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This paper reports on an experimental determination of a leading-edge flap schedule used to maintain
attached flow during arbitrary dynamic pitch motions of a NACA 0009 airfoil. The airfoil could be made
to dynamically pitch about its midchord, and was equipped with a 20% leading-edge flap and 27%
trailing-edge flap, both of which could be independently and dynamically deflected. Airfoil normal force
histories were measured during dynamic pitch and/or flap motions (either or both flaps) by integrating
the time histories of pressure measurements taken at 28 locations enveloping the airfoil. A static leading-
edge flap schedule was determined using both flow visualization and surface pressure surveys; it was
found that attached flow could be maintained by keeping the leading-edge flap aligned with the oncoming
flow. Application of the statically determined leading-edge flap schedule during dynamic airfoil or com-
bined airfoil and trailing-edge flap motions showed that this simple leading-edge flap schedule worked
even more robustly during dynamic experiments. Finally, the leading-edge flap schedule was applied to
an unsteady lift-control experiment, in which trailing-edge flap motions computed using a control algo-
rithm were used to control the unsteady lift on the airfoil during large dynamic pitch motions. These
experiments showed that satisfactory lift control was possible when the leading-edge flap schedule was
implemented, and that no modification to the lift-control algorithm was necessary to account for the

leading-edge flap motions.
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I. Introduction

TEADY mission adaptive wing configurations have and

continue to be investigated in an attempt to optimize wing
loading, drag, and separation characteristics for sustained flight
conditions.' ™ Significant drag reductions at relatively high C,
values have been demonstrated by Ferris,' for example, for
low-thickness-ratio wings by adjusting twist and camber via a
relatively complex leading- and trailing-edge segmented flap
system. In essence, these camber-adjusting techniques effect a
redistribution of the steady pressure distribution over the suc-
tion surface of the airfoil to favor attached flow at angles of
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attack that would normally lead to regions of separation and/
or stall. In general, the most readily adaptable wing geometries
are simple hinged leading- and trailing-edge flaps. The use of
adjusted leading/trailing-edge flap positions, camber-schedul-
ing, during specific sustained flight regimes is, in fact, com-
monly used in some high-performance aircraft to extend range.
It is well known that static deflection of a leading-edge flap
can be used to delay boundary-layer separation from the suc-
tion side of an airfoil to higher angles of attack by decreasing
the severity of the adverse pressure gradient.’

In the case of dynamic flight maneuvers, leading-edge flaps
offer the same boundary-layer-control potential for suppressing
suction-surface separation and stall. There are two classes of
issues involved in attempting to determine a separation-control
leading-edge flap schedule for dynamic maneuvers: the first is
that it has now been established that even at relatively low
reduced rates, the unsteady flow affects the development of the
boundary layer and subsequent separation of the flow.®™® Sec-
ondly, at higher reduced rates, the aerodynamic response of
the airfoil is dependent not only on «, and/or &;x and &+, but
also on the first and second derivatives of «, 8,5 01 Thus,
determining and implementing such a dynamic-flap schedule
could be complicated. Once determined, however, a dynamic
leading-edge flap schedule could allow high-performance air-
craft to achieve rapid and sustained high C,, above that achiev-
able for nonflapped airfoils. Such higher C, could be used to
enhance maneuverability in a more predictable and sustainable
manner than schemes that had been proposed by possible ex-
ploitation of dynamic stall’; research indicates that dynamic-
stall exploitation provides only transient enhancement, and that
sustained, time-averaged C, enhancement is achievable only
through suppression of dynamic separation.’

Dynamic leading-edge flap scheduling could also lead to
enhanced aircraft agility'® through dynamic lift-control and
lift-suppression schemes that depend on dynamic trailing-edge-
flap motions.”*'" Dynamic trailing-edge-flap lift control has
been shown to be reasonably successful”®; however, robust
control depends on the flow over the suction side of the air-
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foil/flap remaining attached. Without employing some kind of
boundary-layer control, the ability to control lift during rapid
pitch up/down maneuvers has been limited to maximum angles
of attack of less than approximately 8 deg for the relatively
thin airfoils associated with high-performance aircraft.

This paper reports on research directed toward determining
a robust, dynamic leading-edge flap schedule for suppressing
suction-surface separation during rapid, arbitrary airfoil pitch-
ing maneuvers for the purpose of either enhancing C; or
controlling/suppressing C, via dynamic trailing-edge flap de-
flections.

