
NASA Technical Memorandum 84 5 8 2 

Flap Effectiveness on Subsonic 
Longitudinal Aerodynamic Characteristics 
of a Modified Arrow Wing 

P. Frank Quinto and John W. Paulson, Jr. 
Lungley Research Center 
Hampton, Virginia 

Natimal Aeronautics 
and Space Administration 

S~krlUtfc -nb Technical 
Informbclon Branch 



SUMMARY 

An i n v e s t i g a t i o n  of t h e  subsonic l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of a 
modified arrow-wing model was conducted i n  t h e  Langley 4- by 7-Meter Tunnel. The 
r e s u l t s  of t h e  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  d e f l e c t i n g  t h e  leading edqe and t r a i l i n g  
edge i n  combination could promote an  attached-flow condi t ion  a t  t h e  wing l ead ing  
edge. Also, s i g n i f i c a n t  drag due t o  l i f t  improvements r e s u l t e d  from combined leadinq-  
and t ra i l ing-edqe  f l a p  d e f l e c t i o n s .  The d e f l e c t i o n  of t h e  t r a i l  ing-edge f l a p s  
produced an  inc rease  i n  the  upwash anqle ,  which caused t h e  leading-edge vor tex  t o  
form a t  a lower angle  of a t t a c k .  Leading-edge s u c t i o n  could be maximized over  t h e  
complete l i f t - c o e f f i c i e n t  range by schedul ing a combination of leading- and t r a i l i n g -  
edge f l a p  d e f l e c t i o n s .  

INTRODUCTION 

Highly maneuverable, supersonic-cruise  f i g h t e r  a i r p l a n e s  a r e  under s tudy  by t h e  
National Aeronautics and Space Administrat ion (NASA), Department of Defense (DOD!, 
and the  a i r c r a f t  indust ry .  Tb a i d  i n  t h i s  s tudy,  t h e  NASA Langley Research Center 
has  b u i l t  a wind-tunnel model t o  i n v e s t i g a t e  t h e  subsonic  aerodynamic c h a r a c t e r i s t i c s  
of a h igh ly  swept wing r e p r e s e n t a t i v e  of such a f i g h t e r  conf igura t ion .  The planform 
of t h i s  conf igura t ion  is similar t o  t h a t  of t h e  supersonic-cruise  t r a n s p o r t  a i r p l a n e s  
t h a t  have been s tud ied  a t  Langley. Several  i n v e s t i g a t i o n s  have been performed on t h e  
subsonic aerodynamic c h a r a c t e r i s t i c s  of t h i s  t r a n s p o r t  conf igura t ion  (see r e f s .  1 
t o  3 i ,  and two of these  i n v e s t i g a t i o n s  a r e  on t h e  e f f e c t i v e n e s s  of leading- and 
t ra i l ing-edge  f l a p s .  The r e s u l t s  of these  i n v e s t i g a t i o n s  helped i n  t h e  des ign of 
the  p resen t  modified arrow wing, which w i l l  be expla ined l a t e r  i n  t h i s  r e p o r t .  

The arrow-wing model was t e s t e d  i n  t h e  Ianglev 4- by 7-Meter Tunnel t o  o b t a i n  
da ta  on t h e  e f f e c t i v e n e s s  of t h e  leading- and t ra i l ing-edge  f l a p  d e f l e c t i o n s  i n  
achieving a t t a c h e d  flow over t h e  leading edge. This i n v e s t i g a t i o n  addressed t h e  
e f f e c t i v e n s s s  of the  f l a p  d e f l e c t i o n s  on the l o n g i t u d i n a l  aerody;~amic c h a r a c t e r -  
i s t i c s ,  and the  problem of trimming f o r  t h i s  conf igura t ion  w a s  n o t  considered.  The 
i n v e s t i g a t i o n  included leading-edge d e f l e c t i o n s  from O0 t o  6Cb and t ra i l ing-edge  
d e f l e c t i o n s  from O0 t o  30° a t  ang les  of a t t a c k  from -4O tc  24O a t  a Mach number 
of 0.20. 

SYMBOLS 

A l l  d a t a  have been rei11ced t o  c o e f f i c i e n t  form and a r e  presented i n  t h e  
s t a b i l i  ty-axis system. Computer symbols used a r e  given i n  parentheses .  

