  and mass flow measuring sys tems  and a l l o w s  f o r  

v a r i a t i o n  of back p r e s s u r e  by means of e v a c u a t i n g  t h e  chamber 

into which t h e  t h r u s t  s i m u l a t o r  d i s c h a r g e s .  A schemat ic  of t h e  

chamber is shown i n  F i g u r e  12. A detailed d e s c r i p t i o n  o f  t h e  

f a c i l i t y  is  p r e s e n t e d  i n  Eef erence  6. 

S t a t i c  Checkout Area 

A l l  o f  t h e  s ta t i c  hover tests were conducted i n  t h i s  

f a c i l i t y .  The pr imary u s e  o f  t h i s  a r e a  1s for  checkout of  modt ls  

b e i n g  prepared f o r  tests i n  t h e  Boeing Transon ic  Wind Tunnel. 

T h i s  f a c i l i t y  is e s s e n t i a l l y  a 8.5m X 12.2m by U.0m high  room (28 

f t  X 40 f t  X 13 f t ) ,  a s  shown i n  F i g u r e  13, equipped wi th  a &el 

s u p p o r t  sys tem prov id ing  f o r  p i t c h  and  v e r t i c a l  t r a n s l a t i o n  of 

s t i n g  mounted models. The model is c o n t r o l l e d  from a n  a d j a c e n t  

c o n t r o l  room w i t h  v i s i b i l i t y  provided by  b o t h  a  window and c l o s e d  

c i r c u i t  t e l e v i s i o n .  I n s t r u m e n t a t i o n  o u t p u t s  a r e  c a r r i e d  t o  t h e  

Boeing Superson ic  Wind Tunnel Data sys tem by means of a  permanent 

hardwired i n t e r c o n n e c t .  Both o n - l i n e  and  f i n a l  d a t a  r e d u c t  i o n  

a r e  accomplished by t h e  wind t u n n e l  c e n t r a l  computing system. 

The model was i n s t a l l e d  i n  approx imate ly  t h e  c e n t e r  o f  t h o  room 



uith t h e  model a x i s  a l i g n e d  w i t h  t h e  l o n g e r  ( 1 2 . 2 ~ 1 )  room 

d i rwns icn .  The  room f l o c r  serse? a s  t h e  g r o u n d  p l a n e .  

9' X 9 '  P r o p u l s i o n  L o w  speed  Wina Tunnel-B 

The wind t u n n e l  t e s t i n g  was c o n d u c t e d  i n  t h e  Lov Spend Wind 

Tunnel  l o c a t e d  a t  t h e  P r o p u l s  Lon L a b o r a t o r i e s  l North 0oei1.g F i e l d  

Test Complex. The 9 '  X 9' LSWT-0 i s  a n  open  c i r c u i t  wind  t u n n e l  

which draws  a i r  d i r e c t l y  f r o m  t h e  a t rnospbez~ t h r o u g h  a test 

s e c t i o n  2.591 meters (102 j n c h e s )  h i g h  by 2.h67 meters (105 

i n c h e s )  wide. A s c h e m a t i c  of t t .? t u n n e l  i s  shown on F i g u r e  14. 

The t u n n e l  i s  powered b y  a n  A l l i s o n  model 501-Dl3 gas t u r b i n e  

e n g i n e  usinq a v a r i a b l e  pitch p r o p e l l o r .  Flow s t r a i q n t e n e r s  and  

s c r e e n s  a r e  l o c a t e d  i n  the t u n n e l  i n l e t  t o  m i n i n i z e  t h e  e f f e c t  

t h a t  a t m ~ s p h e r i c  wind c o n d i t i o n s  h a v e  on  t h e  t u n n e l  f l o w  p r o f i l e .  

T u n r e l  v e l o c i t i e s  c a n  be v a r i e d  from 0 t o  approxirrrately 180 

k n o t s .  The t u n n e l  i s  equ ipped  with a  s t i n g  s u p p o r t  system 

mounted i n  t h e  a f t  p o r t i o n  of t h e  c o n s t a n t  a r e a  s e c t i o n  o f  

t u n n e l .  T h e  motion of t h e  s u p p o r t  s y s t e m  1s i n  t t ~  h o r i z o n t a l  

p l a n e  such  t h a t  t h e  model l a t c r a l  axis was i n  t h e  v e r t i c a l  p l a n e  

a s  shown i n  F i g u r e  2. 

A ground p l a n e  was i n s t a l l e d  i n  t h e  t u n n e l  working s e c t i o n  

for VTO and STC t e s t i n g  which p r o v i d e d  a  s u r r a c e  w i t h  minimal  

boundary  l a y e r  growth,  a n d  t h i s  boundary layer was minimized b y  



s u c t i o n  a t  a p e r f o r a t e d  s u r f a c e  upst ream o f  the model l o c a t i o n .  

Schematic d e t a i l s  of t h e  geometry of  t h 2  ground p l a n e  and blded 

sys tem is shown on F i g u r e  15. V i e w s  of t h e  f l w  passages  above 

and belm t h e  ground p l a n e  are p r e s e n t e d  i n  F i g u r e  l b .  

The e f f e c t s  of t h e  ground p l a n e  and its s u c t i o n  sys tem upon 

t h e  test s e c t i o n  static p r e s s u r e  g r a d i e n t  were determined u s i n g  

t3e s t a t i c  probe shown i n  F i g ~ r e  15. A d e s c r i p t i o n  and r e s u l t s  

o f  t h e  flow c a l i b r a t i o n  a r e  p r e s e n t e d  i n  Refe rence  7. 

The 9 '  X 9' LSWT-B Data System was used f o r  r e c o r d i n g  t h e  

d a t a  on magnet ic  d i s c .  The A c q u i s i t i o n  System i s  a s o f t w a r e  

c o n t r o l l e d ,  Boeing des igned,  S tandard  D i g i t a l  Data System (SDDS) . 
A PDP-d computer is  used f o r  sys t sm c o n t r o l  and o n  l i n e  "quick- 

lookM d a t a  c a l c u l a t i o n  w i t h  CRT out,ut. A PDP-B/I is  used f o r  

on/of f -  l i n e  f i n a l  d a t a  c a l c u l a t i c n .  

3.3 Test Condi t ions  and Proceduxes 

T.he model was t e s t e d  i n  f o u r  basic c o n f i g u r a t i o n s ,  which are 

d e f i n e d  as fol lows:  

VTOL w i t h  f l a p s  deployed,  qaar down, and eng ines  t i l t e d  t o  

80°, 900, and  9S0. 



STOr d i t h  f l a p s  and  g e a r  down and  e n g i n e s  t i l t e d  t o  5 0 ° .  

L o i t e r  w i t h  f l a p s  an3 g e a r  r e t r a c t e d  and n a c e l l e s  o f f .  

The c o n d i t i o n s  under whicn each was wind t l l r~ r i e l  t e s t e d  a r e  

summarized i n  F i g u r e  17. Test v a r i a b l e s  i n c l u d e d  l i f t / c r u i s e  f a n  

tilt a n g l e ,  f o r w a r d  s p e e d ,  t h r u s t ,  p i tch  and s i 3 e s l i p  a n g l e ,  

s t a b i l a t o r  a n g l e  ac v e l l  a s  canponen t  e f f e c t s .  I n  addition, t h e  

VTOL c o l i f i g u r a t i o n  was t e s t e d  s t a t i c a l l  y . Test c o n d i t i o n s  f o r  

t h e  s t a  t ~ c  test ~ n c l u d e d :  e f f e c t s  of l a n d i n g  q e a r ,  h o r i z o n t a l  

tail, yaw v a n s s  and t h e  e f f e c t  o f  d i r t e r e n t i a l  t h r u s t  with t h e  

main q e a r  d o o r s  or, 2nd o f f .  Heighc of the model r e f s r e n c e  p o i n t  

above  t h e  q round  was v a r i e d  f r o n  .0025 m e t e r s  (0.1 i n c n )  t o  1.83 

m e t e r s  (72 i n c h e s ) .  

The model f a n s  were s u p p l i e d  w i t h  h i g h  p r e s s u r e  a i r  from a 

plenum i n s i d e  t h e  model. T h i s  plenum is e s s e n t i a l l y  p a r t  o f  t h e  

i n t e r n a l  b a l a n c e  and t h e  pressure l e v e l  i n  t h s  plenum h a s  some 

e f f e c t  on t h e  b a l a n c e  o u t p u t s .  The b a l a n c e  plenum p r e s s u r e  w6s 

always  s e t  and r n a i n t a i ~ s a  a t  a  l e v e l  of  4 1 , b  bars (600  psig)  f o r  

a l l  t e s t s ,  f a n  i a l i b r a t i o n s ,  and b a l a n c e  c a l i b r a t i o n s .  T h i s  

p r o c e d u r e  i s  s t a n d a r d  with t h i s  type of balance and e n s u r e s  that 

t h e  measured f o r c e  l e v e l s  a r e  n o t  i n t l u e n c e d  ~y ba lance  p r e s s u r e  

tares. S i n c e  t h e  i n d i v i c ~ a l  f a n  c o n t r o l  v a l v e s  a r e  downstream of 



t h i u  plenum t h e r e  is st111 complete  c o n t r o l  of f an  t h r u s t  w i t h o u t  

v a r y i n g  t h e  b a l a n c e  plenum p r e s s u r e .  

The h igh p r e s s u r e  a i r  used  t o  d r i v e  t h e  f a n s  w 3 s  pre-heated 

t o  e l i m i n a t e  icing problems. During t h o  i n i t i a l  c a l i b r a t i o n  it 

was de te rmined  by o b s g r v a t i o n  of t h e  f a n s  t h a t  t h e  minimmt supply  

a i r  t e m p e r a t u r e s  a t  which v i s i b l e  ice wollld n o t  form was abou t  

7 10C (160°F) a s  measured in t h e  b a l a n c e  plenum. T h i s  t e m p e r a t u r e  

was used f o r  a l l  f u r t h e r  t e s t i n g .  I n  t h e  c o l d e r  environment of 

t h e  open c i r c u i t  wind t u n n e l ,  it was o c c a s i o n a l l y  obse rved  t h a t  

under some c o n d i t i o n s  ice c o u l d  be s e e n  on t h e  tan  shroud between 

s t a t o r  b lades .  T h i s  c o n d i t i o n  would o n l y  l a s t  f o r  a few minutes  

t h e n  t h e  ice would f a l l  o f f .  