A. Unsteady Boundary-Layer Separation Issues

Previous studies have demonstrated that unsteady angle-of-
attack motions®'> and unsteady flap motions”® tend to suppress
separation on the suction surface of the airfoil and/or flap to
higher angles of attack and flap deflections than possible in
steady flow. Thus, it might reasonably be expected that any
leading-edge flap schedule that delays separation in steady
flow should not only work under dynamic conditions, but also
function more robustly. In this sense, then, the work reported
here began with the supposition that a reasonable starting point
for dynamic leading-edge flap scheduling should begin by de-
termining the steady flap schedule that suppresses separation
to the highest possible angle of attack, over the widest range
of trailing-edge flap deflections. Extension of the static lead-
ing-edge flap schedule to the dynamic case would then give a
dynamic leading-edge flap schedule that depended on both the
instantaneous a and the instantaneous &g As mentioned ear-
lier, the dynamic leading-edge flap schedule might also depend
on the first and second derivatives of o and &g, as well as the
previous motion history of these quantities. The derivatives
and motion history questions are related to the unsteady aero-
dynamic-response issues, to be discussed next; however, based
on the discussion in this section, the starting supposition is that
the unsteady effects (derivatives and motion history) will tend
to make a schedule based on instantaneous o and &g more
robust.

B. Unsteady Aerodynamic Response Issues

The two issues associated with unsteady aerodynamic re-
sponse are 1) whether rapid leading-edge flap deflections will
elicit concomitant unsteady lift and moment responses, in and
of themselves, and 2) whether rapid leading-edge flap deflec-
tions will affect already established, unsteady, lift-control al-
gorithms based on dynamic trailing-edge flap motions. It has
been shown that the unsteady lift response for arbitrary pitch
and flap motions is well characterized by the unsteady, invis-
cid, planar—-wing approximation.”*">~"> The response depends
on circulatory and noncirculatory components. Although the
noncirculatory components can be important at high nondi-
mensional rates, at the rates considered in the present study,
the circulatory components form the major contributors to the
unsteady aerodynamic response. It is possible to assess the
importance that the unsteady motion of the 20% leading-edge
flap used in this study could be expected to have on the overall
airfoil’s unsteady response by examining the flap’s influence
on steady lift. As shown in the Appendix, the lift-curve slope
for leading-edge flap deflections (dC,/dd,x) is only (negative)
4% of the lift-curve slope based on angle of attack (dC,/dw),
and (negative) 6% of the lift-curve slope based on trailing-
edge flap deflections (dC,/ddx). In steady flow, the circulation
can be related directly to the lift through the Kutta—Joukowski
theorem; since the unsteady lift history can be built up as a
series of indicial, Wagner-function-type impulses, this scaling
of the asymptotic circulation ratios should also hold for the
unsteady aerodynamic response. Thus, it would seem that the
circulatory unsteady lift response caused by rapid leading-edge
flap deflections might reasonably be neglected in terms of pre-
dicting the unsteady response of the airfoil to rapid angle-of-
attack and/or rapid trailing-edge flap motions, whether or not

the leading-edge flap is also in motion. As will be addressed
in the paper, this expectation was experimentally validated.

C. Approach

With the previous discussion in mind, our approach was to
experimentally determine the optimal form of the steady lead-
ing-edge flap schedule, as a function of o and &+, to assure
attached flow over the suction surface of the (20% leading-
edge-flapped and 27% trailing-edge-flapped) airfoil to the
highest possible angle of attack. This was done in two ways:
1) using smoke flow visualization'® and 2) surface pressure
distributions. The resulting steady leading-edge flap schedule
was then tested under dynamic pitch motions and dynamic lift-
control studies where the trailing-edge flap was used to control
the lift.

II. Experimental Approach

The present study was part of an experimental investigation
into unsteady lift control using dynamic trailing-edge flap mo-
tions.”®"" For the investigation, a test rig and motion control
system were constructed to enable simultaneous and controlled
angle of attack and/or flap motions of an 8-in. chord, NACA
0009 airfoil with a 20% leading-edge flap and a 27% trailing-
edge flap. The flaps were plain type, with sealed gaps (Fig. 1).
The chord Reynolds number for the experiments, based on the
tunnel wind speed of 45 ft/s, was 2 X 10°. For dynamic ex-
periments, airfoil angle-of-attack ramp and oscillatory motions
were investigated. Angle-of-attack ramp motions were in the
25-300 deg/s range, while oscillations were performed at
0.5-3 Hz. This motion range corresponded to nondimensional
rates @ of 0.003-0.039, and reduced frequencies k of 0.02—
0.14, which are comparable to the kinds of nondimensional
motion rates investigated in other studies of dynamic ma-
neuvers.'’ "

