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CHORD-EXTENSIONS AND NOTCHES’ 

By Charles F. Whitcomb and Harry T. Norton, Jr. 

SUMMARY 

An investigation of the e f f ec t s  o f  several  w i n g  leading-edge modifi- 
cations on the aerodynamic Characterist ics of a 4 5 O  swept-wing f igb te r -  
airplane model has been conducted i n  the Langley 16-foot transonic tunnel 
a t  low and high l i f t i n g  conditions a t  Mach numbers from 0.85 t o  1.03. 
The investigation included the determination of the e f f ec t  on longitudinal 
s t a b i l i t y  and performance character is t ics  of wing leading-edge and chord- 
extension droops of 60 and 20°, chord-extension overhangs of 0 . 0 7 5 ~  and 
0 . 1 5 ~  (where c 
inboard end of the  0 . 0 7 5 ~  chord-extension t o  depths of 0 . 0 7 5 ~  and O.l25c, 
and indention of the model fuselage t o  conform p a r t i a l l y  t o  the supersonic 
area ru l e  f o r  a Mach number of 1.20. L i f t ,  drag, and pitching-moment data  
were obtained f o r  configurations w i t h  the t a i l  on and o f f .  Comparisons of 
data obtained from the present model with data from a configuration with 
leading-edge slats are included. 

i s  the w i n g  chord), leading-edge notches cut out at  the 

Generally, the model wing modifications provided only s l i g h t  improve- 
ment of the airplane longitudinal s t a b i l i t y  character is t ics ,  but did sub- 
s , tan t ia l ly  reduce the airplane drag coeff ic ients  a t  moderate and high 
l i f t i n g  conditions. 

INTRODUCTION 

The loss of longitudinal s t a b i l i t y  and the high values of drag due t o  
l i f t  a t  the higher l i f t i n g  conditions a re  two adverse charac te r i s t ics  of 
airplanes with thin,  swept wings of low aspect r a t i o  operating a t  transonic 
speeds. Improvement of these character is t ics ,  i n  par t icu lar  the ins ta -  
b i l i t y ,  w a s  real ized a t  low subsonic speeds by using modifications such as 
leading-edge droop, outboard leading-edge chord-extensions, leading-edge 
slats, and leading-edge notches combined with leading-edge extensions 

lsupersedes declassif ied NACA Research Memorandum L55H30 by Charles F. 
Whitcomb and Harry T.  Norton, Jr., 1956. 
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( r e f s .  1 and 2 ) .  
siderably reduced at the  higher subsonic and transonic speed ranges 
( r e f s .  3, 4, and 5 ) .  

However, t he  effectiveness of these devices w a s  con- 

I 

An investigation w a s  conducted by the  NACA t o  determine the effec-  
tiveness of leading-edge slats on the  high subsonic and transonic aero- 
dynamic charac te r i s t ics  of a 45' swept-wing f i g h t e r  airplane.  
r e s u l t s  of t h a t  invest igat ion a r e  presented i n  reference 5 .  To broaden 
t h e  scope of t h a t  program, several  other configurations of general i n t e r e s t  
which included wing leading-edge droop i n  combination with outboard 

The 

leading-edge chord-extensions and leading-edge notches were included f o r  
t e s t i n g  over the same speed range. The r e s u l t s  of  t e s t s  of these configu- 1 
rations,  primarily selected t o  improve the airplane longitudinal s t a b i l i t y ,  
a r e  presented i n  t h i s  paper. 6 

The basic  model w a s  a fighter-type airplane having a wing plan-form 
geometry (45' sweepback and aspect r a t i o  of 3.56) t h a t  made it inherently 
unstable a t  the higher l i f t s .  The investigation w a s  con- 
ducted i n  the Langley 16-foot transonic tunnel a t  Mach numbers from 0.85 
t o  1.05, and a t  angles of a t tack from 0' t o  20'. The models t e s t e d  
included ta i l -on  and t a i l - o f f  configarations. Some of the r e s u l t s  of 
reference 5 are included for comparison with the present t e s t  r e s u l t s .  