A a s p e c t  r a t i o  

C (CD d r a g  c o e f f i c i e n t ,  Drag/qSref 
D 

'D, i induced drag c o e f f i c i e n t  

=D, o drag c o e f f i c r e n t  a t  ze ro  l i f t  
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C~ (CL) l i f t  coe f f i c i en t ,  Lift./qsref 

l i f  t-curve s lope,  dCL/da 

- 
Cm (CM) pitching-moment coe f f i c i en t ,  Pitching moment/qSrefc 
- 
c wing mean aerodynamic chord, 3.01 1 f t  

L/D (L/D) l i f  t-drag r a t i o ,  CL/CD 

M ( MACH) Mach number 

9 ( Q) f ree-s tream dynamic pressure,  lbf / f  t2 

leading-edge suc t ion  parameter, percent  (see eq. ( 3) 

reference wing a rea ,  10.422 f t 2  

u ve loc i ty  i n  x-direction, f t / s e c  

w ve loc i ty  i n  z-direct ion,  f t / s ec  

coordinate  point ing toward the  nose and coordinate perpendicular 
t o  the x coordinate,  respec t ive ly  

a (ALPHA) angle of a t t ack ,  deg 

Subscripts:  

f l a p  def lec t ion ,  normal t o  hinge l i n e  (pos i t i ve ,  down; 
negative,  up),  deg 

A a t tached flow 

leading edge 

separated flow 

t r a i l i n g  edge 

Abbreviations : 

BL b u t t  l i n e  

BS body s t a t i o n  

PT ( PT) t es t -po in t  number 

MODEL DESCRIPTION AND TEST CONDITIONS 

The leading edge of the modified arrow wing has an inboard sweep of 70° and an  
outboard sweep of 48.8O. (See f i g .  1.) lhe a i r f o i l  s ec t i on  is an NACA 0004, and the  
wing has no t w i s t .  There a r e  seven leading-edge f l a p  segments per semispan, which 
d e f l e c t  normal t o  the  leading edge. The maximum de f l ec t i on  of the  inboard segment 



is 20°. The maximum d e f l e c t i o n  of t h e  nex t  t h r e e  segments i n c r e a s e s  a t  lo0 i n t e r v a l s  
(i .e., 30°, 40°, and SO0 1; the  last  t h r e e  outboard segments could be d e f l e c t e d  up 
t o  60° . An example of the leading-eP?e f l a p d e f  l e c t i o n  terminology is 6LE = 40°, 
whereby the a c t u a l  leading-edge f l a p  jegments are d e f l e c t e d  from inboard to  outboard 
i n  the fol lowing manner: 20°, 30°, 40°, 40°, 40°, 40°, and 40°. We wing also h a s  
t h r e e  t r a i l ing-edge  f l a p  segments pe r  semispan. The t ra i l ing-edge  f l a p  segments have 
a w d . m u m  d e f l e c t i o n  of 30°. The leading- and t ra i l ing-edge  f l a p  segments can be 
d e f l e c t e d  independently of one another.  (See t a b l e  I f o r  t h e  wing geometry and both  
f i g .  2 and t a b l e  I1 f o r  t h e  f l ap-def lec t ion  terminology used i n  t h i s  repor t . )  

A h igh-f ineness-ra t io  fuse lage  was used t o  f a i r  around t h e  s t ra in -gage  balance 
and o ther  ins t rumentat ion.  (See f i g .  3.) The fuse lage  geometry is  qiven i n  t a b l e  I11 
by t h e  body s t a t i o n  (BS) and its a p p r o p r i a t e  c i r c u l a r  c ross - sec t iona l  area .  The 
fo rces  and moments were measured wi th  a six-component s t ra in -gage  balance mounted 
i n s i d e  t h e  model. The tests were conducted a :  a dynamic p ressure  of 60 l b f / f t 2 ,  
which rt m l t e d  i n  a Reynolds number of 1 .S x lo6 per  f o o t  a t  a corresponding Mach 
number M of 0.20, and t h e  angle  of a t t a c k  ranged from -4O t o  24O. 

