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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

A SYSTEMATIC STUDY OF THE EFFECTS OF LEADING-EDGE
CHORD-EXTENSIONS ON THE LOW-SPEED LONGITUDINAL STABILITY
CHARACTERISTICS OF THREE 45° SWEPTBACK WINGS

By H. Neale Kelly
SUMMARY

A low-speed leading-edge chord-extension investigation has been
conducted in the Langley 19-foot pressure tunnel. In the course of the
investigation, chord-extensions of various geometric designs were tested
on three 45° sweptback wings of aspect ratio 5 and taper ratio 0.28
incorporating different airfoil sections. The tests were made at a
Reynolds number of 4.6 x 10© and a corresponding Mach number of 0.11.

The experimental data indicated that leading-edge chord-extensions
could be used to produce large reductions in the longitudinal instability
of all three wings tested. For a given chord-extension, the reduction
was largest on the wing with smallest leading-edge radius. On all the
wings the magnitude of the reduction was dependent upon the geometry of
the extension, with the chord-extension of the largest leading-edge
radius and largest projection being the most effective. Further reduc-
tions in the instability were obtained on the wing of largest leading-
edge radius by drooping the extension.

What appeared to be rather severe buffeting was encountered during
the investigation. Audiovisual observation of the tests indicated that
this buffeting was most severe for the configurations having the most
effective chord-extension.

INTRODUCTION

In recent years considerable flight and wind-tunnel research has
been devoted to improving the undesirable pitching-moment characteristics
of sweptback wings. Of the many devices tested in an attempt to improve
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2 CONFIDENTTIAL NACA RM L55H19

or "fix" these characteristics, partial-span leading-edge chord-extensions
have proved to be one of the more promising. Early experiments (see

ref. 1) indicate that the location, projection, and nose shape of the
chord-extension are significant geometric factors in the design of this
device. Furthermore, as noted in reference 1 and as more fully developed
in the analysis of reference 2, the type of flow separation exhibited by
the basic wing to which the extension is attached greatly influences the
action and effectiveness of the leading-edge chord-extension.

To date, however, little or no attention other than inboard end-
positioning studies has been given to the design of leading-edge chord-
extensions. Moreover, the application of this device has been limited
to predominately leading-edge flow-separation wings (sharp or nearly
sharp airfoil) of relatively low aspect ratio (4 or less).

A low-speed investigation has, therefore, been conducted in the
Langley 19-foot pressure tunnel in order to study the influence of geo-
metric design on the effectiveness of leading-edge chord-extensions.

In the course of this investigation, extensions of various chords, span-
wise positions, and leading-edge radii were tested on three 45° sweptback
wings of aspect ratio 5. The basic wings were of identical plan form,
but were designed, through the use of airfoils with different leading-
edge radii, to exhibit different types of flow separation.

SYMBOLS
g 1ift coefficient, Lift
gs
B pitching-moment coefficient about c/k, Pitching moment
qSc
L0 increment in pitching moment from line defined by slope of

pitching-moment curve through Cp = O (see sketch in fig. 5)

CmCL rate of change of pitching moment with 1ift

b wing span, ft
c local streamwise chord, ft
» b/2
c mean aerodynamic chord, g\/“ cgdy, il
0
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o] dynamic pressure, %pVg,

S wing area, sq ft

1b/sq ft

v free-stream velocity, ft/sec

y spanwise ordinate, ft
(o# angle of attack, deg

0 density, slugs/cu ft

Model

Data contained in the present paper were obtained from tests of
leading-edge chord-extensions on three wings of identical plan form.
The wings were constructed of laminated mahogany and each had an aspect
ratio of 5.0, a taper ratio of 0.29, 45° sweepback of the quarter-chord
line, and 9-percent-thick airfoil sections. The wings, which will be
identified by their leading-edge radii in the text, incorporated the