Motion-induced, unsteady lift histories were acquired by in-
tegrating unsteady pressures measured at 28 locations on the
airfoil surface. The airfoil tap locations are included in Fig. 1.
The surface-pressure taps were separated from the pressure
transducers by approximately 30 in. of 0.05-in. i.d. plastic
pressure tubing. The dynamic response of the pressure tubing
was measured in an independent test, which showed that the
effect of the tubing was to impose a constant time lag on all
dynamic pressure signals; for dynamic experiments, this time
lag was removed from all measured pressure histories. The
corrected pressure histories were then integrated to generate
airfoil C, histories, which were ensembled averaged over 10
runs; an error bar that denotes the 95% precision interval of
the C, data is included with the C, curves presented. For fur-
ther details regarding the experimental apparatus and tech-
nique, the reader is referred to Refs. 7 and 8.

III. Results

A. Determination of Static Leading-Edge Flap Schedule

The first task was to determine a leading-edge flap schedule
that would prevent boundary-layer separation on the airfoil in
steady flow. This static leading-edge flap schedule was ob-
tained from both flow visualization data and static surface
pressure measurements. Flow visualization data were gathered
for trailing-edge flap deflections between =20 deg and angles
of attack in the range *=15 deg. For each angle of attack and
trailing-edge flap setting, the leading-edge flap was rotated un-
til the smoke showed no apparent separated regions on the

36 ~— Taps 19- 36 19

Fig.1 Diagram of airfoil showing pressure tap locations. Circled
taps were excluded from dynamic experiments.
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airfoil surface. The range of leading-edge flap deflections over
which the flow was attached was recorded in a test log.

The airfoil surface pressure distribution was measured for
trailing-edge flap deflections between =15 deg and airfoil an-
gles of attack between *15 deg. Each pressure distribution
was then evaluated for either attached or separated flow be-
havior. An example of a pressure distribution that was consid-
ered attached is shown in Fig. 2. In this case, a region of flow
separation exists (separation bubble) just aft of the sharp edge
of the leading-edge flap hinge when the flap is deflected; how-
ever, this region was small and, in fact, had not been noticed
in the flow-visualization studies. The flow reattaches aft of the
region (Fig. 2) from the continued pressure recovery to the
trailing edge. The flow over the airfoil at this angle of attack
and flap setting was thus considered to be attached. An ex-
ample of a separated pressure distribution is shown in Fig. 3,
which was taken at the same angle of attack as the data of Fig.
2, but without the leading-edge flap deflected. In this case the
top surface of the airfoil shows a flat pressure distribution char-
acteristic of separation and stall.

The range of leading-edge flap deflections for which the
flow was observed to be attached from flow visualization ex-
periments is plotted in Fig. 4 (dotted line). The trailing-edge
flap for the results shown in Fig. 4 was fixed at 0 deg. The
results of the surface pressure measurements are included in
Fig. 4, where circles represent surface pressure distributions
that were judged to be attached, and crosses represent surface
pressure distributions that showed boundary-layer separation.
Figure 4 shows relatively good agreement between the results
of the surface pressure measurements and the flow visualiza-
tion experiments.

For this study, the leading-edge flap schedules were chosen
so as to maintain attached flow over the airfoil throughout the
largest possible range of a and & excursions. The leading-
edge flap schedule for each trailing-edge flap deflection was
determined by performing a linear regression on the mean
leading-edge flap angles required for attached flow at each
angle of attack. To determine the leading-edge flap schedule
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Fig. 2 Example of attached-flow pressure distribution (e = 10
deg, 81 = 0 deg, 5,5 = 10 deg).
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Fig. 3 Example of separated-flow pressure distribution (e = 10
deg, 81z = 0 deg, 5,5 = 0 deg).
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Fig. 4 Leading-edge flap schedule for 8 = 0 deg.

as a function of both angle of attack and trailing-edge flap
deflection, the use of a complicated database formulation was
initially considered; however, after examining several leading-
edge flap schedules at different trailing-edge flap deflections,
it was noticed that the slopes of the fits were all similar, but
that the regression constant was a function of trailing-edge flap
deflection. As a consequence, the leading-edge flap schedule
for any angle of attack and trailing-edge flap deflection was
produced by performing a linear regression on the constants
at each trailing-edge flap deflection. The equation for the lead-
ing-edge flap schedule turned out to be a simple linear alge-
braic form given by

O1e = 0.9981a + 0.19485 % (1)

where « in Eq. (1) represents the angle of attack of the main
airfoil section. The linear form of the leading-edge flap sched-
ule in Eq. (1) agrees with the findings of other investigators;
in Ref. 3 an attempt to determine a static leading-edge flap
schedule optimized to minimize drag also produced a linear
leading-edge flap schedule.