DESIGN OF LEADING-EDGE FLAP DEFLECTION 

I n  a n  e f f o r t  t o  maintain a t t ached  flow on t h e  l ead ing  edge o f  a h igh ly  swept 
wing, a series of leading-edge f l a p &  were i n s t a l l e d  which could be drooped a t  va r ious  
ang les  a s  mentioned i n  t h e  model-description sec t ion .  lhe droop angles  were chosen 
s o  t h a t  t h e  leading-edge f l a p  would be approximately a l igned  wi th  t h e  flow upwash 
angle  (w/u + a) near  t h e  wing l ead ing  edge. By us ing  t h e  v o r t e x - l a t t i c e  method 
N A R U n E  (North American Rockwell ' s Unified Vortex L a t t i c e  Extended Program descr ibed 
i n  t h e  t h e o r e t i c a l - a n a l y s i s  s e c t i o n  of r e f .  4) ,  an  i n i t i a l  off-body v e l o c i t y  d i s -  
t r i b u t i o n  was computed f o r  t h e  wing planform a t  a = l o0  and 6 = O0 and 30° 
wi th  kE = OD. The leading-edge d r m p  was then s e t  by t h e  u p w a x  angle  i n d i c a t e d  by 
t h e  i n i t i a l  o f f  -body v e l o c i t y  d i s t r i b u t i o n  and used t o  p r e d i c t  t h e  new of f  -body 
v e l o c i t y  p o i n t s  wi th  a = 1 O0 and 

6~ 
= O0 and 30°. (The leading-edge d e f l e c t i o n  

was normal t o  t h e  f r e e  stream dur ing  is a n a l y s i s ,  al though t h e  wind-tunnel model 
had leading-edge d e f l e c t i o n s  normal to t h e  leading edge.) lhis procedure was 
repeated u n t i l  a converged s o l u t i o n  (i.e., no change i n  v e l o c i t y  d i s t r i b u t i o n  o r  
leading-edge droop) was achieved. 

The f i n a l  upwash angles  o r  leading-edge droop ang les  f o r  both bTE = O0 and 30° 
a r e  shown i n  f i g u r e  4. These continuous droop d i s t r i b u t i o n s  were then approximated 
by the  seven d i s c r e t e  f l a p  elements on t h e  wing l ead ing  edge. 'Ihe maximum d e f l e c t i o n  
of seven leading-edge f l a p s  was chosen t o  approximate t h e  maximum pred ic ted  upwash 
angle a t  the  midpoint of t h e  f l a p  element. 

PRESENTATION OF RESULTS 

Table IV i d e n t i f i e s  the  leading- and t ra i l ing-edge  f l a p  conf igura t ions  of t h e  
iging wi th  t h e  corresponding run number used i n  t h e  wind-tunnel test8 t h e  l o n g i t u d i n a l  
aerodynamic c h a r a c t e r i s t i c s  f o r  t h e  model a r e  given i n  t a b l e  V. Some l o n g i t u d i n a l  
aerodynamic r e s u l t s  a r e  presented as follows: 

Figure  
E f f e c t  of leading-ed ye d e f l e c t i o n s :  



Figure 
E f f e c t  of t r a i l ing-edge  def l e c t i o n s r  

DISCUSSION 

Experimental Resu l t s  

E f f e c t  of wing leading-edge f l a p  def lect ions . -  The l o n g i t u d i n a l  aerodynamic 
c h a r a c t e r i s t i c s  a t  6,, = O0 wi th  var ious  leading-edge f l a p  d e f l e c t i o n s  a r e  shown 
i n  f i g u r e  5. The l i f i m c o e f f i c i e n t s  a t  ang les  of a t t a c k  below 6O a r e  n o t  apprec iab ly  
a f f e c t e d  by t h e  va r ious  leading-edge f l a p  d e f l e c t i o n s .  Also, a t  these small a n g l e s  1 
of a t t a c k  and low l i f t  c o e f f i c i e n t s ,  t h e  p i t c h i n g  moment is near ly  zero ,  b u t  it does I 
have a s l i g h t l y  negat ive  s lope.  In  a d d i t i o n ,  the  drag p o l a r  i n d i c a t e s  a s l i g h t  
i n c r e a s e  i n  C 

D,o 
wi th  d e f l e c t e d  l ead ing  edges. This is caused by t h e  s e p a r a t i o n  

o f  t h e  lower s u r f a c e  flow a t  low angles  of a t t a c k  because of t h e  leading-edge f l a p  
d e f l e c t i o n .  A t  a moderate l i f t  c o e f f i c i e n t  (0.3 < CL < O.6), t h e  d rag  c o e f f i c i e n t  
decreases  as t h e  leading-edge d e f l e c t i o n s  inc rease ,  which i n d i c a t e s  ^that t h e  
d e f l e c t e d  leading edge is now c a r r y i n g  some leading-edge s u c t i o n  force .  