Since warmed a i r  was be ing  c a r r i e d  a c r o s s  t h e  i n t e r n a l  

b a l a n c e  it was n e c e s s a r y  t o  e s t a b l i s h  p rocedures  t o  minimize 

b a l a n c e  z e r o  d r i f t .  During t h e  s t a t i c  test it was found t h a t  by 

pre-warning t h e  ba lance  t o  abou t  540C (1300F) p r i o r  t o  r e c o r d i n g  

z e r o s ,  t h e  problem of b a l a n c e  o u t p u t  d r i f t  was minimized. 

However, during t h e  wind t u n n e l  t e s t ,  it was no t  p o s s i b l e  t o  

m a i n t a i n  t h e  b a l a n c e  a t  t h i s  t e m p e r a t u r e  d u r i n g  a run  because  t h e  

h e a t  i n p u t  from t h e  warmed a i r  was n o t  adequa te  i n  t h e  presence  

o f  t h e  l a r g e  h e a t  t r a n s f e r  from t h e  model t o  t h e  t u n n e l  s tream. 

T h i s  r e s u l t e d  i n  g r  e a t  er the rmal  g r a d i e n t s  and consequen t ly  



somewhcrt g r e a t e r  b a l a n c e  o u t p u t  < r i f t  t h a n  t h c s e  o c c u r r i n g  d u r i n g  

t hz  s t a t i c  ~ S S ~ S .  

A s i . r i o u s  p r o b l e n ~  i n  measu r ing  f a n  e x i t  t r ~ t a l  and  s t a t i c  

p r e s s u r e s  o c c u r r e d  d u r i n g  t h e  s t a t i c  test: errdt ic  r a a d i n g s  e r e  

observed and were e v e n t u a l l y  traced ta a n  a c c u m u l a t i o n  of  f a n  

l u b r i c a t i n g  o i l  i n  t h e  p r e s s u r e  measu r ing  l i n e s .  T h i s  prcjt~lern 

was a p p a r e n t l y  r s l a t e d  t c  t h e  Large  q u a n t i t y  of o i l - m i s t  which 

had t o  be s u p p l i e d  t o  t h e  f a n  b e a r i n g s .  The o i l - m i s t  was blown 

i n t o  t h e  b e a r i n g  c a v i t y  and s u b s e q u e n t l y  f l o w e d  o a t  i n t o  t h e  f a n  

a i r - s t r e a m  ahead of t h e  p r e s s u r e  i 1 ; s t rumen ta t i on .  

Becacse of t h i s  problem, RPM r a t h e r  t h a n  p r e s s u r e s  was u s e d  

t o  r e d u c e  t h e  static d a t a .  For  t h e  wind t u n n e l  d a t a  ~t was n o t  

c o n s i d e r e d  a d e q u a t e  t o  r e l y  on  hPM i n  t h e  p r e s e n c e  o f  t h e  

s u b s t z n t i a l  l e v e l s  o f  fan flow d i s t o r t i o n  and back  p r e s s u r e  

v a r ~ a t i  e x p e c t e d  d u r i n g  f o r w a r d  speed operation a t  l a r q e  

n a c e l l e  ~ l t  a n g l e s .  The p r e s s u r e  me s u r i n g  problem was 

e l i m r n a t e d ,  f o r  t h e  wind t u n n e l  tests, by r ep lumbing  the model t o  

u t i l i z e  e x t e r n a l  r a t h e r  t h a n  i n t e r n a l  p r e s s u r e  scar ,ninq v a l v e s .  

T h i s  a l l owed  t h e  u s e  of  a n  e x i s t i n g  s y s t e m  which was des igned :o 

blow d r y  n i t r o g e n  f rom t h e  p r e s s u r e - s c a n n e r  back t h r o d q h  t h e  

p r e s s u r e  l i n e s  t o  remove any  f o r e i g n  m a t t e r .  )is was 

accompl i shed  b y  u s i n g  a n  a u t o m t z d  sysyem Z u r i n g  t h e  o f t - s h i f t  



which scavecqed  e v e r y  p r e s s u r ?  measu r ing  l i n e  a f t e r  e a c h  day @ s 

t e s t i n g .  The p r o c e d u r e  was a d e q u a t e  t o  s o l v e  t h e  problem, s i n c e  

some t i m e  was r e q u i r e d  t o  a c c u m u l a t e  s u t f i c l e r ~ c  o i l  t o  a f r e c t  

measu re r2n t s .  

Dur ing  b o t h  t h e  s ta t ic  and wind t u n n e l  tests, the f a n s  were 

c a l i b r a t e d  i n  p l a c e :  I n  t h z  s t-  -ic t ~ s t  f a c i l i t y  t h s  c a l i b r a t i o n  

c o r s i s t e d  o f  p o s i t i o n i n q  t h e  c o z p l e t e  model at abouc 1.8 meters 

( 7 2  i n c h e s )  a b o v e  t h e  f l o o r  and a t  a n  a n g l e  of p i t c h  cf IS0  to  

mini!nize rho ground effects w i t h i n  t h e  c o n s t r a i n + s  of  t h e  s u p p r t  

SySi18. Each f a n  w 3 5  t h % n  r u n  s e p a r a t e l y  ( l i f t  c r u i s e  f a n s  

t i l t e d  t o  t h e i r  90° posit i o n )  t o  d e t e r m i n e  t h e  r e l a t i o n s h i p s  

b e t v e ~ c  FPM a n d  t h r u s t  a s  measured  by t h e  i n t e r c a l  f a r c e  ba l ance .  

(Thrus t  was a l s o  computed from f a n  p r e s s u r o  i n s t r u m e n t a t i o a  b u t  

due  t o  tile i n s t r u n e ~ ~ t a t i o n  d l f  f i c u l t  i es  menticried above. t h i s  

d a t a  was n o t  u t i l i z e d  f o r  t h o  s t a t i c  t e s t  d a t a  r e d u c t i o n . )  The 

f a n s  were r u n  a t  t h r u s t  l e v e l s  3p to t b o u t  +CD Newton's (90 l h s )  . 

I n  t h e  wind t u m e l  s i m i l a r  c a l i b r a t i o n s  were  mi:, e x c e p t  t h a t  

t h e   fa^ e f f i u x  was d i r e c t e d  o u t s i d e  t h e  test s e c t i o n  by means of 

a  s cavenq ing  p i ce .  T h i s  p r e v e n t e d  r e - c i r c u l a t i o n  of  t h e  f an - f  low 

arcrlnd t h e  mcdel and a l s o  avo lacd  i n d u c i n g  a f l o w  v e l o c i t y  

t h r o u q h  t h e  wind t u n a e l  b y  t h e  e j e c t o r  a c t i o n  o f  ths f a n s .  The 

p r e s s u r e  i n s t r u m e n t a t i o n  difficulties of  t h e  s t a t i c  test had been  



s o l v e d  as mentioned p r e v i o u s l y ,  by u t i l i z i n g  t h e  permanent t u n n e l  

s c a n i - v a l v e  system, and -?he c a l i b r a t i o n s  w e r e  used t o  r e l a t e  t h e  

f o r c e s  measured by t h e  i n t e r r i a l  b a l a n c a  t o  t n o s e  computed f ram 

t h e  f a n  e x i t  Fressure ins t runrecta  t i o n .  

The above c a l i b r a t i o n s  e s t a b l i s h e d  t h e  b a s i s  fo?  determining 

t h r u s t  dur ing  a c t u a l  tests. I n  a d d i t i o n ,  a varrat im of t h r u s t  

c o e f f i c i z n t  wi th  back pressure  was ~ n c l u d e a  rn t h e  d a t a  

reduc t ion .  T h i s  r e l a t i o n s h i p  had been est ablisted d u r i n g  the 

initial c a l i b r a t i o n  o f  each  fan i n  +he F l i  j l ~ t  Sirnulatior: Chamber, 

The c a l i b r a t i a n s  are d e s c r i b e d  i r ,  q r s a t e r  detall i n  Appendix 

S of  Feference 1. 

For s t a t i c  t e s t i n g  t h e  m ~ d e l  was i n i t i a l l y  p o s i t i o n e d  wi th  

t h e  l and ing  g e a r  c l e a r  of t h e  q r o u ~ d  p l a n e  by a b u t  . 2 5  cm (. 1 

i r i c h ) .  Each ran was set a t  a spec l f  ied RPH value .  s e l e c t e d  to 

g i v e  the d e s i r e d  t n r u s t  l e v e l .  T h e  l i f t / c r u i s ?  f a n s  were 

g e ~ e r a l l y  set t o  qrve about 350 N % w t o n ' s  ( 7 9  1k)  t h r u s t  each and 

t h e  nose fan w a s  set t o  give a n  approximate  p icch inq  moment t r i m  

a b u t  t h r  moment r e f e r e n c e  c e n t e r .  T h i s  v a l u e  was computed from 

georr2t r ic  c o f i s i d e r a t l o n s  and varied w i t h  r i a c e l l e  tilt a n q l e  as 

stiown in Figure 18. C e r t a i n  runt; were a l s o  made vrch t h e  t h r u s t  

i n t e n t i o n a l l y  unbalanced,  either s i d e  t o  s i d e  or  f o r e  and  aft. 



The model was t h e n  t r a v e r s e d  away from t h e  f l o o r  w i t h  p e r i o d i c  

s t o p s  $or p r e s s u r e  s t a b i l i z a t i o n  and d a t a  r ecord inq .  C o n s t a n t  

a n g l e  of a t t a c k  was h e l d  th roughou t  a  h e i g h t  t r a v s r s e .  Eue t o  

ground e f f e c t s  t h e  t h r u s t  l e v e l s  ( z s p x i a l l y  ot tho nose  f an )  

tend3d t3  change somewhat w i t h  h 2 i g h t  above t h e  f l o o r .  S o  

a t t e m p t  r a s  made t o m a i n t a i n  t h e  o r i g i n a l  t h r u s t  l e v e l s .  Tbe 

c o n t r o l  pa ramete r  w & s  t i p  t u r b i n e  s u p p l y  p r e s s u r e  which was 

m a i n t a ~ n e d  c o n s t a n t  dur  i?g height t r a v e r s s s .  

Durifig "ground e f f e c t s m  t e s t i n g  ( i n  t h e  9' X 9' LSWT-B w i t h  

t h e  ground  lane i n s t a l l e d )  t h e  model s u p p o r t  sys tem was uscd i n  

t h e  t r a ~ l s l a t  i c n  mode. The model w a s  t r a n s l a t e d  from: wheels  

approx imate ly  6.1 i n c h  from the  round p l a n e  to  40 i n c h e s  from 

t h e  grcund plane.  Data was t a k e n  a t  f i x e d  inc rements  a t w e  the 

ground €lane a f t e r  t r a n s l a t i o n  was s topped  t o  a l l -  f o r  p r e s s u r e  

and t e rnperz tz re  s t a b i l i z a t i o n .  Any a t t i t u d e  ch3cges  such  a s  

p i t c h  or yaw was accompl ished by p r e s e t t i n g  ~ c i n t s  l n  t h e  s t i n q  

s u p p o r t .  