Equation (1) shows that the leading-edge flap deflection re-
quired for attached flow depends more strongly on the airfoil
angle of attack than on the trailing-edge flap deflection. This
result is not unexpected since the size of the airfoil suction
peak and, hence, the severity of the adverse pressure gradient
on the airfoil, is affected more by the airfoil angle of attack
than by trailing-edge flap deflections. Because of this strong
dependence of the leading-edge flap schedule on the airfoil
angle of attack, the following simplified leading-edge flap
schedule was proposed:

dir=a 2)

This simplification of the leading-edge flap schedule was jus-
tified for two reasons. First, the leading-edge flap schedule of
Eq. (2) is extremely easy to implement, since it requires only
that the leading-edge flap be aligned with the direction of the
freestream at all angles of attack. For our apparatus, the lead-
ing-edge flap could be so aligned by mechanically clamping
the flap, thus removing the need for leading-edge-flap motion
control. It was therefore felt that the simplicity of Eq. (2) out-
weighed any loss of leading-edge flap performance caused by
elimination of the trailing-edge flap dependence. Second, for
the airfoil used in our study, it was found that the effectiveness
of the trailing-edge flap rapidly decreased at large deflections,
such that the C, vs & curve became nonlinear for flap de-
flections greater than =10 deg. For this reason, trailing-edge
flap deflections were limited to a maximum of around 20 deg.
Elimination of the trailing-edge flap dependence from Eq. (1)
therefore results in a maximum leading-edge-flap angle error
of approximately 4 deg, which was felt to be an acceptable
error given the width of the attached flow envelope as shown,
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for example, in Fig. 4. The leading-edge flap schedule, Eq. (2),
is included in Fig. 4 (solid line).

B. Static C,, vs a Lift Curves

Static C,, vs a curves are shown in Fig. 5 for trailing-edge
flap deflections of 0 deg and =10 deg, with and without the
leading-edge flap following the schedule given in Eq. (2). For
the curves shown in Fig. 5, the angle of attack given is that
of the main airfoil section, rather than the mean camber line.
Although, as discussed earlier, thin-airfoil theory predicts a 4%
reduction in lift-curve slope (c.f. previous discussion and the
Appendix), Fig. 5 shows that the only effect of the leading-
edge flap is to delay the angle of attack at which the airfoil
stalls.

C. Extension of Static Leading-Edge Flap Schedule to Dynamic
Pitch Motions

The next step in our investigation was to determine if the
leading-edge flap schedule, derived under static conditions,
would work during dynamic pitch motions. This was investi-
gated using a combination of flow visualization tests and un-
steady C, measurements.

Visualization of the flow around the airfoil was performed
using kerosene smoke during sinusoidal pitch motions of the
airfoil about its midchord. These tests showed that the leading-
edge flap schedule kept the flow attached dynamically at an-
gles of attack that were separated during static tests. For ex-
ample, Figs. 6a and 6b show flow visualization on the airfoil
at the same angle of attack during static and dynamic deflec-
tion, respectively, where the dynamic picture was taken during
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Fig. 5 Static lift curves, with and without leading-edge flap
schedule.

Fig. 6 a) Visualization of flow over airfoil during static deflection
and b) during sinusoidal oscillation at reduced frequency k of 0.14
(o = 15 deg in both photographs).

a pitch oscillation of the airfoil at a reduced frequency k of
0.14. In both cases the leading-edge flap is deflected according
to the schedule of Eq. (2). Figures 6a and 6b show that the
flow separates from the leading-edge flap hinge during static
deflection, but remains attached during dynamic oscillation
through the same angle of attack. As discussed earlier, this
more robust performance of the leading-edge flap schedule un-
der dynamic conditions had been anticipated based on previous
work.® %"