A t  h igher  ang les  of a t t a c k  Ca > a O ) ,  t h e  d a t a  i n d i c a t e  i n c r e a s e s  i n  l i f t  coef-  
f i c i e n t  a s  t h e  leading-edge vor tex  forms when t h e  l ead ing  edge is undef lected.  The 
v o r t e x - l i f t  i n c r e a s e  o r  increment d iminishes  as t h e  leading-edge f l a p  d e f l e c t i o n  
inc reases .  A nose-up o r  uns tab le  p i t c h i n g  moment begins a t  a - 16O. mis nose-up 
moment is due t o  t h e  o n s e t  of flow s e p a r a t i o n  i n  t h e  wing-tip region while t h e  
inboard region is s t i l l  maintaining a t t ached  flow. (See r e f .  5.) Although t h e  
pitching-moment c o e f f i c i e n t  is reduced as t h e  leading-edge f l a p  is def lec ted ,  t h e  
pitching-moment s lope  still i n d i c a t e s  an  uns tab le  p i t c h i n g  moment a t  a > 16O a s  
shown i n  f i g u r e  5. 

The l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  a t  ST= = 20° f o r  va r ious  leading- 
edge f l a p  d e f l e c t i o n s  a r e  shown i n  f i g u r e  6. Comparison of t h e  d a t a  of f i g u r e  5 
( STE = 0°) with t h e  d a t a  c f  f i g u r e  6 (6 = 20°) shows t h a t  t h e  20° t r a i l ing-edge  

TF f l a p  d e f l e c t i o n  increased t h e  l i f t  coefficient by about 0.3 and produced a nose-down 
p i t c h i n g  moment of about  0.11 because of a t ra i l ing-edge  d e f l e c t i o n .  Also, t h e  
leading-edge vor tex  began a t  a lower angle  of a t t a c k  f o r  t h e  undef lected l ead ing  edge 
because of t h e  increased upwash ang le  induced by t're t r a i l ing-edge  d e f l e c t i o n .  

TO e v a l u a t e  t h e  e f f e c t i v e n e s s  of t h e  leading-edge d e f l e c t i o n s  better, f i q u r e s  5 
and 6 a l s o  p r e s e n t  two t h e o r e t i c a l  drag po la r s .  These p o l a r s  r e p r e s e n t  t h e  planar-  
wing minimum induced drag and t h e  draq wi th  f u l l  leading-edge s e p a r a t i o n  wi th  no 
subsequent flow reattachment.  This eva lua t ion  is similar t o  t h e  ones performed i n  
re fe rences  1 ,  2, 3, and 6. The d e f i n i t i o n s  of these  drag p o l a r s  are 

f o r  minimum induced drag o r  f u l l y  a t t ached  flow and 



f o r  f u l l  separated flow with no leading-edqe suction. Tbe value of drag c o e f f i c i e n t  
a t  zero l i f t  C 

D , o  
f o r  t h i s  configurat ion is 0.0021. The value of CD a is  

obtained a t  t he  CD i n t e r c e p t  of a p l o t  of 'P a g a i n s t  C: t o r  an undeilected 
wing. Elquations (1)  and (2 )  a r e  va l id  f o r  a w ng with no twist and no camber and 
are used a s  a q u a n t ~ t a t i v e  evaluator  of the e f f ec t i venes s  of the leading-edge f l a p  
def lec t ions .  'Ihe leading-edge suct ion paraneter  S is used as t h i s  evaluator  and is 

fined as  

+ C t an  a - CD C ~ , o  L 
x 100 

CL t a n  a - 

where CD and CL are measured l i f t  and drag coe f f i c i en t s ,  respect ively.  For t h e  
t h e o r e t i c a l  drag-polar ca lcu la t ions  (CDIA and CD S) ,  the  value of a is replaced 

where 
is determined experimentaliy t o  be 0.037 ( f o r  t he  l i n e a r  

region of CL aga ins t  a for  an undaflected wing), which agrees with t heo re t i ca l  
r e s u l t s  from the NARWLE vor t ex - l a t t i c e  program. 'Ihe leading-edqe suct ion parameter 
is expressed i n  percent of leading-edge suct ion s o  t h a t  the minimum induced drag o r  

i f u l l  suct ion corresponds t o  S = 100 percent and f u l l  leading-edge separat ion with 
no suct ion corresponds t o  S = 0 percent. (See r e f .  6 f o r  an explanation of t he  
leading-edge suct ion parameter. 