L 

0 

0 

(See r e f .  6 . )  

4 

C 

- 
C 

D 

L 

M 

I t  

wing semispan 

drag coeff ic ient ,  D/qS 

l i f t  coefficient,  L/qs 

Pitching moment about O . 3 5 F  pitching-moment coe f f i c i en t ,  
qSE 

l o c a l  wing chord 

basic wing mean aerodynamic chord 

drag 

l i f t  

free-stream Mach number 

t a i l  length 
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Pg - P 
base pressure coefficient, 

PB 9 
C 

P free-stream static pressure 

static pressure at model base PB 

Q free-stream dynamic pressure 

R Reynolds number based on E 

S basic wing area 

U angle of attack of fuselage reference line 

incidence of horizontal tail with respect to fuselage 
reference line 

'h 

Subscripts : 

Basic basic wing (no leading edge modification) 

E leading-edge extension 

maX maximum 

MODEL AND APPARATUS 

"urine 1 

The investigation was conducted in the Langley 16-foot transonic wind 
tunnel, the airflow and power characteristics of which a r e  described in 
reference 7. The model was attached to the tunnel sting-support system by 
means of a six-component internal strain-gage balance. 

Basic Model 

The basic model is the same as that used in reference 5. The basic 
wing has 45' sweepback along the 0.25-chord line, taper ratio of 0.3, 
aspect ratio of 3.56, and NACA 64(,6)A007 airfoil sections parallel to the 
plane of symmetry. The vertical and horizontal tails have essentially the 
same geometry as the wings. The horizontal tail was located 0.03 of the 
tail length below the wing-chord plane extended and the horizontal-tail 
incidence was -5" for all tail-on tests. Tail-off configurations inciude 



4 

the removal of both the horizontal and vertical tails. The canopy, tail 
fillet, faired-nose section, and wing leading-edge section from the 
0.20-chord line forward were constructed of wood; the remainder of the 
model was fabricated from aluminum alloy. A detailed listing of dimen- 
sions for the basic model is presented in table I of reference 5 .  Fig- 
ure 1 is a photograph of the complete basic model and a photograph of the 
model with 20° drooped-wing leading edge and 0.15 chord-extension. A 
three-view drawing of the model showing a typical configuration of a 
leading-edge chord-extension with notch is shown in figure 2. 

- 1  

Model Modifications 

Two angles of droop, 6O and 20°, were investigated, the angle being 
measured normal to the wing 0.20-chord line. 

b b the airfoil sections from 0.25- to 1.0& was drooped along a straight 
2 2 

camber line. 

The forward 20 percent of 

The leading-edge chord-extension was designated by the percent of 
chord-extension at the station of the inboard end of the extension, 
0.712, and was tapered to zero-percent chord at the wing tip. 
of the chord-extensions was also measured normal to the basic wing 
0.20-chord line. 
0.15~ chord-extensions with 6' and 20' droop were tested. 

Droop 
2 

The 0.075~ chord-extensions with 60 droop and the 
. 

Notches in the wing leading edge extending from wing station 0.69 
to 0.71k, the inboard end of the chord-extension, were tested in combi- 
nation with the 0.075~ chord-extensions and 6O droop. 
depth of 0.075~ and 0.125~ were investigated. 

2 
Notches with a 

The indented body used in these tests was the identical body used in 
the transonic drag-rise investigation of reference 8. It was obtained 
for that investigation by recontouking the basic fuselage according to 
supersonic-area-rule considerations for a Mach number of 1.2. 
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On 

1 

M = 1.2 

TESTS AND CORRECTIONS TO DATA 

The nine model configurations tested are listed in the following 
table : 

Wing Chord- 
extens ion 

Basic 
6' leading-edge droop 
6' leading-edge droop 
6' leading-edge droop 
6' leading-edge droop 
6O leading-edge droop 
20° leading-edge droop 
20° leading-edge droop 
6' leading-edge droop 

None 
0.075~ 
075c 
.075c 
.15~ 
.15~ 
.15~ 
.15~ 
.15~ 

Notch 

None 
None 
0.075~ 

None 
None 
None 
None 
None 

.125c 

Tail 

Off 
Off 
Off 
Off 
Off 
On 
Off 
On 

Body 

Basic 
Basic 
Basic 
Basic 
Basic 
Basic 
Basic 
Basic 

The configurations were testedthrough an angle-of-attack range of 
Oo to 20' for Mach numbers from 0.85 to 0.97, and 0' to 12' for Mach 
numbers 1.00 and 1.03. Test Reynolds numbers, shown in figure 3, varied 
from 5.65 X 10 6 to 6.75 X lo6 based on the basic wing mean aerodynamic 
chord. 