VTOL t e s t i c g ,  i n  ground e f f e c t ,  was made a t  t u ~ n s l  v e l o c i t i e s  

o f  15 .4U2 W s e c  (30K) and 30.886 m / s x  (60Kj  t o  s i m u l a t e  heavy 

g u s t s  w h i l e  t h e  STOL ground e f f e c t s  tests were  made between 33.4U 

Wsec ( 6 5  KTS) t o  61 - 7 7  Wsec (122 KTS) . T h i s  r e s u l t o d  i n  t h r u s t  



c o e f f i c i e n t s  a s  high a s  22  f o r  t h e  VTOL c o n f i g u r a t i o n  and  as  h igh  

as 5.5 f o r  t h e  STOL c o n f i g u r a t i o n  d u r i n g  ground e r f e c t s  t e s t i n a .  

Before  t h e  t u n n e l  was brought  up t o  speed,  t h e  vacuum pump 

c o r . t r o l l i n g  ground-plane s u c t i o n  was a c t i v a t e d  and  g e n e r a l l y  a 

s u c t i o n  o f  .5588 la ( 2 2 " )  Hq was e s t a b l i s h e d  i n  t h o  t u n n e l  exit 

manif o l d .  

T e s t s  conducted wi thou t  the ground plane i n s t a l l *  (i.e., o u t  

of  ground e f f e c t s )  utS l i z e d  t h e  pitch mechanism which provided 

c o n t i n u o u s l y  v a r i a b l e  model p i t c h  a n g l e s  from -80 to  +14o, w h i l e  

m a i n t a i r i n g  the model p i t c h  c e n t e r  approx imate ly  i n  the c e n t e r  of 

t h e  tunr i s l  f low. 

A s  w i + h  the ground e f f e c t s  t2s+s, t h e  d e s i r e d  v a r i a t i o n s  i n  

thrust c o e f f i c i e n t  ((3) were o b t a i n e d  p r i m a r r l y  by c h a r q i n g  t h e  

tunr ie l  speed a t  a c o n s t a n t  f a n  t h r u s t  s e t t i n g .  Th2 predominant 

t h z a s t  s e t t i n g  used c o r r e s ~ o n d e d  to  a f a n  pressure r a t i o  of about  

1. I U .  The t u n n e l  speeds  w e r e  i n  t h e  range  33 t o  6 2  m/sec (65- 120 

KTS) g i v i n g  a CJ rango of a b o u t  1. a to  5.5 and corresponding t o  a 

Reynolds number ranqe from .6 m i l l i o n  t o  1.2 m i l l i o n  based  on the 

model r e f e r e n c e  chord,  However, partway th rough  t h e  tes t  a  model 

s t r u c t u r a l  problem was d i s c o v e r e d  which r e q u i r e d  l i m i t i n g  t h e  

tunr ,e l  speed t o  about 46.33 m/sec (90 KTS) canpared t o  the 



p r e v i o u s l y  s e l e c t e d  maximum of 61.77 W s e c  (120 KTS) . T h e r e a f t s r  

t h e  l o w e s t  CJ v a l u e  (CJ = 1.8) was r u n  st 3 f a n  p r e s s u r e  r a t i o  of  

a b o u t  1.10 w h i l e  f o r  a l l  h i q h e r  C J  v a l u e s  the  2PE; = 1.14 s e t t i n g  

was m a i ~ t a i n e d .  

The upper CJ l i m i t  o t  5.5 was s e l e c t e d  based on 

c o n s i d e r a t i o n s  of t u n n e l  f l o w  breakdown. While t i m s  d i d  n o t  

p e r m i t  a  d e t a i l e d  s t u d y  of t h a t  l i m i t a t i o n ,  o b s e r v a t i o n s  were 

made of  t u f t s  oa t h o  t u n n e l  w a l l s  a t  s e v e r a l  f i x e d  a n g l e s  of 

a t t a c k  a s  C J  was g r a d u a l l y  i n c r s a s e d .  These r u n s  were made w i t h  

t h e  n a c e l l e  tilt a n g l e  set a t  900. I t  was obse rved  c h a t  a s  CJ  

i n c r e a s e d ,  t h e  f low on the t u n n e l  w a l l  bene3th  and behind t h e  

n o d e l  became i n c r e a s i n g l y  rough. A t  V = 33.46 m/sec (65 KTS, C J  

= 5.5) t h e  r e g i o n  of rough  f low had moved f ~ r w a r d  t o  a  p o s i t i o n  

under t h e  model t a i l  but  thcrs were no s i g n i f i c a n t  a r e a s  of 

r e v e r s e d  flow. However, when t h e  speaci was lowered t o  about  31 

m/sec t h e r e  w e r e  l a r g e  a r e a s  under t h e  model where t h e  f l o w  was 

a c t u a l l y  r eve r sed .  Th i s  was i n t e r p r e t e d  as a "f low breakdownn 

s i t u a t i o n  r e p r e s e n t i n g  a r e g i o n  where v a l i d  f r e s  a i r  t e s t i n g  was 

n o t  p o s s i b l e .  In  no c a s e  was t h e  t u n n e l  f low observed t o  "cl imb 

t h e  s i d e w a l l s N  a s  has  beet observed d u r i n g  s i m i l a r  tests on other 

models f o r  f low breakdown s i t u a t i o n s .  I t  is wcr th  notif ig t h a t  

the t e s t  l i m i t  de te rmined  by t h i s  method is i n  good agreement 

w i t h  a  d e t a i l e d  s t u d y  p r e s e n t e d  i n  Refe rence  8. 



The t h r u s t  balance among t h e  t h r e e  f a n s  was g e n e r a l l y  set to 

provide approximate t r i m  about t h e  moment r e f e rence  c e n t e r  f o r  

t h e  s t a t i c  case. N o  a t tempt  was made t o  r e a d j u s t  t h e  i n i t i a l  

s t a t i c  supply p re s su re  va lues  to  a l low f o r  t h r u s t  changes or 

aerodynamic momenrs r e s u l t i n g  from forward speed. 

I n  genera l ,  an  ang le  of a t t ack  series was taken wi th  angle  

i nc reas ing  from -80 t o  +300.  I t  was noted t h a t  some h y s t e r e s e s  

e x i s t e d  and t h a t  f o r  c e r t a i n  c o n f i g u r a t i o n s  t h i s  e f f e c t  was 

appreciable .  This phenomenon was no t  explored i n  any d e t a i l  and 

i n  gene ra l  t h e  d a t a  presen ted  a r e  a l l  on t h e  same s i d e  of t h e  

hys t e re ses  loop. 

3.4 Data Acqu i s i t i on  and Reduction 

The d a t a  acqui red  during t h e  wind tunne l  tes t  program 

included: 

Model f o r c e  and momet-it measurements ( a x i a l  fo rce ,  normal 

forco,  s i d e  fo rce ,  and moments about  t h e  p i t ch ,  yaw and r o l l  

a x i s )  from an in t9rna1 ,  f low-thru, s t r a i n  gauge balance.  

Balance temperature a s  wel l  a s  the temperature and pressure  

w i th in  t h e  balance plenum. 



Jet e f f l u x  t o t a l  p r e s s u r e ,  s t a t - i c  p r e s s u r e  and t o t a l  

tempera ture .  

P r e s s u r e  and t e m p e r a t u r e  of t h e  i n d i v i d u a l  a i r  s u p ~ l i e s  t o  

power t h e  t h r e e  tu rbo-  powered s i m u l a t o r s .  

r Fan i n l e t  t o t a l  and s t a t i c  p r e s s a r e s .  

S i m u l a t o r  FiPM and b e a r i n g  t empera tu re .  The b e a r i c q  

t e m p e r a t u r e  w a s  moni tored  b u t  not recorded.  

Test s e c t i o n  c o n d i t i o n s  i n c l u d i n g  s t a t i c  a11d t a t a l  p r e s s u r e  

and t o t a l  t empera tu re .  

Model p i t c h  and s i d e - s l i p  anqles  and qrcund height d u r i n g  

wind t u n n e l  tests;  p i t c h  .in2 r o l l  a n g l e  and ground h e i g n t  

during s t a t i c  ground tests.  

The d a t a  was reduced both d i r e c t l y  ( t h r u s t  components 

i n c l u d e d )  and a l s e  ~ i t h  t h e  d i r e c t  t h r u s t  componerts  of f o r c e s  

and  moments, and ram f o r c e s  and moments s u b t r a c t e d .  A f u l l  

d e s c r i p t i o n  of t h e  method and  e q u a t i o n s  used a r e  g i v e n  i r ,  

Appendix 'C' of Reference  1. Tho f o r c e s  a n d  moments presented i n  



this reFort a r e  the aerodynamic f o r c e s  which i n c l u d e  o n l y  the 

Yinducedm a e r o d y ~ m i c  effect of the propuls ion system. 

Corrections were made for tunne l  wall c o n s t r a i n t s  based on 

Heysongs I n t e r f e r e n c e  Theory and this is  also descr ibed  i n  

Appendix * C 8  of Reference 1. 



4.0 TEST XESULTS 

The d a t a  p r e s e n t e d  i n  t h i s  s e c t i o n  is  i n  t h e  form of 

summarized g r a p h s  compar ing  t n o s z  f o r c e s  and moments mos t ly  

i n f l u e n c a d  by t h e  test c o n f i g u r a t i o n  and  which  are  p e r t i n e n t  t o  

t h e  d i s c u s s i o n .  Ths a p p n d i x  r n c l u d e s  a l l  t e s t  d a t a  a v a i l a b l e ,  

i n  the form o f  machine  p l o t s ,  t h e s e  are  l i s t e d  a t  the f r o n t  cf 

t h e  append ix  and each f i g u r e  i n c l u d e s  a n  i d e n t i f i c a t i o n  of t h e  

test c o n d i t i o n s .  