3 following airfoil sections:

b Airfoil section

Leading-edge radius,
fraction c

NACA 0009-(3.18)3
NACA 0009-(%.53)3
NACA 0009-63

0.0025
.0050
.0089

Geometric characteristics of the leading-edge chord-extensions
which were tested with the inboard end at various spanwise positions

are as follows:

|
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L CONFIDENT IAL NACA RM L55H19
Basic Wing Chord-Extension
Leading-edge Leading-edge Projection (streamwise),
radius, radius, fraction c
fraetion c fraction c
0 0.130, 0.198
0.0025 .00125 0.064, 0.130, 0.198
.00250 0.130, 0.198
.00kL5 0.06k, 0.130, 0.198
0 0.064, 0.130, 0.198
.0050 .00250 0.064, 0.130, 0.198
.00kks5 0.06k4, 0.130, 0.198
0 0.06%, 0.130, 0.198
.0089 .00L45 0.064, 0.130, 0.198
.00890 0.06%, 0.130, 0.198, 0.180 drooped

Additional detalls of the construction and geometry of the wings
and chord-extensions can be found in figures 1 and 2. A photograph of
the model as installed in the tunnel is presented in figure 3.

Tests

All tests reported herein were conducted in the Langley 19-foot
pressure tunnel at a tunnel pressure of approximately 33 psia. A few
of the initial tests were made at a Reynolds number of 4.9 x 106 and a
corresponding Mach number of 0.12. However, because of the violent
behavior of the model, the tunnel speed was lowered for the remainder
and majority of the tests to a Reynolds number of 4.6 x 10° and a corre-
sponding Mach number of 0.11.

Corrections
Jet-boundary corrections determined by the method of reference 3
have been applied to all of the data. The angle of attack has been cor-

rected for airstream misalinement. No corrections have been applied for
support tare and interference effects.
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RESULTS

Tables and figures summarizing the present test data (tables T AL
and III and figs. 4, 5, and 6) will form a basis for the discussion to
follow. The 1ift and pitching-moment characteristics of all the config-
urations tested in the course of the present investigation are presented
in succeeding figures. Figures 7 to 16, 17 to 25, and 26 to 36 contain
the results obtained for wings with 0.0025c, 0.0050c, and 0.0089¢ leading-
edge radii, respectively.

DISCUSSION

In the present report, the ability of a chord-extension to linearize
the pitching-moment characteristics of the configuration will serve as a
basis for an assessment of the value of the extension. The maximum incre-
mental pitching moment between a line defined by the slope through zero
1ift and the actual curve (see sketch, fig. 5) will serve as a measure
of the linearity or nonlinearity of the pitching-moment characteristics.

Basic Wings

The basic wings of the present investigation are part of a series
of wings which have been used to study the influence of sweep, aspect
ratio, airfoil section (leading-edge radius), Reynolds number, and Mach
number on the formation of leading-edge vortex flow, hence the type of
flow separation, and ultimately the pitching-moment characteristics of
sweptback wings. Some of the initial results of the basic wing investi-
gation are contained in reference 4y, Lift and pitching-moment charac-
teristics of the basic wings are reproduced on figure k4.

At the Reynolds number of the present tests (4.6 x 106) all three
wings exhibited a mixture of leading-edge and trailing-edge flow sep-
aration of varying degrees. Flow studies and pressure-distribution
measurements (unpublished) indicate that trailing-edge flow separation
predominates on the wing with 0.0089c leading-edge radius while leading-
edge separation predominates on the wing with 0.0025c leading-edge radius.

Wings With Chord-Extensions
It is apparent from tables I, II, and III and figure 5 that all
the chord-extension configurations tested reduced the instability of the

basic wings. Nevertheless, all configurations exhibited a destabilizing
break prior to maximum 1ift that was equivalent to or greater than a
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15-percent aerodynamic-center shift. In some cases, however, the 1lift
range over which the instability occurred was extremely small. The dif-
ficulty in eliminating the unstable break is ascribed to the relatively
high aspect ratio of the present wings. In the earlier work of reference 1,
where chord-extensions showed striking improvement of the moment curves,
the aspect ratio was only 2.8k4.

In general, a chord-extension of a given leading-edge radius and pro-
jection produced more nearly linear pitching-moment characteristics when
used in conjunction with the wings with smaller leading-edge radii. The
actual reduction in the destabilizing pitching moment due to the addition
of leading-edge chord-extensions AC ) . - M X on

Tpasic wing Nring + extension
the wing with smallest leading-edge radius of the present investigation
was of the same order of magnitude as that found in reference 5 on a
similar wing of lower aspect ratio.