Figure 10 presents  t he  va r i a t i on  of leading-edqe suc t ion  parameter S with 
CL for  various leading-edge de f l ec t i ons   wit!^ bTE = OO. A t  low l i f t  c o e f f i c i e n t s  
(0.2 < C C O.4), the suct ion parameter increases  with increasing leading-edge 

L de f l ec t i ons  u n t i l  a de f l ec t i on  of bLE = 20° is reached. With higher def lec t ions ,  
t h e  suct ion parameter decreases because of overdeflect ion of the leading edge, which 
causes f l w  separat ion on the lower surface.  nis increase  i n  S is a l s o  t r u e  a t  
higher l i f t  c o e f f i c i e n t s  (CL > 0.4). The h ighes t  suc t ion  parameter with an unc. - 
f l e e t e d  t r a i l i n g  edge is S = 66.6 percent a t  bLE = 20° and 5 = 0.31. This 
value of l i f t  coe f f i c i en t  may be small f o r  approach or  maneuver conditions; a more 
appropriate value is about 0.6. A t  t h i s  l i f t  coe f f i c i en t ,  the  maximum suct ion-  
parameter value i s  S = 63 percent a t  bLE = 40°. 

Ef fec t  of wing t ra i l ing-edge f l a p  deflections.-  me longi tud ina l  aerodynamic 
c h a r a c t e r i s t i c s  with varying t ra i l ing-edge def lec t ions  a r e  presented i n  f i gu re  7 for  

bke 
= 0°, i n  f igure  8 f o r  6LE = 20°, and i n  f i gu re  9 f o r  6LE = 60'. In these 

t ree configurat ions,  the  da ta  i nd i ca t e  the expected increases  i n  l i f t  c o e f f i c i e n t  
and the pitching-moment coe f f i c i en t  becomes more negative with each t ra i l ing-edge 
def lect ion.  As the de f l ec t i on  of t he  t r a i l i n g  edge increases ,  a constant l i f t  coef- 
f i c i e n t  can be achieved a t  a lower angle of a t tack .  For t h i s  s i t ua t i on ,  #here t h e  
wing i s  operat ing near t he  zero suct ion curve (CD = cL t a n  a ) ,  the  angle of a t t ack  
is the dominant csrm and the induced drag c o e f f i c i e n t  i s  reduced. mere fo re ,  the 
drag polar  shows s i g n i f i c a n t  improvement a t  higher l i f t  coe f f i c i en t s  a s  the  f l a p  
:lei l e c t i on  is increased. Also, the l i f t  c o e f f i c i e n t  increases  proport ional ly  to the  
trail ing-edge f l a p  def lec t ion  f o r  a l l  three configurat ions u n t i l  bTE = 30°. A t  t h i s  
f l a p  def lec t ion ,  the flow over the  f l a p  probably separa tes ,  thus causing a diminished 
l i f t - c o e f f i c i e n t  increase.  As mentioned i n  the previous sec t ion ,  the  increase i n  
leading-edqe f l a p  de f l ec t i on  causes the vortex l i f t  t o  diminish for  a l l  t ra i l ing-edqe 
f l a p d e f l e c t i o n s  (i.e., C is more l i nea r ) .  