As ment ioned  i n  S e c t i o n  3 . 4 ,  t h e  d a t a  p r e s a n t e d  i n  t h i s  

report have h a d  t h e  d i r e c t  t h r u s t  and  ram f o r c e s  rextoved. The 

r e s u l t i n g  fcrce c o e f f i c i e n t s  are  g i v e n  t h e  s u b s c r i p t  "AN (p-9- . 
CLA) meaning aerodynamic.  Tho r e l a  ti onship of the aerodynamic  

torces t o  t h e  t o t a l  model f o r c e s  is i l l u s t r a t e d  i n  F i g u r e  19 for 

a f o r w a r d  speed  c a s +  r e p r e s e n t i n g  a t y p i c a l  V/STOL l i f t - o f f  

c o n d i t i o n .  I t  shows t h a t  t h e  azrodynamic  f o r c e s  a r e  small 

r e l a t i v e  to t h e  t o t a l  model f o r c e s .  The aerodynamic  d a t 3  

theref ore r e p r e s e n t s  the d i f f e r e n c e  between two l a r g e  numbers 

( t o t a l  force minus t h r u s t  and  ram f o r c e s ) .  T h i s  has  a n  e f f e c t  or. 

t h e  a c c u r a c y  which can  be a c h i e v 2 d  i n  t h e  aerodynamic d a t a .  

I n  u s i n g  t h e  d a t a  t,c p r e d i c t  a i r p l a n e  pertormarlce,  t h e  

n t h r u s t - d r a g "  bookkeeping  system rn~ist be  t a k e n  l n t o  a c c o u n t  and  

i t  s h o u l d  be n o t e d  that t h e r e  i s  a d i f f e r e n c e  between the s y s t e m s  



used f o r  static d a t a  compared z o  t h a t  u sed  f o r  wind t u n n e l  d a t a .  

I n  u s i n g  t h e  static d a t a ,  t h t  f u l l  scale t h r u s t  ouc  of g:ound 

e f f e c t  s h o u l d  be d p p l i 2 d  s i n c e  t h e  b a c k ~ r e s s u r e  e f f e c t  o n  t h r u s t  

is a1.-asdy i n c l u d e d  i n  the d a t a .  However, i n  u s i n g  t h e  wind 

t u n n e l  da ta ,  any  e f f e c t s  of b a c k p r e s s u r e  o n  t h e  f u l l  s c a l e  fan 

pe r fo rmance  mast be t a k e n  i n t o  a c c o u n t  i n  t h e  p r o p u l s i o n  d a t a  

used, since t h e  t h r u s t  removed from t h e  wind t u n n e l  d a t a  was 

b a s e d  o n  a c t u a l  measl:: - " a c k ~ r e s s u r e .  

s t a t i c  d a t a  and  lqm f o r w a r d  s p e e d  d a t a  (30.886 Wsec 60 k t s  

and  b e l c v )  i n  g rcund  e f fec t  a r e  p r ~ s e n t e d  i n  t h e  form of non- 

i i m e n s i o n a l i z e d  f o r c 2 s  and moments, p l o t t e d  a g a r n s t  t h e  h e i g h t  of  

t h e  model r e f e r e n c e  p o i n t  above  t h e  g round  a s  a  ~ i a c t i o n  of m a n  

c h o r d  (HGT/C) . The da t a  was non-a imens iona l i zed  i n  terms of 

t o t a l  qr3ss t h r u s t .  

The data p r e s e n t e d  f o r  cases o u t  of g round  e f f e c t  a r e  i n  t h e  

u s u a l  a e r ~ d y n a n ~ i c  c o e f f i c i e n t  fo rm ( s e e  nomencla tur?)  . 

4.1 VTOL C o n f i q u r a t i o n  i n  Ground Effect 

4.1. 1 S t a t i c  hover c h a r a c t e r i s t i c s .  

The c h a r a c t e r i s t i c s  o f  t h e  b a s i c  VTOL c o n f i g u r a t i o n  i n  t h e  

hove r  mode ( A = 30°) , a t  z e r o  fo rward  s p e e d ,  a r e  d i s c u s s e d  I n  



d e t a i l  i n  R e f e r e n c e  1. I n  srlmmary, t h e  s i g n i f i c a n t  f i n d i r . 3 ~  

r e p o r t e d  i n  R e f e r e n c e  1 were t h a t :  w i t h  t h e  model o u t  o f  qround 

e f f e c t ,  a l i f t  loss of  a p p r o x i n ~ a t e l y  2% occur red .  T h i s  l o s s  

r e ~ r e s e n t e d  the d i f f e r e n c e  betwe2n t h e  L i r z  w i t h  a l l  t h r e e  f a n s  

o p e r a t i n g  v e r s u s  t h e  sum o f  t h e  lists produced  by t h e  i n d i v i d u a l  

f a n s .  A s  t h e  model movsd i n t o  ground e f f e c t s  a t  a l e v e l  

a t t i t u d e ,  no  f ~ ~ i i l i ~ r  l i f t  l o s s  o c c u r r e d  and  i n  f a c t ,  qround 

e f f e c t  was found  t o  be f a v o r a b l e  a s  shown i n  Figure 20 f o r  t h e  

b a s i c  mcdel. A s  p i t c h  a n g l e  was i n c r e a c e d  beyond 5O, a  l i f t  l o s s  

d u e  to  ground e f f e c t  o f  2% was found t o  occu r .  A s  t h e  model was 

p i t c h e d  nose  down t o  - 5 * ,  a 7% l i f +  i n c r e a s e  o c c u r r e d .  The 

g r e a t e s t  l i f t  l o s s  measured d u r i n g  t h e  s t a t i c  t e s t s  amounted t o  

5 X a n d  o c c u r r e d  a t  a combina t ion  of l o 0  of p i t c h  and l o 0  of rol l .  

F u r t h e r  s t a t i c  ground tests were conduc ted  t o  a s s e s s  t h e  

effects of the l a n d i n g  g e a r  i n  ground s f  fect and  t h e  e f f e c t s  of 

t h r u s t  v a r i a t i o n s .  The r e s u l t s  ot t h o s e  t e s t s  a r e  p r e s e n t e d  

h e r e  i n .  

The l o c a t i o n  of t h e  l a n d i n g  g e a r  i s  shown on F i q u r e  4 ,  v h ~ c h  

i n d i c a t e s  t h e  p r o x i m i t y  of  t h e  g e a r  t o  t h e  j e t  e f f l u x  i n  t h e  VTOL 

mcdr. A t e s t  was comple t ed  t o  d e t e r m i n e  t h e e f f e c t  of t h o  

l a n d i n g  g e a r  on t h e  induced  aerodynamics  d u r i n q  s t a t i c  VTOL 

o p e r a t i c n .  



F i g u r e  20 ~ r e s 5 n t s  p l o t s  of L A I F :  D A / F  and PMA/FXC v e r s u s  

non-d imens iona l i zed  h e i g h t  above the ground p l a n e .  S i n c e  t h e r e  

was no torward s p e e d ,  t h e  f o r c e s  and  moments ar? r e f e r r e d  t o  

t o t a l  g r o s s  t h r u s t  of t h e  f z a s .  I t  i s  e v i d e n t  t h a t  s m a l l  changes  

o f  t h e s e  induced  f o r c e s  o c c u r r e d  when t h e  l a n d i n g  g e a r  was 

removed. 

The e f f e c t  of  removing the y z a r  on d r a g  ( l o n g i t u d i n a l  f o r c e )  

was t o  i n c r e a s e  it ( r e a r w a r d  t o r c e )  b y  1.5% t o  2.5% o f  g r o s s  

t h r u s t  over most of  t h e  ground h e i g h t  r a n g e  f o r  wnick d a t a  were 

o b t a i n e d .  X l i f t  i n c r e a s e  o f  a p p r o x i m a t e l y  1 %  o c c u r r e d  due  Yo 

removal  of  t h o  g e a r .  I t  shou ld  be n o t e d  t h a t  r e p e a t  t e s t s  w l t h  

t h e  b a s i c  c ~ n f i g u r a t i o n :  o n e  made a t  t h e  b e g i n n i n g  of t h e  serles 

and  one n e a r  t h e  e n d  d i d  i n d i c a t e  a s h i t c  In t h e  a b s o l u t e  l e v e l  

o f  measured l i f t  o f  a b o u t  2 %  of t h r u s t  ( h e f e r e n c e  1 ) .  Most of 

the test  d a f a  pressntnd i n  t h l s  s e c t r o n  was o b t a i n e d  c l o s e  t o  t h e  

1 a t t c - r  t e s t  r u n  which h a s  b e e n  u s e d  t 3r comparison. T h e  g z a r  off 

cdse was t e n t e d  between t h e  t w o  repeatability t e s t s ,  i t  i s  

p o s s i b l e ,  t h e r e f  o r e ,  t h a t  t h z  d i  f f  e r e n c e  between t h e  c u r v e s  CLA 

v s  HG.I/C f o r  g e a r  on and  g e a r  o f f  c o u l d  be g r e a t e r  by 2% of 

t h r u s t  - t h o  b a s i c  c a s e  movinq more n e g a t i v e  by  t h a t  amount.  



The e f f e c t  on  p i t c h i n g  moment was t o  i n t r o d u c e  a  nose  down 

moment when t h e  g e a r  was removed, b u t  a g a i n ,  t h e  e f f e c t  was n o t  

s i g n i f i c a n t .  

The e f f s c t s  of  a p p l y i n g  d i f  f o r e n t i a l  t h r u s t  ( r educ ing  fan ' A *  

thrust t o  r e p r e s e n t  r o l l  c o n t r o l )  on the  lnduced  aeradynamics of  

t h e  a i r p l a n e  a t  z e r o  fo rward  speed  a r e  shown on F i g u r s  21. A 

s l i g h t  i n c r e a s e  i n  induced lift is  a p p a r e n t  a t  HGT/C = 1.4 and 

2.26 a s  f a n  ' A '  t h r u s t  was reduced.  T h e r e  was a n e g l i g i b l e  

e f f e c t  on p i t c h i n g  moment (approximate ly  3% of c o n t r o l  power) ,  

b u t  induced r o l l i n g  moment was advers21y affected a t  t h e s e  

h e i g h t s  (20% cf r o l l  c o n t r o l  power). C l o s e  t o  t h e  ground t h e  

induced moments augmented t h e  t h r u s t  moment. 

The induced  yawing moment (YMWFXB) resu1tir.g from rol l  

c o n t r o l  by t h r u s t  i n d i c a t e s  a  s i g n i f i c a n t  coup l ing .  The miximum 

s i d e -  t o - s i d e  t h r u s t  v a r i a t i o n  a v a i l a b l e  c o u l d  p roauce  yawing 

moments of up t o  20% of t h e  available yaw c o n t r o l  power. Changes 

o f  s i d e  f o r c e  were n o t  s i g n i f i c a n t  however. 