The majority of the chord-extensions tested caused a small reduction
in the initial stability of the basic wings. With the exception of the
extensions extending inboard of the midsemispan location (fig. 27 only)
the chord-extensions did not reduce the initial stability of the basic
wings by more than 4 percent. As is shown in figure 6, this reduction
in the initial stability decreased rapidly as the inboard end of the
extension moved outboard, and in some cases a small stabilizing contri-
bution was evident.

Plan-form effects.- As has been pointed out by previous investi-
gators the spanwise location of the inboard end of leading-edge stall-
control devices is of prime importance. TFor the wings with 0.0050c and
0.0025c leading-edge radii of the present investigation the optimum
spanwise location for the inboard end of the chord-extension is near the
O.55b/2 wing station (see fig. 5 and tables I and II). The optimum
position for the wing with 0.0089c leading-edge radius is less clearly
defined (table III) and appears to vary from O.575b/2 to 0.070b/2 with
changes in the other geometric characteristics (Leading-edge radius and
percent extension) of the extensions.

Tests to determine the effects of chord-extension-end geometry were
not made in the course of the present investigation. However, unpublished
data from tests of a current swept wing fighter model indicate that
fairing the inboard end of the leading-edge chord-extension into the con-
tour of the basic wing completely destroys the effectiveness of the device.
This loss in effectiveness is due to the dispersion and consequent weak-
ening or destruction of the inboard end vortex upon which the action of
the extension depends.

The position and geometry of the outboard end of the leading-edge
chord-extensions is of small importance relative to the problem of
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obtaining proper placement of the inboard end. As pointed out in
reference 1 and as substantiated by figure 9, movement of the outboard

end of the extension inboard from the basic wing tip results in some
reduction in the effectiveness of the extension. Unpublished data, how-
ever, indicate that this loss in effectiveness can be counteracted by
fairing the outboard end of the chord-extension into the wing leading
edge. (In the specific case cited, full effectiveness was retalnedEtor

a 0.05b/2 span chord-extension through the use of an outboard end fairing.)

With a single exception, the larger the projection of the leading-
edge chord-extension, the more effective was the device. The single
exception was the 13-percent chord-extension with 0.00445c leading-edge
radius, on the wing with 0.0089¢ leading-edge radius (see table III),
which appeared to be inferior to the 6.4-percent extension as well as
the 19.8-percent extension of the same leading-edge radius. No explana-
tion is offered for this apparent contradiction to the general trend.

Section effects.- In general, it is seen (tables I, II and 3213
that (independent of the basic wing to which it is attached) the chord-
extensions with the larger leading-edge radii produce the most nearly
linear pitching-moment characteristics. In this respect it was found
that the extensions-with zero leading-edge radii produced almost no

beneficial effects while those with the largest leading-edge radii pro-
duced pitching-moment characteristics that approached linearity. Similar
improvements in the effectiveness of chord-extensions through the use of
extensions with increased leading-edge radii were noted in the earlier
work of reference 1.

As has been shown in this and the preceding section, the effective-
ness of the leading-edge chord-extension is increased by an increase in
the leading-edge radius and/or the projection of the extension. Thus,
it can be seen that for a wing exhibiting only a moderate instability,
the same linearization can probably be obtained through either the use
of a large leading-edge radius chord-extension of small projection or a
small leading-edge radius extension of large projection. Final selection
for application to wings of this type will be dependent upon high speed,
structure, or other considerations.

Although significant reductions in the nonlinearity of the basic
wing pitching-moment characteristics were obtained, none of the undrooped
extensions were able to prevent a rather marked forward aerodynamic-center
shift at approximately the same angle of attack at which the basic wing
instability occurred (see tables I, II, and III). Furthermore, addition
of the undrooped extensions did not noticeably improve the flow at the
wing tips.

From the results of the present tests it appears that although the
undrooped extensions have succeeded in checking the boundary-layer outflow
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(their design purpose), due to the high concentration of loading at the
tip on the basic plan form the 1lift producing capacity of the tip sec- 3
tions (independent of boundary-layer outflow) have been surpassed and
stalled flow still exists. For further improvements in the flow at the

tip (and hence the stability characteristics), the stalling character-

igstics of the tip sections must be altered. The results of the addition \
of forward camber in the form of a 12 drooped extension (see table III

and fig. 5(c)) seem to confirm the foregoing and indicate droop is an

important variable in the design of chord-extensions for use on the

present wings. ‘

Buffeting.- What appeared to be rather severe buffeting was encoun- ‘
tered during the present chord-extension investigation. Although no ‘
measurements of the intensity were made, audiovisual observation of the
model during the tests indicated that buffeting was most severe when the
reduction in the destabilizing pitching moment was the greatest.