La 



The e f f e c t  of t h e  leading-edge f l a p  d e f l e c t i o n  on t h e  leading-edge s u c t i o n  
parameter f o r  p. = lo0,  20°, and 30° is shown i n  f i g u r e s  11, 12, and 13, respec- 
t i v e l y .  Ae i n  f gure  10 where 6Tf 

= 0°, t h e  s u c t i o n  parameter i n c r e a s e s  as t h e  
leading-edge f l a p  d e f l e c t i o n s  are ncreased u n t i l  a maximum is reached; then,  t h e  
s u c t i o n  parameter decreases  wi th  f u r t h e r  i n c r e a s e s  i n  leading-edge d e f l e c t i o n s .  The 
maximum suction-parameter value f o r  bTE - lo0 is S = 83.9 pe rcen t  a t  = 0.47 
wi th  hE = 20°; f o r  bTE = 20°, it is S = 86.6 pe rcen t  a t  CL = 0.61 wi th  
kE = 30°; and f o r  bTE = 30°, it is  S = 83.6 pe rcen t  a t  
hE = 30°. Also, no te  t h a t  as t h e  t r a i l ing-edge  f l a p  
suction-parameter curves s h i f t  t o  h igher  l i f t  c o e f f i c i e n t s  and show a l a r g e  leadinq- 
edge s u c t i o n  value  a s  shown i n  f i g u r e s  10 and 11 t o  13. 

E f f e c t  of combined leading- and t ra i l ing-edge  f l a p  def lec t ions . -  'he maximum 
values  of t h e  s u c t i o n  parameter a t  var ious  leading- and t ra i l ing-edge  f l a p  d e f l e c -  
t i o n s  are shown i n  f i g u r e  14. These va lues  a r e  from t h e  peak numbers from f i g u r e s  10 
and 11 to 13. Fiqure 14 is, the re fore ,  an  envelope-type curve which p r e s e n t s  t h e  
maximum leading-edge s u c t i o n  f o r  a combination of leading- and t ra i l ing-edge  f l a p  
d e f l e c t i o n s  over  a range of l i f t  c o e f f i c i e n t s  (i .e., h igher  leading-edge s u c t i o n  than 
f o r  f i x e d  f l a p  d e f l e c t i o n s ) .  As l i f t  c o e f f i c i e n t  inc reases ,  t h e  maximum value  of S 
is about 86.6 pe rcen t  a t  E * 0.61 and decreases  below 80 percen t  a t  CL > 1.0, 
which shows t h e  d i f f i c u l t y  n mainta ining a t t ached  flow a t  t h e  high anq les  of a t t a c k  
required f o r  high l i f t .  For an approach o r  maneuvering conf igura t ion ,  C = 0.6 and 

k t h e  maximum value  of S is  about 86 percen t  a t  bLE = 20° and bTE = 20 . Fig- 
u r e  15 presen t s  t h e  e f f e c t  o f  d i f f e r e n t  leading- and t ra i l ing-edge  f l a p  combinations 
on L/D a t  s p e c i f i c  l i f t  c o e f f i c i e n t s .  The e f f e c t  of t h e  leading-edge f l a p  d e f l e c -  
t i o n  on L/D diminishes a s  l i f t  c o e f f i c i e n t  inc reases .  Also, as l i f t  c o e f f i c i e n t  
inc reases ,  t h e  peak L/D value s h i f t s  t o  a h igher  t r a i l ing-edge  d e f l e c t i o n .  Compar- 
i n g  t h e  peak leading-edge s u c t i o n  values  of f i g u r e s  10 and 11 t o  13 with t h e  peak 
values of L/D of f i g u r e  15 shows t h a t  t h e  b e s t  leading-edge d e f l e c t i o n  is the  same 
i n  both peak S values  and peak L/D values  a t  a s p e c i f i c  l i f t  c o e f f i c i e n t .  The 
b e s t  t r a i l ing-edge  f l a p  d e f l e c t i o n  f o r  t h e  peak S values  a l s o  occurs  a t  t h e  peak 
L/D values.  

A t  t h e  l a r g e  leading-edge f l a p  d e f l e c t i o n s  ( bLE > 20° ), t h e  leading edge becomes 
stepped. The stepped s e c p e i ~ t s  of the  leading edge cause  some of t h e  flow t o  sep- 
a r a t e .  In o rder  t o  determine t h e  e f f e c t  of t h e  stepped leading edge on mainta ining 
a t t ached  flow, a comparison is presented i n  f i g u r e  16 of a f a i r e d  and unfa i red  lead- 
ing  edge p l o t t e d  a g a i n s t  leading-edge suc t ion  parameter. The f a i r i n g  causes  t h e  
l ead ing  edge t o  be a smooth f l a p  r a t h e r  than a s tepped f l a p .  mere is an i n c r e a s e  
i n  the  leading-edge suc t ion  parameter from t h e  unfa i red  t o  t h e  f a f r e d  ieadinq edge, 
which i n d i c a t e s  t h a t  the  stepped leading edge is causing some flow separa t ion ;  a t  a 
l i f t  c o e f f i c i e n t  of 0.6, an improvement is obtained from S = 52.8 to 56.5 p e r c e n t  
by f a i r i n g  t h e  leading edge. 