To de te rmine  how t h z  main l a n d i n g  g e a r  c e n t e r  d o ~ r s  

i n f  l r ~ e n c e d  t h e  VTOL induced a e r o d y n a m ~ c s ,  tests were conducted  

wi th  t h e  doors ~Emoved w h i l e  f a n  'A'  thrust was v a r i e d .  These  

results a r e  a l s o  p r e s e n t e d  on Figure  2 1  ( s o l i d  symbois) , and  show 



t h a t  t h e  d o o r s  produced a  n e g a t i v e  r o l l i n g  moment (ACRM;l = -.C01) 

a t  maximum t h r u s t ,  combined w i t h  a  s n a l l  p o s i t l v e  yawing moment 

(ACYMA = +.0007) . 

T o  look  a t  t h e  e f f e c t  o f  v a r i a t i o n s  of t o t a l  t h r u s t ,  d a t a  was 

t a k e n  a t  v a r i o u s  h e i g h t s  a n d  a t  t h r u s t  l e v e l s  of 73%;  86% a n d  

100%. These r e s u l t s  are p r e s e n t s d  o n  F i q u r e  22 which shows t h a t  

a t  HGT/C = 7. . 2 ,  t h e r e  was a n e g l i g i b l e  e f f e c t  of c h a n g e s  i n  

t c t a l  t h r u s t .  A t  t h e  two  lower  h e l g h t s  q round  effe . : t  d i d  have  

some i n f l u e n c e  b u t  t h e  v a r i z t i o n s  i n  i nduced  l i f t ,  d r a g  a n d  

p i t c h i n g  moment w i t h  t o t a l  t h r u s t  were s m a l l .  

U. 1.2 E f f e c t s  of Forward Speed 

V a r i a t i o n s  of  a symmet r i c  t h r u s t  were a l s o  t e s t e d  a t  fo rward  

s p e e d s  of  30.886 mJsec '60 k n o t s )  and 1 5 . 4 4 3  m/ser 30 k n o t s .  Fan 

l a 8  was v a r i e d  a t  B = 00 and t h e  e f t e c t  or. l i r t ,  d r a g  and  

p i t c h i n g  moment i s  shown on F i g u r e  2 3 .  The d a t ?  i q d i c a t e s  some 

change  ir. indu,:ed p i t c h i r q  moment o n l y  ( a t  30.886 rn/sec ( 6 9  

k n o t s ) ,  . The inducsd  l lf t  i n c r e a s e d  s l i q h t - l y  a s  u s  t h e  c a s e  

d u r i n g  t h e  s t a t i c  t e s t s .  Changes i n  induced lift and drag due t o  

a symmet r i c  t h r u s t  a t  15.443 m/sec (30 k n o t s )  were n e q l i g l b l e .  

A s i m i l a r  test was conduc ted  a t  6 = 100 ;  t h e  r o l l i n q  moment 

v a r i a t i c n s  w i t h  d i f f e r e n t i a l  tnrust a r e  cmmpared f o r  V = 30.886 



le/sec (60 knots) a t  = 0 0  & l o 0  on Figure 29 (a) and t h e  yawing 

moment v a r i a t i o n s  are cowred  or. Figure  Zt (b ) .  When B = P O  t h e  

e f f e c t  of reducinq fan *B* t h r u s t  on induced r o l l i n g  w a n t  was 

n e g l i q i t l e  t xceF t  at he igh t s  k l o w  I , % :  (Figure  24 (a)) where an 

induced o p s i n q  moment of u~ r o  235 of t h e  es t imated  a v a i l a b l e  

r o l l i n g  moment occurs, The t h rus t .  v a r i a t i o n  nad l i t t l e  e f f e c t  on 

y a r i  nq awnent , Figurc 24 (b) . 

k t  0 = l o 0  it was aga in  a t  he iyh t s  belou 1.SC t h a t  tho 

induced ef f e e t  was most s i g n i f i c a n t .  Applying neqa t ive  rol l  by 

reducing fan 2 t h r u s t  a t  HGT/C = 1.0 r e s u l t e d  i n  a n  indaxzd 

p o s i t i v e  r o l l i n g  aonent equ iva l en t  t o  16% of t h e  a v a i l z b l e  r o l l  

power. Eeducing f a n  A t h r u s t  a l s o  gave  an  opposing induced 

moment equivalefi t  t o  27% o f  t h e  r o l l  c a p a b i l i t y .  When HGT/C = 

4.0 t h e  raximum induced unfavorable r o l l i n g  moment was equivaier.: 

t o  16% of --hat ava i l ab l e .  

The e f f e L t  on yawing mmer.t is favorab le  i n  t h a t  t h e  

reducyicn cf t h r u s t  of f an  * A '  o r  *B8 tends t o  r e s t o r e  some of 

t h e  yaw s t a b i l i t y  as t h e  model approaches t h e  ground, A t  he iqh t s  

akove 2.OC t h e  effect was not s i g n i f i c a n t .  

s i d e  force changes due ,r? d i f f e r e n t i a l  t h r u s t  were n e g l i g i b l e  

at 30.8e6 s / s e c  (6u KTS). 



Data t a k e n  a t  15.943 m / s x  (30 KTS);, 5 = 10° was 

q u e s t i o n a b l e  due to large b a l a n c e  z e r o  s h i f t s ,  ana  because  v i s u a l  

o b s e r v a t i o n s  i n d i c a t e d  a  p o s s i b i l i t y  of t u n n e l  flow breakdoun a t  

t h i s  speed. The d a t a  is i n c l u d e d  i n  t h e  appendix.  

4.1.3 E t f  ect o f  Horizon+-a1 T a i l  

The e f f e c t  of t h e  h o r i z o n t a l  tail was i n v e s t i g a t e d  i n  t h e  

VTOL mode w i t h  no forward speed. The model was tested w i t h  

h o r i z c r ; t a l  tail 3 t t i n g s :  4 = 00 and -190 and a l s o  v i t h  t h e  

h o r i z o n t a l  t a i l  removed. The r e s u l t s  shown o n  F igure  2 5  i n d i c a t e  

s m a l l  changes i n  t h e  induced e f f e c t s  of l i f t ,  d raq  and p i t c h i n g  

moment. A s  the &el was t r a n s l a t e d  from ground c o n t a c t  an 

i x c r e a s e  i n  induced l i f t  occur red  v h i c n  reached  a maximum of 3% 

g r o s s  t h r u s t  above t h e  ground c o n t a c t  v a l u s  a t  a he igh t / chord  = 

2.5 for t h e  deflected t c i l  c o n d l ~ o n  (b= - l g O ) ,  but as t h e  

h e i g h t  increased f u r t h e r ,  l i f t  e q u a l i z e d  f o r  a l l  t n r e e  conditions 

before HG?/C = 8.0, f i n a l l y  sett l irig o u t  wi th  a n  l c d u c e d  l i f t  

loss equal t o  2% o f  t o t a l  g r o s s  :'rrust. N e i t n e r  drag o r  p i t c h i n g  

moment showed dramat rc  changes. 

A t  15.443 rn/sec (30 kno t s )  and 30.886 m/sec (6C k n o t s ) ,  <he  

VTOL c o n f i g u r a t i o n  was t e s t p d  wi th  the h o r i z o n t a l  ' r a i i  o n  a t  zero 

d e g r e e s  d e f l e c t i o n  and t a i l - o f f .  ~t 30.886 m/sec (60 knots) 



t h e s e  cases w e r e  t e s t e d  a t  m d e l  a n g l e s  of a t t a c k  of O 0  and so, 

a &  a t  15,493 W s e c  (30 knots) t h e y  were t s t e d  at a = 50 .  

Fiaure 26 shovs that at 15.443 ~/r;ec (30 knots) a larqe 

i neuced  l i f t  cccurrtd a s  t h e  a i r p l a n e  moved away from t h e  ground 

r e a c h i n g  12.5% cf t o t a l  t h r u s t  when HGT/C = 1.8, but t h i s  

c o l l a p s e d  r a p i d l y  u n t i l  a t  HGT/C = 2.75 t h e  aerodynamic l i f t  was 

o n l y  2.5%.  The ail e f f ~ %  was i n s i g n i f i c a n t  a t  t h i s  t u n n e l  

speed, 

A t  36.866 m/sec ( 6 0  kno t s )  ; ( F i g u r e  27) t h e  aerodynamic l i f t  

d i d  n o t  shw a b r ~ p t  changes  a s  o c c u r r e d  at 15.443 m/stc (30 

k c o t s )  , the lift i r \ c r e a s e d  s t e a d i l y  until %TIC = 2.75 where it 

reached a maximum. With t h e  h o r i z o n t a l  t a i l  o f f  t h e  mximurn 

aerodynamic l i f t  amounted to 17% of the g r o s s  t h r u s t ;  when t h e  

t a i l  was t i t t e d  (4 = 0 0 )  a  r e d u c t i o n  of  l i f t  occurred amounting 

t o  3% or g r o s s  t h r u s t .  T h i s  i n d i c a r s d  a dawn l o a d  o n  the u i f  

which i s  a l s o  i n d i c a t e d  by t h e  p o s i t i v e  i n c r e a s e  i n  p i t c h i n g  

morr.snt (F igur?  27(b)). When t h o  m 4 e l  a n g l e  of a t t a c k  was set t o  

So,  the l i f t  c u r v e s  and p i t c h i n g  momect c u r v e s  were s i r i l a r ,  

i r d i c a t i n q  a p ~ r o x i m t e l y  So dcwnwash a t  t h e  t a i l .  

1 .  Eftect of 5nqiy.o T i l t  Angle 



Enqine  tilt a n g l e s  of boo, 900, 95O w t r e  t e s t e d  a t  both 

15. '- U 3  Wsec (30 k n o t s )  and  30.893 nVsec (60 knot s )  w i t h  the 

h o r i z o n t a l  t a i l  o f f .  T h e s e  r e s u l t s  are summarized i n  F i g u r e s  28 

(15.443 d s e c  (3C k ~ o t s )  ) a d  29 (30. a86 m/sec (60 icnots)  ) . A 

r e d u c t i o n  i n  l i f t  was facrnd t o  o c c u r  when the tilt a n g l e  was 

chanqed  f rom 900 t o  9S0. T h i s  prabably r e s c l t e d  f rom the f 3n 

e f f l u x  i r n ~ i n g i n g  o n  t h e  wing and  f l a p  sys t em a t  X = 950. 