\

Inasmuch as poor buffeting characteristics could possibly severely
limit or prohibit the use of leading-edge chord-extensions as a longi-
tudinal stability "fix" it appears that further investigation of the
buffeting characteristics of wings equipped with chord-extensions would
be desirable.

The following conclusions are based on the results of tests of
various leading-edge chord-extensions on three 450 sweptback, aspect- "
ratio 5 wings incorporating different airfoil sections:

|
|
|
|
CONCLUSIONS |
|
|

|
1. Although complete linearity of the pitching-moment curve was

not achieved, large reductions in the longitudinal instability of the \

basic wings were obtained through the use of leading-edge chord-extensions.

For a given chord-extension the reduction was the largest on the wing

with smallest leading-edge radius.

2. For the wings with smaller leading-edge radii the most nearly
linear pitching-moment characteristics were obtained with the inboard
end of the extensions located near the 55-percent wing semispan station.
On the wing with the largest leading-edge radius the optimum position
varied from 57.5 to 70 percent of the wing semispan depending upon the
extension geometry. ‘

3, The greatest improvements in the longitudinal stability obtained ’
through the use of undrooped extensions were produced by the largest
leading-edge radius, largest projection chord-extension.
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4, Additional improvements in the longitudinal stability charac-
teristics of the wing with the largest leading-edge radius were obtained
through the use of drooped chord-extensions.

Langley Aeronautical Laboratory,
National Advisory Committee for Aercnautics,
Langley Field, Va., August 1, 1955.
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TABLE IT.- CHARACTERISTIC OF THE 00050c LEADING-EDGE RADIUS WING WITH CHORD EXTENSIONS
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0+25 chord line

Mean aerodynamic chord
33447
\ L

13.49
E A
| 75489
4£ff’——_-j7 47_ a B —
NACA 0009~-(3.18)3 airfoll
<f:’-’~_——: ! = = - \
\\ \

NACA 0009-(L4.53%)3 airfoil

NACA 0009-63 airfoil

Section A-A (enlarged)

Figure 1.- Geometric characteristics of the basic wings. (Dimensions in
inches except as noted.) -
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Molded fiber glass
reinforced plastic

«10c =

Zj-— Balsa fairing

Undrooped
(L.E. Rad. = 0, Ext. = 0.13¢c)

Balsa fairing

R ST
e/ i

(L.E. Rad. = 0.00445¢c, Ext. = 0.13c)

.
Drooped

(L.E. Rad. = 0,00890c, Ext. = 0.18¢c)

Typical Streamwise sections

L.E. Rad.
(fraction c)

Airfoil
(streamwise)

Extension
(fraction c)

0 NACA 0009-03 0.06L4, 0.130, 0.198
0.00125 NACA 0009-(2.25)3 | 0.06k4, 0.130, 0.198
.00250 NACA 0009-(3.18)3 | 0.06L, 0.130, 0.198
.00450 NACA 0009-(L.24)3 | 0.06L, 0.130, 0.198
.00890 NACA 0009-63 0.06l4, 0.130, 0.198,

0.180 (drooped)

Figure 2.- Details of the leading-edge chord-extensions.
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L-87178
Figure 3.- A 459 sweptback, aspect ratio 5 wing equipped with leading-
edge chord-extensions mounted in the Langley 19-foot pressure tunnel.
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Figure 4.- Lift and pitching-moment characteristics of the basic wing.
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0L
Extension
(fraction c)
- N L O 0.08l,
<t Acmm <D> igg
_‘_ .
AC
‘Flagged symbol
Extension radius = 0 Extension radius = 0.00125¢
.20 =
16
12 Sh c\\
ACm ; [k o
0 ;r
; = _,L//i
04
o
20 Extension radius = 0.00250c Extension radius = 0.00445¢
16
A2
ACm

08 s

L
04 \ . e =
g EJ\ ﬁ;/
()

. 60 65 0 75 S50 55 60 65 70 75
Inboard end position, fractionb/2 Inboard end position,fraction b/2

(a) 0.0025c-leading-edge-radius wing.
Figure 5.- Maximum pitching-moment deviations ACy for various chord-

extension configurations. Flagged symbols denote large stabilizing
deviations prior to maximum lift.
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Extension radius = 0
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(b) 0.0050c-leading-edge-radius wing.