The model lift and drag data were adjusted to a condition of free- 
stream static pressure at the base of the fuselage using base pressures 
averaged from three static orifices spaced equidistantly around the base 
annulus just inside the duct of the model. The variation of base pres- 
sure with Mach number is shown in figure 4. As the sting-interference 
effects for the tail-off configurations were known to be small slid any 
sting interference on the tail-on configurations would be about the same 
for each of the compared configurations, no corrections for this effect 
were considered necessary. Tunnel-wall interferences are neglected in the 
Mach number range considered in this paper (ref. 9 ) .  

The accuracy of the measured coefficients, based on balance accuracy 
and repeatability of data, is believed to be within the following limits: 

C L . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fO.O1 
CD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  to.002 
c m .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  f0.002 
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The accuracy of Mach number is 20.005 and the angles of attack as 
presented are estimated to be accurate to fO.lO. 

RESULTS 

The results of the investigation are presented graphically as 
follows : 

Aerodynamic characteristics of tail-off configurations 
showing effects of leading-edge droop in conjunction 
with chord-extensions . . . . . . . . . . . . . . . . . . . .  

Aerodynamic characteristics of tail-off configurations 
showing effects of 6' drooped 0 .O75c chord-extensions 
with notches . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . .  Aerodynamic characteriskics of tail-on configurations 
Variation with lift coefficient of the model pitching- 
moment coefficient when modified with two types of 
leading-edge devices . . . . . . . . . . . . . . . . . . . . .  

Effect of Mach number on (L/D)max and lift coefficient 
for (L/D)max for several tail-on and tail-off 
configurations . . . . . . . . . . . . . . . . . . . . . . . .  
several of the configurations with drooped chord- 

Variation with lift coefficient of the ratio of L/D for 

extensions to L/D for the basic model; tail off . . . . . . .  
Variation with lift coefficient of the ratio of L/D for 
two different leading-edge-device configurations and 
L/D for the basic model; tail off . . . . . . . . . . . . . .  

Figure 

5 

6 
7 

8 

9 

10 

11 

4 

1 

DISCUSSION 

hngitudinal Stability 

Figures 5( c) and 6( c) present the variation of pitching-moment 
coefficient with lift coefficient for several tail-off configurations 
tested. 
for moderate lifting conditions. 
leading-edge devices tested generally resulted in a more gradual change 
in the stability curves and an extension of the stable lift range up to 
a 0.15 increment in lift coefficient, depending on which configuration 
and Mach number range is considered. The extensions of the stable lift 
ranges for the present configurations were considerably less than antic- 
ipated on the basis of the results of reference 4, which reports on 
tests of several of the same types of wing modifications on a wing very 
similar to the present model. 

The basic model exhibited unstable breaks at all Mach numbers 
Addition of any of the several 
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A comparison of several  modified configurations with t a i l  off  
ind ica tes  t h a t  ne i ther  the addi t ion o f  the  notches ( e i t h e r  0 . 0 7 5 ~  or  
0 . 1 2 5 ~  deep) nor the  lengthening of the . chordwise extent ( 0 . 0 7 5 ~  t o  0 . 1 5 ~ )  
of the  configuration with a 6 O  drooped chord-extension improved the  sta- 
b i l i t y  charac te r i s t ics  any s ignif icant  amount. However, reference 10 
indicated t h a t  a similar change i n  the chordwise length of the  extensions 
without notches resu l ted  i n  a s ignif icant  improvement i n  s t a b i l i t y .  The 
inboard end of the  chord-extensions i n  reference 10 w a s  located a t  
65-percent wing semispan as compared with 71-percent semispan f o r  the  
present  t e s t s .  
range i s  believed t o  be a c r i t i c a l  function of wing plan-form geometry, it 
appears t h a t  t he  inboard ends of the configurations t e s t ed  here w e r e  
located too far outboard. As a r e s u l t  the  t e s t  changes o r  e f fec t ive  changes 
(such as adding notches) i n  the  chordwise d i rec t ion  were not as e f f ec t ive  
i n  influencing the  t i p  separation charac te r i s t ics  of the  wing as was the  
change made i n  reference 10. 