A s s o c i a t e d  w i t h  tk l i f t  r e d u c t i o n  *as a  g e n e r a l  r e d u c t i o n  i n  

3rag f o r  A = So and nore p o s i t i v e  p i t c h i n q  moment. X un ique  

r e a t u r e  ot  l i f t  i n  ground e f f e c t s  a t  a f o r w a r d  speed o f  15.443 

rr,/sec ( 3 C  KYS) is the l a r g e  induced l i f t  at o n e  and 3 h a l f  chord 

h e i g n t s .  T n i s  c h a r a c t e r i s t i c  p e r s i s t e d  a t  a = 950 but d i d  n o t  

o c c u r  a t  A = B C O .  

u. 1.5 Yaw Vane C o n t r o l  E f f e c t i v e n e s s  

Yaw c o n t r o l  i n  -he VT3L c o n f i g u r a t i o n  a t  low fo rward  speed  i s  

a c h i e v e d  by  yaw v3n?s mountld i n  t h e  f a n  e x h a u s t  stream o f  t h e  

l i f t / c r u i s e  fans ( A  & B) a n 2  by v a r y i n g  t h e  a n g l e  of t h e  l i f t  f a n  

(C) e x i t  d o o r s .  These devices are shown f i t t e d  i n  t h e  

undef l e c t e d  p o s i t i o n  on  F i g u r e s  7 a n d  9. 

A c o r n p r i s o n  i s  made a t  zero fo rward  s p e e i  Dn Figure 30 

betweec  cases w i t h  t n e  yaw vanes  undef  l e c t e d  a n d  when d e t  l e c t e d  

by i O O .  A t  t h e  h i g h e r  ground h e i g h t s  t h e  yaw v a n e s  produced 



yawinq mments amounting t o  on ly  h a l f  t h e  d e s i r e d  v a l u e ,  t h a t  

b e i c q  bYMWFX3 = -. 028. An a s s o c i a t e d  l i f t  loss of 4% occurred 

a t  ground h z i g h t s  of 3 m e 1  c h o r d s  due to  yaw vane d e f l e c t i o n .  

k s i a i l a r  c o m ~ a r i s o n  i s  made oil F i g u r e  31 a t  forward  speeds o f  

15. U 4 3  m / s s  (30 knots) and 3C. 986 m / s e c  (60 knc t s )  ; which shcws 

t h a t  a t  15. It43 Wsec (30 k n o t s )  t h e  yaw v a n e  e f f e c t i v e n e s s  1s 

s i r i l a r  to  +he static c a s e ,  but 3 s  the  v e l o c ~ t y  increased t o  

3C.886 m/sec (60 k n o t s ) ,  degrada t io r ,  of t h e  yaw vane 

e f f s c t i v e n e s s  occurred above h e i g h t s  o f  HGTIC = 1.5. 



4 - 2  STOL C o n f i g u r a t i o n  I n  Ground E f f e c t  

U. 2.1 E f f e c t  o f  Angle of  At tack  

F igure  32  p r e s e n t s  t h e  a n g l e  o f  a t t a c k  e f f e c t  o n  l i f t ,  d r a g  

and p i t c h i n g  roment a t  CJ = 5.5 ( t y p i c a l  a t  STO l i f t - o f f  speed)  

wi th  t h e  h o r i z o n t a l  t a i l  a t  z o r o  degrees .  Cross p l o t s  of  t h e  

l i f t .  d rag  and p i t c h i n g  moment a t  ground h e i g h t s  r e l a t i n g  t o  g e a r  

c o n t a c t ,  one and f o u r  model c h o r d s  a r e  compared w i t h  f r e e  a i r  

d a t a  i n  F i g u r e  33. The l i f t  a t  g e a r  c o n t a c t  and a t  a h e i g h t  of 

f o u r  mcdel c h o r d s  compares w e l l  w i t h  tho f r e e  air  data. The l i f t  

d r o p s  o f f  r a p i d l y  as t h e  model was moved away from t h e  ground 

p l a n e  r e a c h i n g  a minimm a t  a h e i g h t  of o r e  m o d e l  chord.  The 

l i f t  fcss r e p r e s e n t s  approximat2ly  a 3% loss i n  t h e  t o t a l  

aerodynamic p l u s  p r o ~ u l s i o n  l i f t  a t  t y p i c a l  l i f t - o f f  c o n d i t i o n s .  

The d r a g  which was s i m i l a r  t o  f r e e - a i r  l e v e l s  a t  l i f t - o f f  

c o n d i t i o n s  reduced s i g n i f i c a n t l y  a t  h e i g h t s  from g e a r  c o n t a c t  t o  

f o u r  chord  l s c g t h s  a s  a n g l e  of  a t t a c k  decreased.  

Although t h e  l i f t  change w i t h  i n c r e a s e d  ground h e i g h t  was 

small a t  a = 0 0 ,  a  s i g n i f i c a n t  change i n  p i t c h i n g  moment occur red  

(ACPMA = -0.49) between g e a r  c o n t a c t  and 1.05 model chords.  The 

effect  of ground h e i g h t  on p i t c h i n g  moment a t  80 and l Y O  a n g l e  of 

a t t a c k  was s m a l l e r  t h a n  a t  a = 0 0  b u t  showed s i m i l a r  t r e n d s .  The 

c u r v e s  of CPMA v e r s u s  a i n  F igure  33 show t h a t  t h e  c o n f i q l r a t i o n  



h a s  l o n g i t u d i n a l  s t a b i l i t y  d u r i n g  t h e  g round  ro l l  w i t h  a q r a d u a l  

d e g r a d a t i o n  ot s t a b i l i t y  w i t h  ground h e i g h t .  

4-2.2 E f f e c t s  o f  t h e  H o r i z o n t a l  T a i l  

The e f f e c t s  o f  t h e  h o r i z o n t a l  t a i l  upon t h e  l i f t ,  d r a g  and  

p i t c h i n g  moments of t h e  STOL conf i g u r a t i o c  i n  g r m n d  e f f e c t  a r e  

p r e s e n t e d  i n  F i g u r e s  344, 35 and 36 f o r  t h r u s t  c o e f f i c i e n t s  o f  5.5 

(33.46 W s e c  (65 k n o t s ) ) ,  3.1 (41.18 W s o c  (80 k n o t s ) )  arid 1.0 

(46-33  n/sec (90 k n o t s )  ) . The r e s u l t s  i n d i c a t e ,  a s  shown ear l ie r  

f o r  t h e  VrOL c a s e ,  t h a t  the e f f e c t  o f  t h e  h o r i z o n t a l  t a i l  a t  = 

0°  was t o  r e d u c e  t h e  l i f t  and  p r o v i d e  a  nose-up  chanqe  i n  

p i t c h i n g  mment .  The l a r g e s t  l i f t  loss (ACLA = 0.2) o c c u r r e d  a t  

t h e  h i q h e s t  t h r u s t  v a l u e  a s  d i d  t h e  s m a l l e s t  amount o f  p i t ch -up .  

The h c r i z o n t a l  +all ef f  e c t i v s n s s s  f o r  t h e  -SOL con£ i g u r a t i o n  

w a s  i n v e s t i g a t e d  a t  a i r p l a n e  a n g l e s  of a t t a c k  o f  9 0  and l u O  f o r  

CJ v a l u e s  of 1.8, 3.7 and  5.5. Fligure 37 compares t a i l  s e t t i n g  

a n g l e s  cf s = O 0  and s = lCO f o r  the t h r e e  C.T v a l u e s .  The 

aerodynamic  p i t c h i n g  moment is  p l o t t e d  v e r s u s  h e i g h t  of the 

a i r p l a n e  r e f e r e n c e  p o i n t  above  th? ground  p l a n e  (CPMA vs HGT/C) . 
I t  can  b e  s e e n  t h a t  a t  CJ = 5.5 and a =  8O, a s i g r i i f i c a n t  

n e g a t i v e  p i t c h i n q  moment cbanqe  o c c u r r e d  wh?n A= l o 0  compared t o  

d / =  00: a t  HGT/C = 4.0 &PMA = - 0 3 4 .  A t  a =  l U o ,  however,  a 

s l i q h t  p o s i t i v e  change  i n  p i t c h i n g  moment o c c u r r e d .  



Large v a r i a t i o n s  i n  p i t c h i n g  moment are i n d i c a t e d  a s  t h e  

model moved away from t h e  ground plane ,  f i r s t  i n c r e a s i n g  

n e g a t i v e l y  (nose-down) t h e n  pos i  ti v o l y  (nose-up) . The t a i l  o f f  

c a s e  shows s i m i l a r  changes s u g g e s t i n g  t h a t  I t  i s  a  wing/body 

e f f e c t  r a t h e r  t h a n  a  phenomecon a s s o c i a t e d  w i t h  t h e  h o r i z o n t a l  

t a i l .  

A t  CJ = 3.7, a  similar trerid o c c u r r e d  but  t h e  i n c r e m e n t a l  

changes f o r  a = 14O were  smaller, t h e n  as C J  decreased f u r t h e r  t o  

CJ = 1.8, changes  i n  t h e  t r e n d  are apparen t :  a t  a = 8 O ,  dr= 0° ,  

a n  i n c r e a s e  i n  n e g a t i v e  p i t c h i n g  moment i s  shown u n t i l  HGT/C = 

1.5 where CPMA = -0.8; as t h e  model moved f u r t h e r  from t h e  ground 

plane a r e l a t i v e l y  small d e c r e a s e  i n  n e g a t i v e  p i t c h i n g  mment  i s  

i c d i c a t e d .  A t  Q = 8O, lo0  t h e  t a i l  c o n t r i b u t i o n  was 8CPMA = 

- . 2  g i v i n g  CPMA = -1.0 when t h e  model h e i g h t l c h c r d  r a t i o  was 1.5 

which t h e n  remained v i r t u a l l y  c o n s t a n t  a s  t h e  model h e i g h t  

i n c r e a s e d  ta 4.26. The t a i l  e f f e c t i v e n e s s  was less a t  a = 14O 

and t h e  t a i l  c o n t r i b u t i o n  t o  p i t c h i n g  moment decreased t o  z e r o  

when HGT/C = 4.5. 

The e f f e c t  of  t h r u s t  on  h o r i z o n t a l  t a i l  e f f e c t i v e n e s s  is 

summarized o n  F igure  38, which corrtpares t h e  f r e e  a i r  d a t a  wi th  

ground e f f e c t  d a t a .  T h i s  shows t h a t  a t  a = 80 and a modol 

h e i g h t l c h o r d  r a t i o  of approx imate ly  4.0, t h e  t a i l  c o n t r ~ l  



effectiveness was similar to free-air data but when the model 

height was reduced to "gear c o n t a c t *  the tail effectiveness was 

reduced by 50%. A t  a = 140, the tail c o n t r o l  e f f e c t i v e ~ e s s  was 

virtually zero. 