Airfoil normal force C, histories were acquired for ramp and
sawtooth motions of the airfoil. The C,, histories measured dur-
ing a ramped pitch motion of the airfoil, with the leading-edge
flap fixed at 0-deg deflection, and with the leading-edge flap
moving according to Eq. (2), are compared in Fig. 7. The
figure shows that the two C, histories are essentially identical,
following the same lift-curve slope, up until a time of approx-
imately 0.3 s, at which point a dynamic stall event™" is ob-
served in the history for which the leading-edge flap was un-
deflected. On the other hand, the C, history for the case in
which the leading-edge flap schedule was implemented shows
no evidence of dynamic flow separation. A similar comparison
of C, histories, with and without the leading-edge flap moving
according to the schedule, is given for a sawtooth motion in
Fig. 8, which also shows that attached flow is maintained using
the leading-edge flap. The near-identical behavior of the un-
steady aerodynamic responses of the flap-fixed and the flap-
scheduled cases while the flow is attached (Figs. 7 and 8),
confirms the supposition, discussed earlier, that the unsteady
response should be little affected by leading-edge flap motion.

The dynamic flow visualization and unsteady normal-force
measurements, therefore, showed that the leading-edge flap
schedule developed from static tests was at least as effective,
if not more so, at maintaining attached flow during dynamic
tests. Further, the unsteady normal force histories show that
use of the leading-edge flap avoids catastrophic separation
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Fig. 7 C,, histories for angle-of-attack ramp, with and without
leading-edge flap schedule employed.
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Fig. 8 C, histories for angle-of-attack sawtooth motion, with and
without leading-edge flap schedule employed.
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events such as dynamic stall, and results in unsteady lift his-
tories that are robustly repeatable and well behaved.

D. Lift Control of Large-Amplitude Pitch Motions

Unsteady lift-control experiments were performed in an at-
tempt to negate (i.e., control to zero lift) the unsteady lift
caused by ramped pitch motions to 15-deg angle of attack, and
to negate the unsteady lift during sawtooth pitch motions to a
maximum angle of attack of 15 deg. The primary objective of
the lift-control experiments was to investigate the effect of
leading-edge flap motions on the ability to control the unsteady
lift; however, by controlling to zero lift, the motions might be
considered representative of point and shoot maneuvers, in
which the aircraft fuselage is rotated to aim weapons, and un-
steady lift control is employed in an attempt to maintain the
aircraft’s original trajectory.

The results for a lift-control experiment of a ramped pitch
motion to 15-deg angle of attack at a nondimensional rate e
of 0.006 are shown in Fig. 9 (employing the leading-edge flap
schedule) and in Fig. 10 (leading-edge flap fixed at 0-deg de-
flection). The first (upper) curve in Fig. 9 shows the unsteady
C,, history of the airfoil with the leading-edge flap moved ac-
cording to the schedule [Eq.(2)], but with the trailing-edge flap
fixed at 0-deg deflection. The second (lower) curve shows the
C,, history caused by the same airfoil motion and leading-edge
flap schedule, but now with the trailing-edge flap deflected
according to the algorithm-determined motion required to ne-
gate the unsteady lift of the airfoil. Figure 9 shows that the
unsteady C, of the airfoil is successfully negated for the initial
part of the experiment, but that the unsteady C, increases start-
ing at a time of approximately 0.3 s, asymptoting to a final
value of 0.5. This departure from zero-lift control is because
the trailing-edge flap deflection required to negate the airfoil
lift is so large that the effectiveness of the flap [i.e., (dC,/dd )]
is reduced by the thickening or separation of the boundary
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Fig. 9 C,, histories for lift-control of angle-of-attack ramp, with
leading-edge flap schedule employed.
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Fig. 10 C,, histories for lift-control of angle-of-attack ramp, with
leading-edge flap fixed at 0 deg.

layer on the trailing-edge flap.”® The departure from zero-lift
control, however, occurs in a controlled fashion. The results
for the same lift control experiment performed with the lead-
ing-edge flap fixed at 0-deg deflection are shown in Fig. 10,
where, as before, the upper and lower curves show, respec-
tively, the C, history with and without the trailing-edge flap
deflecting to negate the lift on the airfoil. The lower curve in
Fig. 10 shows that the unsteady lift on the airfoil is negated
successfully until a time of approximately 0.30 s, at which
point a large spike in the lift history occurs, and the lift is no
longer controlled. As in the uncontrolled case, this lift spike
represents a dynamic stall event. Note that comparison of the
no-control C, history to the controlled history shows that the
motion of the trailing-edge flap appears to delay the occurrence
of dynamic stall on the airfoil.