As t he  optimum span o f  chord-extensions i n  t h e  transonic 

Increasing the  droop angle from 6' t o  20' f o r  the  configuration with 
a 0 . 1 5 ~  extension had no consis tent  e f f ec t  on the  s t a b i l i t y  of t he  con- 
f igura t ion ,  bu t  a t  Mach numbers of 0.93 and 0.95 ( f i g .  5 ( c ) )  there  was a 
s ign i f i can t  increase i n  the  - longitudinally s tab le  l i f t  range. 

The s t a b i l i t y  results of t h e  three modified configurations with t a i l  
on as obtained from the present t e s t s  are compared with the basic-model 
r e s u l t s  of reference 5 i n  figure 7 (c ) .  The hor izonta l - ta i l  incidence w a s  
s e t  t h e  same as i n  reference 5 (6h = -50). 
t he  h o r i z o n t d  t a i l  below the  wing-chord plane extended w a s  the  same, and 
i s  a pos i t ion  t h a t  should make a large contribution t o  the s t a b i l i t y  of 
the  bas ic  model at high l i f t s  ( r e f .  11). 
s ign i f i can t  s t a b i l i t y  improvement contributed by the  configuration with a 
6' drooped w i n g  chord-extension above a Mach number of 0.85, a t  which Mach 
number the unstable pitching-moment reversa ls  were e s sen t i a l ly  eliminated. 
Increasing the  droop from 60 t o  20' d id  not delay the  breaks t o  higher 
l i f t  coeff ic ients ,  bu t  reduced the i r  sever i ty  a s igni f icant  amount. 
Mach number of 0.97 the  curve reversals  were reduced t o  s l i g h t  in f lec t ions  
at a l i f t  coef f ic ien t  of  0.6. 

USO, the  v e r t i c a l  pos i t ion  of 

The comparisons indicated no 

A t  a 

I n  addi t ion t o  the  preceding changes i n  wing geometry, drag-reducing 
indentations i n  the  body were a l so  believed t o  contribute t o  the control  of 
premature wing-tip separation ( re f .  12) . Revisions of longi tudinal  a rea  
d i s t r ibu t ion  of the model, based on area-rule concepts, a re  designed t o  
reduce the  in t ens i ty  of the model deceleration wave which in t e r sec t s  t he  
swept wing t i p  a t  Mach numbers of about 0.90. 
should a l l e v i a t e  any wing-flow sepasation d i r e c t l y  associated with it. 
The configuration with a M = 1.2 indented body of reference 8, adapted 
v i t h  6' l e n d  ing-edge droop and 0.15~ chord-extension wing modifications, 
w a s  t e s t ed  a t  high l i f t i n g  conditions t o  invest igate  t h i s  poss ib i l i t y .  

Such reduced wave in t ens i ty  
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The pitching-moment results presented i n  f igure 7 ( c )  indicate  t h a t  only 
f o r  a Mach number of 0.90 does the  indented body benef i t  t he  model 
s t a b i l i t y  charac te r i s t ics .  A t  t h i s  Mach number t h e  sever i ty  o f  t he  
unstable slope reversa l  w a s  decreased. 

r 

The pitching-moment cha rac t e r i s t i c s  of t he  model modified with 
20' wing leading-edge droop and 0 . 1 5 ~  chord-extensions are  compared a t  
several  Mach numbers ( f i g .  8) with the  r e s u l t s  obtained i n  reference 5 
f o r  the  present model with 0.46 t o  0.99 wing leading-edge slats.  The 

0.46 t o  0.99 slat  span w a s  t he  more e f f ec t ive  of the  two slat  spans 

t e s t e d  in improving longi tudinal  s t a b i l i t y .  Comparisons a re  made for 
both ta i l -on  and t a i l - o f f  models. The slat  droop angle w a s  100. The 
difference i n  droop angle and i n  spanwise extension make d i r e c t  com- 
parisons somewhat d i f f i c u l t ,  espec ia l ly  since the  chord-extension span i s  
believed t o  be too short .  However, t he  use of t he  same bas ic  model does 
eliminate t h e  t e s t  vehicle geometry variables,  and comparison of t h i s  
slat  configuration with what w a s  e s sen t i a l ly  the  most e f fec t ive  of t he  
chord-extension configurations t e s t e d  would be of some in t e re s t .  