4.3 STOL t a t  e r a 1  and Direct iona  1 C o n t r o l  E f f e c t i v e n e s s  

Out of Ground Ef fec t  

4.3.1 A i l e r o n  E f f e c t i - i e n e s s  

Two a i l e r o n  d e f l e c t - i o n s :  6A = lSO and 2 S 0 ,  were t e s t e d  on t h e  

STOL c ~ n f  i ~ u r a t i o n  ( A = SO*: g e a r ,  f l a p s  and s l a t s  deployed;  = 

100) a t  a  t u n n e l  v e l o c i t y  of 41.18 Wsec (80 knots)  ; and CJT = 

3.64. I n  both c a s e s ,  t h e y  were d e f l e c t e d  th rough  e q u a l  a n g l e s  

w i t h  t h e  p o r t s i d e  a i l e r o n  d e f l e c t e d  down and t h e  s t a r b o a r d  s i d e  

a i l e r o n  up, t o  g ive  p o s i t i v e  r o l l i n g  moment. 

The a i l e r o n  e t f e c t i v e f i e s s  is  summarized by Figure 39, which 

compares t h e  r o l l  i n s  moment ccs f  f i c i e n t  of the t h r e e  c o n d i t i o n s :  

bA = 00, 150 and 25O. The d a t a  at 6A = O 0  i n d i c a t e s  t h e  model 

h a s  a r e s i d u a l  r o l l i n g  moment of a b o u t  -.01i over  most o f  t h e  

a n g l e  of a t t a c k  range.  The d a t a  a t  6~ = IS0 i s  q u e s t i o n a b l e  

because  of a  l a r g e  b a l a n c e  z e r o  shift on r o l l i r i g  moment which 

o c ~ v r r e d  d u r i n g  t h e  run. The d a t a  a t  6A = 00 & 250 d i d  n o t  have 

a s i g n i f i c a n t  z e r o  s h i f t .  Also p l o t t e d  on F igure  39, i s  t h e  

v a r i a t i o n  of r o l l i n g  moment w i t h  speed t o r  t h e  250 a i l e r o n  

d e f l e c t i o n  which shows t h e  speed,  above which augmentat i o n  from 

t h e  p ropu l s ion  systezi  is n o t  r e p u ~ r e d  is  46.84 m/sec (91  KTE) .  

T h e  r o l l i n g  moments uore n o t  s i g n i f i c a n t l y  s f  f e c t e d  by i n c r e a s i n g  



a n g l e  o f  a t t a c k  e x c e p t  near CLMAX. It a p F e a r s  t h a t  t h e  r i g h t  

wing c o r s i s t e n t l y  s t a l l s  b e f o r e  t h e  l e f t  . 

The v a l u e  of the r o l l i n g  moment ach ie t . ed  was less thar !  would 

be  p r e d i c t e d  by u s i n g  p l a i n  f l a p  e f f e c t i v e n e s s  f o r  t h i s  NACA 

sect ion .  

4.3.2 Rudder Ef f e c t i  v e n e s s  

The STOL c o n f i g u r a t i o n  ( A = SO0, f l a p s ,  s l a t s  and  g e a r  

dep loyed)  w i t h  h o r i z o n t a l  t a i l  J&= 100,  was t e s t e d  a t  41.18 m/sec 

(80 k n c t s ) ;  w i t h  C J  = 3.7 t o  d 3 t e r m i n e  t h e  e f f e c t i v e n e s s  of t h e  

rudde r .  T h r e e  r u n s  were made: a b a s i c  c o n d i t i o n  f 6 = G O ;  6R = 

00); t h e n  B =  100, 6R = 00; and 6 = 1 0 '  6 R =  IS0. These  r e s u l t s  

a r e  s u r r a r i z e d  on F i g u r e  40 wh ich  F r e s e n t s  t h e  a i r p l a n e  

aerodynamic  moment c o e f f i c i e n t s  v e r s u s  a n g l e  of  a t t a c k .  

T h e  e f f e c t  of s i d e s l i p  was d i r ~ c t i o n a l l y  d e s t a b i l i z i n g  f o r  

this c o n f i g u r a t i o n ,  p a r t i c u l a r l y  a t  l o w  a n g l e s  of a t t a c k ;  a t  a = 

3 0  ACYMA = -.022 f o r  a n  a p p l i c a t i o n  of 8 = lo0 .  The 

d e s t a b i l i z i n g  e f f e c t  r educed  a s  a n g l e  of a t t a c k  i n c r e a s e d  and  t h  

c o n f i g u r a t i o n  became n e u t r a l l y  s t a b l e  a t  Cl = 9O; f u r t h e r  i n c r e a s e  

i n  a n g l e  o f  a + t a c k  produced  s t a b i l i z i n q  yawing m m e n t s .  



The e f f e c t  of s i d e s l i p  on r o l l i n g  moment was favorable 

producing &RMA = 0.068 a t  = 80. 

A p o s i t i v e  change i n  p i tching moment resul ted  from posi t ive  

s i d e s l i p  a t  lw angles  of a t t ack  ; (ACPIIA = +. 25 a t  O = 00) , but 

t h e  e f f e c t  reduced as angle of a t t ack  increased, reaching a 

neg l ig ib le  amount a t  a = 100. 

With the appl ica t ion  of rudder: 6R = - 150 ( t r a i l i n g  edge to 

starboard)  a small pos i t ive  change i n  yawing moment can be seen 

a t  pos i t ive  angle of a t t a c k  reaching a maximum ACYMA = +.008.  

Rolling monent was jushed f u r t h e r  negative (5CRMA = -. 02 for & = 

-150 a t  a = 00) and pitching roment increased f u r t h e r  i n  a 

p o s i t i v e  d i r e c t i o n  ( ~ C F M A  = ,015).  The required yawing moment of 

27341 Na (20,166 lbs/f t )  t o  achieve a desired angular 

accelerat icm of 0.2 radianslsecz,  would be developed a t  113.76 

rn/eec (221 knots) using t h e  rudder e f f e c t  shaun. It should be 

noted t h a t  t h e  rudder e f fec t iveness  may well have been diminished 

by the non-representative nacel le  f a i r i n g s  discussed i n  Section 

3.1. 

4.3.3 Vert ical  T a i l  Effect iveness 

The yawing moment and r o l l i n g  moment c h a r a c t e r i s t i c s  versus 

angle of a t t a c k  f o r  v e r t i c a l  t a i l - o n  and v e r t i c a l  t a i l - o f f  a re  



shown i n  F i g u r e  41  (when t h e  v e r t i c a l  t a i l  was on, the h o r i z o n t a l  

t a i l  was a l s o  f i t t e d  a t  A= 1 0 0 ) .  A r e s t o r i n g  yawing moment was 

produced by  t h e  tail of a p p r o x i m a t e l y  ACYMA = .OG7 i n  t h e  r ange  

of Q = Q t o  100, whereas a change i n  yawing momex~t c o e f f i c i e n t  

based on t h e  t a i l  a l o n e ,  a t  a c o n t r o l  s u r f a c e  a n q l e  of a t t a c k  of 

100, is c a l c u l a t e d  a t  a p p r o x i m a t s l y  . 05 .  

Oi l - f  low v i s u a l i z a t i o n  of t h e  STOL c o n f i g u r a t i o n  i n d i c a t e d  

t h a t  the l a r g e  r e g i o n  of separa. ted f low beh ind  t h e  n a c e l l e s  

produced v o r t i c e s  which swept a s i g n i f i c a n t  F o r t i o n  of the 

v e r t i c a l  t a i l  (F igure  4 2 )  making it l a r g e l y  i n e f f e c t i v e .  The 

n o n - r e p r e s e n t a t i v e  f a i r i n g s  a t t a c h e d  t o  t h e  n a c e l l e  were .3 major 

f a c t o r  I n  the poor f l o w  q u a l i t y  i n  t h i s  r e g i o n .  



4.4 C o n f i g u r 3  L o r  C h a r a c t e r i s t i c s  w i t h  L/C Fan Nacelles Removed 

4.4.1 E f f e c t  of  H o r i z o n t a l  T a i l  

The basic wing-body-tai  1 con£ i g u r a t  i o n  ( i l a ~ s ,  s l a t s  a c d  g e a r  

s towed,  l i f t - f a n  d o o r s  c l o s e d )  was t e s t e d  a t  (61.77 m/sec (120 

k n o t s )  ) ; w i t h  t w o  h o r i z o n t a l  t a i l  s e t t i n g s ;  b= 00 and t 100. The 

t a i l  c o n t r i b u t i o n  t o  i i f t  c a n  be s e e n  on  F i g u r e  43; a t  a = O 0  t h e  

i n c r e m e n t  o f  l i f t  a7 - I  t o  t h e  t a i l  (A= 100) was ACLA = . 1 2 ;  t h i s  

r e p r e s e n t e d  a change  i n  C L ( t a i 1 )  = 0.988 which a g r e e d  c l o s e l y  

w i t k  the t h e o r e t i c a l  v a l u e  based  o n  a NACA 0012 a i r f o i l .  The 

h c r i z o n t a l  t a i l  had a  t i p  c o n t o u r  of MP-CA 0010 and  r o o t  c o n t o u r  

of NACA 0015 ( F i g u r e  1.0). 

The t a i l  l i f t  ( a t  = 10") produced  a n o s e  down p i t c h i n g  

moment e q u i v a l e , l t  t o  ACPMA = -. 225 wh ich  was c o n s i s t e n t  w i th  a 

c a l c u l a t e d  v a l u e  based  on  t h e  h o r i z o n t a l  t a i l  moment arm. 

A s  the a i r p l a n e  a n q l e  o f  a t t a c k  was i n c r e a s e d ,  t h e  h o r i z o n t a l  

t a i l  l i f t  i nc remen t  (A= 100) remained  v i r t u a l l y  c o n s t a n t  u n t i l  a 

= 70 atte which t h e  t a i l  became p r o g r e s s i v e l y  more i n e f f e c t i v e  

as  a n q l e  o f  a t t a c k  i n c r e a s e d  a p p a r e n t l y  due  t o  t h e  t a i l  s t a l l i n g .  

A t  CLMAX t h e r e  was p r a c t i c a l l y  no  e f f e c t  o f  t a i l  a n g l e  between 

= 00 t 100. 



A c a n p r i s o n  of the h o r i z o n t a l  t a i l  o f f  c o n d i t i o n  and = 00  

( F i g u r e  81) i n d i c a t e s  t h a t  the t a i l  was s t a b i l i z i n g  up  t o  C W X .  

T h e  effsct of t h e  h o r i z o n t a l  t a i l  a n g l e  on o t h e r  a i r p l a n e  

aeicdynamic componEnts was not  s i g n i f i c a n t .  

U.U.2 E f f e c t  of S i d e s l i p  

The b a s i c  ccJnf igura t i ac  wi th  n a c e l l e s  removed was t e s t e d  fo r  

t h ?  e f f e c t  of s i d e s l i p  w i t h  t h e  h x i z o n t a l  t a i l  ser t o  A= + l O O .  