Theore t i ca l  Analysis 

A pre l iminary t h e o r e t i c a l  a n a l y s i s  of the  wing was conducted by us ing t h r e e  
computer programs: (1  1 NARUVLE (see r e f .  4) ; ( 2 )  a v o r t e x - l a t t i c e  program with  
vortex-flaw computation using t h e  leading-edge s u c t i o n  analogy (see r e f s .  7 and 8 ) ;  
and ( 3  a s u r f  ace-paneling program (PANAIR p i l o t  code) (see r e f .  9 )  . Figure 17 com- 
pares the experimental  da ta  with the  r e s u l t s  of t h e  t h r e e  t h e o r e t i c a l  programs f o r  
t h e  undef lected leadinq- and t ra i l ing-edqe  case. The PANAIR p i l o t  code and NARUVLE 
program a r e  a t t ached  invisc id-f low proqrams and do n o t  account f o r  the  s e p a r a t e d  
vortex-flow condi t ion  of the  wing. Only the  l i f t - c u r v e  r e s u l t s  from t h e s e  two pro- 



grams a r e  presented. In  t he  vor tex- la t t i ce  programs of references 7 and 8, t he  
vortex flow is presen t  t o  the t i p  of t he  wing. A t  t he  low angles of a t t ack  where 
t he  flow is attached, these  two programs agree with the  experimental data. 

The vor tex- la t t i ce  program of references 7 and 8 accounts f o r  the separated 
leading-edge vortex flow of the  e n t i r e  wing and shows c lo se  agreement with experi-  
mental l i f t  data.  Also, the potent ia l - f  low l i f t  with high-angle-of -attack boundary 
condi t ions is presented which causes t he  l i f t  c o e f f i c i e n t  t o  be lower than NARWLE or  
the PANAIR p i l o t  code a t  high angles of a t tack .  Ihe theo re t i ca l  drag polar  from t h e  
vor tex- la t t i ce  program has the experimental C value added to it. me s l i g h t  

D, 0 
di f fe rence  i n  experimental and theo re t i ca l  po la rs  is due t o  a round leading edge 
producing some leading-edge suct ion i n  the experimental data.  A t  a > 14O, t he  
t h e o r e t i c a l  r e s u l t s  of t h i s  program do not  co r r ec t l y  estimate the  nose-up moment, 
which can be due t o  the onset of flow separat ion i n  the t i p  a rea  a s  discussed before. 

Figure 18 shows the  e f f e c t  of t ra i l ing-edge f l a p  de f l ec t i ons  on l i f t  a s  d e t ~ r -  
mined by the  NARUVLE program and by experiment. Ihe vo r t ex - l a t t i c e  program of r e f e r -  
ences 7 and 8 is not  used i n  ca lcu la t ions  of f i gu re  18 because f l a p  de f l ec t i on  cannot 
be modeled ea s i l y .  A t  l o w  angles of a t t ack  (a  < 4O), the  t heo re t i ca l  r e s u l t s  agree 
w i t h  t he  experimental da ta  up t o  6TE = 15O. A t  higher t ra i l ing-edge def lec t ions ,  
theory and experiment disagree because of the  flow separat ion a t  the t ra i l ing-edge 
f lap .  A t  a = 8O and bTE = 0°, the  two r e s u l t s ,  experimental and theo re t i ca l ,  
d isagree because of the vortex flow caused by the  undeflected leading edge which is 
not modeled i n  the  NARWLE program. 

SUMMARY OF RESULTS 

The r e s u l t s  of an inves t iga t ion  of the leadinq- and t ra i l ing-edge f l a p s  on an 
arrow-wing model i n  the  Langley 4- by 7-Meter mnne l  a r e  summarized a s  follows: 

1. Def lec t inq  the leading-edge f l a p  diminishes the vortex l i f t ,  which ind i ca t e s  
t h a t  the  leading edge is approaching an attached-flow condition. 