2 

2 

The pitching-moment-curve breaks of the  s la t  configuration with 
t a i l  off are of more gradual nature than those of t he  configuration with 
drooped leading-edge chord-extension up t o  l i f t  coef f ic ien ts  of approxi- 
mately 0.70. With the  addi t ion of t he  t a i l  t o  the  model, the  s t3b le  
l i f t  range of t h e  slat  configuration w a s  extended wel l  above t h a t  of t he  
drooped-extension configuration a t  Mach numbers of 0.90 and 0.93. A t  
the  high Mach numbers o f  0.93 and 0.97, the  configuration with 20' drooped 
extension had s t a b i l i t y  cha rac t e r i s t i c s  comparable with those produced by 
the  slat configuration. 

L i f t  Character is t ics  

The results of adding the  several  leading-edge devices t o  t h e  basic- 
wing model with t a i l  off are presented i n  figures ?(a) and 6(a) .  
increases i n  l i f t  f o r  the various leading-edge devices are a t t r i b u t e d  t o  
the  droop of t he  leading edge i n  each case. The l i f t  was s ign i f i can t ly  
increased above angles of a t t ack  of approximately 12' by increasing the  
leading-edge droop from 6 O  t o  20'. 
lift charac te r i s t ics  with other  modifications. The results for t he  
t a i l - o n  model were e s sen t i a l ly  the  same as f o r  the  t a i l - o f f  model 

The 

There were no la rge  differences i n  

( f ig .  7 ( 4 )  

4 

. 
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Drag Character is t ics  

3 

A l l  wing modifications f o r  the ta i l -of f  model, with the  exception 
of t he  configuration with 6' drooped leading-edge and 0 . 1 5 ~  extension, 
decreased the  drag above l i f t  coeff ic ients  of 0.60 and s l i g h t l y  increased 
the  drag a t  zero and low l i f t s .  For t he  con- 
f igura t ion  with 6' drooped leading-edge and 0 . 1 5 ~  chord-extension, t he  
drag was lower than f o r  t he  basic  model a t  zero and low l i f t  conditions 
at  Mach numbers from 0.93 t o  1.03. 
of these differences can be a t t r ibu ted  t o  instrument accuracy and data- 
r epea tab i l i t y  l imi ta t ions .  The changes i n  the  various leading-edge 
devices had l i t t l e  e f f ec t  on t h e  d rag  charac te r i s t ics .  However, the 
s l i g h t  changes t h a t  d id  occur can be a t t r i bu ted  t o  increasing the  leading- 
edge droop from 6' t o  20'. 

(See f i g s .  5(b) and 6 (b ) . )  

It i s  believed t h a t  the  major port ion 

For the  t a i l -on  model, increasing the  leading-edge droop from 6 O  t o  

Indenting the  body of t he  configu- 
20° with the 0 . 1 5 ~  extension caused drag changes similar t o  those f o r  the 
t a i l - o f f  configurations ( f i g .  7 (b ) ) .  
r a t ion  with 6 O  drooped leading edge and 0 . 1 5 ~  extension resu l ted  i n  
reduced drag a t  low l i f t s  for Mach numbers above 0.90 ( f i g .  7 (b ) ) .  