Figure  UU comFares 8 = O 0  m t h  8 = 10° a ~ d  shows t h e  e f f e c t  of 

acgle o t  a t t a c k  on CYYA. A s t a t i l l z i n g  yawing moment r e s u l t e d  

when p o s i t i v e  s i d e s l i p  was a p p l i e d  and t h e  v a l u e  &YMA = 0.13 

renz rced  f a i r l y  coristafit o v e r  t h e  r a n g e  o f  a n q l e  of a t t a c k  up t o  

CLHAX. R c l l i n a  mmont  was a l s o  s t a b i l i z i n g  as a n q l e  of  attack 

i r c r e a s e d ,  F i q u l o  UU i n d i c a t e s  an  i n c r e a s i n g  c w a t i v s  v a l u e  of 

2FW. with  anqle of a t ~ a c k  tor 8 = ; O O  of from ChMA = - 0 3 0 3  ( a =  

03) t o  c%A = -.024 ( a =  1 6 O ) .  

A s l i q h t  nose down p i t c h i n g  mom?nt (ACP'NA = -. 0 5  a t  a = B O )  

r e s u l t e d  from t h e  a p p l i c a t i o n  or p o s i t i v e  s i d e s l i p  which was 

a l m s t  c o r s t a n t  wi th  a ~ g l e  of a t t a c k  ( F i g u r e  34). T h i s  probably 

r e s u l t e d  tram a c h a n g ~  of wing pressGre  d j  s t r i b u t i o n  s i n c e  t h e  

char.ge i n  total l i f t  was n o t  7 i g n i f i c a n t .  



Ground tssts -3; t h e  VTOL m n f  i g u r a t i o n  shoved: 

Dif ferencj-51 thr.;st (s ide- to-s ide)  s i m u l a t i n g  r o l l  c o n t r o l  

d u r i n g  ~ O J C I T ,  induced r o l l i n g  momen's w h i c h  opposed t h e  

t h r u s t  c o n t r o l  power a t  ground h e i g h t s  of 1.4 model chords  

and above, and  a u g m n t o d  t h e  t h r u s t  c o n t r o l  nea r  t h e  graund. 

s h e  ~ r C u c e d  moments ranged up t o  20% of  %he a v a i l a b l e  t h r u s t  

c o n t r o l  power about  t h e  r o l l  a x i s .  

Presence  of  t h e  l a n d i n g  g e a r  produced a 1% l i f t  l o s s  w i t h  t h e  

model hover ing i n  ground e f f e c t s .  

The h c r i z o n t a l  t a i l  produced a down l o a d  when set a t  z e r o  

i n c i d e n c e  d u r i n g  hover. Reaoving the h o r i z o n t a l  t a i l  or 

s e t t i n g  it a t  a n  i n c i d e n c e  of -20° r e s u l t e d  i n  a 2% l i f t  

i n c r e a s e .  

The yaw vanes l o c a t e d  in t h e  ~f f l u x  of t h e  t h r e e  f a n s  were 

found to produce on ly  h a l f  of  t h e  d e s i r e d  moments (AYMA/F*B = 

. 028 )  d u r i n g  hover. The vane 3 f f e c t i v e n e s s  was unchanqed by 

forward speed  t o  IS. 44 n/sec (30 kno t s )  b u t  d iminished w i t h  

i n c r e a s e d  speed  a t  ground h e i g h t s  above 1.5 model chords .  



T e s t s  of t h e  sT0 c o n f i g u r a t i o n  i n  ground e f f e c t s  s h w e d :  

A t  t y p i c a l  l i f t - o f f  c o n d i t i o n s  t h e  l i f t  a t  g e a r  c o n t a c t  and 

a t  3 h e i g h t  of f o u r  model c h o r d s  compares w i l l  with free a i r  

d a t a  but t h e  i i f t  droppcd o f f  approx imate ly  20% a s  the model 

moved away from t h e  ground p lane ,  r e a c h i n g  a minimum a t  a 

h e i g h t  of one  model chord. 

The c o n f i g u r a t i o n  had l o n g i t u d i n a l  s t a b i l i t y  d u r i n g  ground 

r o l l  wi th  a d e g r a d a t i o n  of s t a b i l i t y  a s  h e i g h t  i n c r e a s e d  to  

a. 0 chord lengths. 

Y-ta i l  e f f e c t i v e n e s s  was s i m i l a r  to  f r e e - a i r  d a t a  a t  a  h e i g h t  

of 0.C chord l e n g t h s  b u t  was reduced by 52% a t  g e a r  c o n t a c t .  

A i l e r o n  and rudder  effectiveness were determined with t h e  

STOL c o n f i g u r a t i o n  o u t  of 7rovmd effect.  The a i l e r o n  

e f f e c t i v e n e s s  c o n t i n u a l l y  i n c r e a s e d  t o  aileron d e f l n c t i o n ~  of 

2 5 O .  The a i l e r o n s  can produce adequa te  r o l l i n g  moment f o r  a 

d e s i r e d  a n g u l a r  a c c e l e r a t i o n  o t  .6 r *dians /sec2 abou t  t h e  

r o l l  a x i s .  

With the L/C n a c e l l e s  t i l t e d  tc 5 0 0  f o r  ST0 o p e r a t i o n ,  the 

rudder  produced a yawing moment o f  o n l y  . 0 0 5  with  1 5 O  of 



deflection. Only one deflecticn angle was tested. This 

yawing moment is inadequate to produce a desired angular 

acceleration of . 2  radians/secz i n  yav. 
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FIGURE 17 WIND TUNNEL TEST CONDITIONS 
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APPENDIX 

Computer-Plotted Tes t  Data 

This appendix conta ins  p l o t s  of  a l l  v a l i d  data runs obtained 

during wind tunnel t e s t i n g  under I R E D .  The p l o t s  c o n s i s t  of the  

f o l l w i n g :  

I n  Grow E f f e c t  -- --- 
LA/F vs RGT/C 

DWF v s  HGT/C 

Y W F  v s  %TIC 

RMA/F 7s HGT/C Asymmetric runs only  

SFWF vs HGT/C 

out_nfcround__ect 

CLA vs ALPHA 

CDA vs CLA 

CDA v s  ALPHA 

CP.W vs ALPHA 

CYMA vs ALPHA 

CRMA vs ALPHA Asymmetric runs only  

CSFA vs ALPHA 



The aerodynamic data presented in t h i s  section contains 

propulsion induced effects; t h e  direct t h r u s t ,  ram and tunnel 

i n t e r f e r e n c e  effects have been removed. A discussion of the 

method used i n  making these adjustments is  provided i n  Reference 

1. 



Model Nmencl ature 

The p lo ts  i n  t n i s  appendix contain a shorthand notation t o  designate the 

speci f ic  model configuration. This notat ion i s  defined as f o l  lows: 

C 1  Tra i l i ng  edge flaps deflected 

T r ~ i  l i n g  edge f l ap  door down 

Leading edge s l a t  extended 

Nose fan docrs i n  open posi t ion (both upper & lower) 

Basic nacelles and nacel le - fuselage fa i r ings  i ns ta l l ed  

C2 Same as C 1  excppt t r a i  1 i ng  edge f l a p  door i s  up 
( i  .e., i t  i s  aligned w i th  the basic t r a i l i n g  

edge flap) 

C3 Trai 1 ing edge f laps deflected 

T ra i l i ng  edge f l ay  door cp 

Leading edge s l a t  extended 

Nose fan doors i n  closed posi t ion (both upp- & lower) 

Basic nacelles and nacel le - fuselage fa i r ings i ns ta l  led 

C4 Tra i l i ng  edge flaps L f l a p  door nested 

Leading edge s l a t  nested 

Nose fan doors i n  closed posi t ion (both upper & lower) 

Basic .,acelles and nacelle - fuse1 age fa i r ings  i ns ta l  l ed  

The 1 i f t l c r u i s e  nacelles and the port ion o f  the nacel le - 
fuselage fa i r ing  attached t o  the nacelles are removed from 

the model. The resu l t ing  cavi t ies nn the body sides are 

tapeci over f o r  a smooth fa i r ing.  

Nose fan doors i n  closed posit ion 

Leading edge s l a t  nested 

Tra i l ing  edge f lap  posi t ion as noted by "F" designation 

Main snd nose landing gear and landing gear doors i ns ta i l ed  



V Vertical tai 1 instal 1 ed 

H Horizontal tail installed 

F25/25 Trailing edge flap deflected 
Trailing edge flap door aligned with flap 

f25/110 Trailing edge flap deflected 
Trailing edge flap door down 

Note: C1 thru C5 do not have tail surfaces and gear installed 

unless followed by the appropriate symbols, 

Exaraple: ClGVH is C1 with gear, vertical tail and horizontal tail 

instal led. 



INDEX OF FLGUSES IN TIE APPEND1 X 

P L  - IN GRCUND EFFECT 

E f f e c t  of Horizontal Tai l  

V = 6OKTS ALPHP. = O0 

v = 60ms ALPHA = s o  

V = 30KTS ALPHA = 50  

E f f e c t  of Beta V = 6GKTS 

Effect of D i f f e r e n t i a l  Thrust 

V = bGKTS BETA = 0 0  

V = 30KTS BETA = 0 0  

V = 60KTS BETA = 100 

V = 3CKTS bfTA = 10° 

Effect of Yaw Vanes + D i f f .  Thrust  

E f f e c t  of Yaw Vanes 

E f f e c t  3f  Engine Tilt Angle V = 60KTS 

Ef fec t  of Engine r i l t  Anqle V = 30KTS 

PAGE - 

STOL - I N  GROUND 2FFEC'T ----------------- 



Effect of Horizontal Tail 

CJ = 1.8ALPH.A = O 0  

CJ = 3.7 ALPHA = O 0  

Cl = 5.5 ALPHA = O 0  

CJ = 1.8 ALPHA = 8O 

CJ = 3.7 ALPHA = 8" 

CJ = 5.5 ALPHA = 8O 

(2.7 = 1.8 ALPHA = 1Uo 

CJ = 3.7 ALPHA = 14O 

CI = 5 . 5  ALPHA = l U O  

Effect of Angle of Attack Tail-off 

Effect of Angle of Attack Tail-on 

STOL - OUT Of GROONC EFFECT ------ 

Rudder Effect iveness  

:,i leron Effect i v s n e s s  

Vertical Tail Effectiveness 

CRUISE CONFIGUEATION, NACELLES OFF - OUT OF GROUND EFFECT 

Effect of Horizontal Tail 

Effect of Sideslip 
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