Figure 5.- Continued.
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56} _L
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SH= ik
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—/\- 180 drooped
.04
o
/6 Extension radius = 0.00445¢ Extension radius = 0.00890c
e
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N
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i i g ,
0 «l/l/
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Inboard end position, fractionb/2 Inboard end position, fraction b/2

(¢) 0.0089c-leading-edge-radius wing.

Figure 5.- Concluded.
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Figure 7.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0025c;. chord-extension,
13.0 percent; chord-extension leading-edge radius, Oc.
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Figure 8.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0025c; chord-extension,
19.8 percent; chord-extension leading-edge radius, Oc.
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Figure 9.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0025c; chord-extension,
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Figure 10.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0025c; chord-extension,
13.0 percent; chord-extension leading-edge radius, 0.00125c.
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Figure 11.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0025c; chord-extension,
19.8 percent; chord-extension leading-edge radius, 0.00125c.
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Figure 12.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0025c; chord-extension,
13.0 percent; chord-extension leading-edge radius, 0.00250c.
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Figure 13%.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0025c; chord extension,
19.8 percent; chord-extension leading-edge radius, 0.00250c.
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Figure 14.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0025c; chord-extension,
6.4 percent; chord-extension leading-edge radius, 0.00445¢.
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Figure 15.- Lift ana pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0025c; chord-extension,
13 percent; chord-extension leading-edge radius, 0.00445c.
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extensions. Wing leading~edge radius, 0.0025c; chord-extension,
19.8 percent; chord-extension leading-edge radius, 0.00445c.
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Figure 17.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0050c; chord-extension,
6.4 percent; chord-extension leading-edge radius, Oc.
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extensions. Wing leading-edge radius, 0.0050c; chord-extension,
15.0 percent; chord-extension leading-edge radius, Oc.
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Figure 19.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0050c; chord-extension,
19.8 percent; chord-extension leading-edge radius, Oc.
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Figure 22.- Lift and pitching-moment characteristics of wing with chord-

extensions.

Wing leading-edge radius, 0.0050c;

chord-extension,

19.8 percent; chord-extension leading-edge radius, 0.00250c.
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Figure 24.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0050c; chord-extension,
13 percent; chord-extension leading-edge radius, 0.00445c.
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Figure 25.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0050c; chord-extension,
19.8 percent; chord-extension leading-edge radius, 0.00445¢.
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Figure 26.- Lift and pitching-moment characteristics of wing with chord-

extensions.

6.4 percent; chord-extension leading-edge radius, Oc.
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extensions. Wing leading-edge radius, 0.0089c; chord-extension, ‘
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Figure 29.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0089c; chord-extension,
6.4 percent; chord-extension leading-edge radius, 0.00445c.
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F Figure 30.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0089c¢; chord-extension,
13.0 percent; chord-extension,leading-edge radius, 0.00445¢,
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Figure 30.- Continued.
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Figure 31.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0089c; chord-extension,
19.8 percent; chord-extension leading-edge radius, 0.00445c.
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Figure 32.- ILift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0089c; chord-extension,
6.4 percent; chord-extension leading-edge radius, 0.00890c.
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Figure 32.- Continued.
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Figure 33.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0089c; chord-extension,
135.0 percent; chord-extension leading-edge radius, 0.00890c.
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Figure 33.- Continued.
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Figure 34.- Lift and pitching-moment characteristics of wing with chord-

extensions. Wing leading-edge radius, 0.0089c; chord-extension,
19.8 percent; chord-extension leading-edge radius, 0.00890c.
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Figure 34.- Continued.
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Figure 35.- Lift and pitching-moment characteristics of wing with chord-
extensions. Wing leading-edge radius, 0.0089c; chord-extension,
18.0 percent; drooped chord-extension leading-edge radius, 0.00890c.
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Figure 36.- Lift and pitching-moment characteristics of wing with chord-
Wing leading-edge radius, 0.0089c; chord-extension,
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