2. The drag due t o  l i f t  is not  s i g n i f i c a n t l y  improved with the leading edge 
def lec ted  a t  the desired l i f t  coe f f i c i en t s  

CL (0.5 < cL < 0.9); however, the  com- 
bined leading- and t ra i l inq-edge f l a p  de f l ec t i ons  d id  r e s u l t  i n  s i g n i f i c a n t  improve- 
ments i n  drag due t o  l i f t .  

3. An increased leading-edge suct ion can be maintained throughout the  l i f t -  
coe f f i c i en t  range by scheduling both the lesding- and t ra i l ing-edge f l a p  de f l ec t i ons  
when compared with f ixed f l a p  def lect ions.  

4. Close approximation of the  longi tudinal  aerodynamic c h a r a c t e r i s t i c s  of 
the undeflected arrow wing is obtained by using the vor tex- la t t i ce  method of NASA 
TN D-6142 and NASA TN D-7921 which accounts f o r  vortex flow, except fo r  the pi tching 
moment a t  high anqles of a t tack  where the wing-tip region is  most l i k e l y  separated. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
January 7, 1983 
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TABLE I.-  GEOMETRY OF WING 

Aspect r a t i o  ........................................................... 1.639 

........................................................ Reference area, ft2 10.422 

Span, f t  ................................................................... 4.133 

............................................................. Root chord* f t  4.7458 

Tip chord, f t  ......................................................... 0.9861 

....................................... Reference mean aerodynamic chord, f t  3.011 

Leading-edge sweep, deg: 
A t  body s t a t i o n  29.672 in .  ............................................... 7 0 
A t  body s t a t i o n  86.620 i n .  .......................................... 48.7858 

Trailing-edge sweep, deg .......................................... ......... 24.5236 

............................................................ Wing s e c t i o n  NACA 0004 



AND TERMINOLOGY USED 

( a )  Leading edge 

Flap d e f l e c t i o n s ,  deg, f o r  segmentsa - I 
Terminology 

Inboard  outboard I used 

(h)  Tr-ailinu edge 

Flap d e f l e c t i o n s ,  deq, f o r  segmentsa - I I 
Termi noloqy 

Inboard w Outboard used I 

a~egments  are s h o w  i n  f igure  2. 
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TABLE 111.- GEOMETRY OF FUSPZAGE 

Body station ( B S ) ,  
in. 

Cross-sectional aree, a 
in * 

center of each circular area coincides with 
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TABLE 1V.- TEST CONPIGURATIOtGS 

Flap def lec t ions ,  dog, for seqmentsa - 
Leading edge 

Inboard + Outboard 

a~egments are shown i n  figure 2 .  
b ~ a  i red leading edqe . 

Trai l ing edge 

Inboard Outboard 
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Figure 10.- E f f e c t  o f  var ia t ion  o f  b e s t  leading-edge d e f l e c t i o n s  on leading-edge 
auct ion parameter and l i f t  c o e f f i c i e n t  with  bTE = O O .  
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tY deg 
Lt: ' 

Figure 1 1 . -  Effect  of  variat ion of b e s t  leadinq-edge f l a p  d e f l e c t i o n s  on leading-edge 
suct ion parameter and l i f t  c o e f f i c i e n t  with hTR = l o0 .  



Figure 12.- Effect of  variation of best  leading-edge f l ap  def lect ion8 on leading-edge 
suction parameter and l i f t  coe f f i c i en t  with 6 = 20°. 

TE 
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Figure 13.- Effect  of variat ion of b e s t  leading-edge f l a p  d e f l e c t i o n s  on leading-edge 
suct ion  parameter and l i f t  c o e f f i c i e n t  with 6,, - 30'. 
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Fiqure 15.- Effect of trailinq-edge deflection on L/D for various leadinq-edge 
deflections and lift coefficients. 
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i / \ Leading-edge unf aired 

Figure 16.- Effect of fairing the leading edge with 6 
= 60. and LE 6, a 0' 
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0 0 ----- u 4 --- 0 8 

Figure 18.- Comparison of theoretical and experimental results on trailing-edge 
deflections and lift coefficient. 