Lift-Drag Ratio Characterist ics 

The maximum l i f t - d r a g  r a t i o s  f o r  several  of t he  configurations 
t e s t ed  are presented i n  f igure  9 .  Results from t h e  tes ts  of t h e  configu- 
r a t ions  with, notched wing were not included, s ince it i s  evident from the  
drag polars  of f igure  6(b)  t h a t  these results would ind ica te  no signifi- 
cant change from those of the  bas ic  chord-extension configuration. For 
a l l  the revised-wing configurations with t a i l  of f ,  t he  (L/D)- values 
a re  l e s s  than those of t h e  basic-wing configurations over the  e n t i r e  t e s t  
Mach number range. For each of t he  modified configurations, (L/D),, 
occurs a t  a l i f t  coef f ic ien t  somewhat lower than t h a t  a t  which the  drag 
polars  of t he  modified models show a drag reduction below t h a t  of t h e  
bas ic  model. 
ments are not considered large,  except those obtained from the  configura- 
t i o n  with 20° drooped leading edge and 0 .15~  extension. 
configurations presented, some s l i g h t  increases i n  (L/D),, values 
above the  drag-rise Mach number are a t t r ibu ted  t o  the 
reducing indentations of t he  bas ic  fuselage. 

Relative t o  t he  absolute values of t h e  parameter, the  decre- 

O f  the  t a i l -on  

M = 1.2 drag- 

The r a t i o s  of L/D obtained from the  various revised-wing configu- 
r a t ions  with t a i l  off t o  L/D f o r  the basic-wing configuration a re  pre- 
sented as a function of lift coeff ic ient  i n  f i gu re  10. 
above the bas i c  model (or decreased drags due t.n lift.) are Tnfiic=tecl fer 
each of t he  revised-wing configurations. 

Gains i n  L/D 

The improvements occurred above 
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l i f t  coefficients ranging from 0.2 t o  0.65, depending on the Mach number 
and par t icular  device under consideration. (The notched-wing information 
has again been omitted.) 
6' drooped leading-edge extension from 7.5 t o  15 percent resu l ted  i n  only 
small changes i n  L/D, but increasing the droop angle from 6' t o  20' pro- 
duced s ignif icant  e f f ec t s .  The configuration with leading-edge chord- 
extensions drooped 20' showed improved performance over the 6O drooped 
configuration a t  the higher l i f t  coeff ic ients  only. 
r e l a t ive  t o  the configurations with lower droop angle were l imited i n  
l i f t  range t o  values above 
and above CL = 0.80 a t  the higher Mach numbers. From this  indicat ion,  
it would seem advisable t o  consider variable leading-edge droop where 
such devices are being incorporated. 

Increasing the chordwise length of the 

Any advantages 

CL = 0.65 a t  Mach numbers of 0.85 t o  0.93 

For an addi t ional  comparison, the L/D values derived 
r e su l t s  presented i n  reference 5 f o r  the present t e s t  model 
0.95b- leading-edge-slat wing with t a i l  off are presented i n  

From performance considerations the 0.35 t o  0 . 9 9  slat  span 
2 

2 

from the 
with a 0.35 t o  
figure 11. 

was the more 

effect ive of the two slat  lengths tested. Comparison i s  made of the 
configuration with 10' drooped slats and the configuration w i t h  20' drooped 
wing leading edge and 0 .l5c extension a t  several  Mach numbers. 
agreement a t  the presented conditions may indicate  that introducing a s l a t  
gap along the leading edge has the same e f f e c t s  on the wing aerodynamic 
charac te r i s t ics  as increasing the  wing leading-edge cmiber. 

The good 

L 
1 
0 

0 
6 

CONCLUDING REMARKS 

A transonic invest igat ion of several  configurations with leading-edge 
droop i n  combination with outboard chord-extensions and notches as adapted 
t o  a swept-wing fighter-airplane model indicated that t h e i r  appl icat ion 
provided only slight improvement of the airplane longi tudinal  s t a b i l i t y  
character is t ics .  However, t he  ai rplane drag coef f ic ien ts  were substan- 
t i a l l y  reduced a t  moderate and high l i f t i n g  conditions. 

Iangley Aeronautical Iaboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley Field,  Va.,  August 17, 1955. 
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Figure 2.- Three-view drawing  of model t e s t e d .  
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b IO" Droop, .35- .957 leading-edge slats (Ref. 5 )  
-- 20" Droop,. .15c chord-extension 
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Figure 11.- Variation w i t h  l i f t  coeff ic ient  of t h e  r a t i o  of L/D f o r  two 
different  leading-edge-device configurations and L/D f o r  t he  basic  
model; t a i l  o f f .  
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