A similar comparison of controlled and uncontrolled C, his-
tories for a sawtooth pitch motion is given in Figs. 11 and 12.
Figure 11 shows that the lift of the sawtooth motion is suc-
cessfully negated when the leading-edge flap schedule is em-
ployed, except for the time when the effectiveness of the trail-
ing-edge flap is reduced because of the thickening/separation
of the boundary layer over the lower surface of the trailing-
edge flap. On the other hand, Fig. 12 shows that an attempt to
negate the lift during the sawtooth motion without using the
leading-edge flap results in a catastrophic dynamic stall event
and subsequent loss of control.

The results of this section show that implementation of the
dynamic leading-edge flap schedule permits successful control
of the unsteady lift on an airfoil undergoing large-amplitude
pitch motions. The failure to completely negate the unsteady
lift during the airfoil angle-of-attack ramp and sawtooth mo-
tions shown in Figs. 9 and 11 was caused by a loss of effec-
tiveness of the trailing-edge flap at large deflection angles;
however, the departure from negated lift control in these in-
stances occurred in a controlled manner, in the sense that the
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Fig. 11 C,, histories for lift-control of angle-of-attack sawtooth
motion, with leading-edge flap schedule employed.
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Fig. 12 C,, histories for lift-control of angle-of-attack sawtooth
motion, with leading-edge flap fixed at 0 deg.
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airfoil boundary layer remained attached throughout the ma-
neuver. As such, it is likely that control over the entire motion
could have been accomplished using a more effective lift-con-
trol device, or by employing a separation-control technique,
such as blowing, over the lower surface of the trailing-edge
flap. The experiments for which the leading-edge flap was not
employed consistently showed a dynamic-stall event that rep-
resented a large C, excursion from the controlled state, fol-
lowed by a complete loss of lift control.

IV. Conclusions

The experimental data presented in this paper show that a
simple leading-edge flap schedule, in which the leading-edge
flap is kept aligned with the direction of the oncoming flow, can
be successfully employed as a method of dynamic boundary-
layer control. As shown in the lift-control section, maintenance
of the attached flow state permitted the use of a previously
developed lift control algorithm to compute the required trailing-
edge flap motions to control the lift on the airfoil during large-
amplitude pitch motions. Finally, it should be noted that the
success of the lift-control algorithm, which was not adjusted to
account for possible modification of the noncirculatory or cir-
culatory lift of the trailing-edge flap that might be caused by
unsteady leading-edge flap motions, supports our supposition
that the leading-edge flap can be regarded purely as a boundary-
layer control device during dynamic motions, that is essentially
uncoupled from the unsteady lift produced by either angle-of-
attack or trailing-edge flap motions.

Appendix: Effect of Leading-Edge Flap Deflections
on Static Airfoil Lift

From thin-airfoil theory, it can be shown that the lift coef-
ficient of a cambered airfoil, including the effects of both angle
of attack o and camber [z(x/c)], is given by4

1 ("d
C =2m |:oc’ n —J = (cos B — 1)d6:| (A1)
m J, dx

The nondimensional chordwise coordinate x/c is related to the
variable 0 by the transformation

x/c = 5(1 — cos 0) (A2)

For deflections of a leading-edge flap and/or a trailing-edge
flap of lengths 20 and 27% of the airfoil chord, respectively,
the equation of the slope of the airfoil camber line is

088, + 0278, 0= f =02
dz X
S| —028, + 0270, 02===073 (A3)
dx c
—028, — 0738 073 === 10
C

where, in Eq. (A3), the small angle approximation has been
used. Substitution of Eq. (A3) into Eq. (A1), and using the
transformation of Eq. (A2), gives the following equation for
the airfoil C;:

C,=2m(a' + 0.15948, + 0.36048 %) (A4)
From geometrical considerations, it can be shown that the an-
gle of attack of the mean camber line o’ is related to the angle
of attack of the main airfoil section o by
o' =a — 0.28;5 + 0.278 % (A5)
Substitution of Eq. (A5) into Eq. (A4) gives

C,=2m(oe — 0.04058,5 + 0.63045 ) (A6)

Equation (A6) shows that for leading-edge flap deflections the
increase in lift because of camber almost cancels the decrease
in lift caused by the reduction in the angle of attack of the
mean camber line. As such, the lift-curve slope for leading-
edge flap deflections is only 4% of the lift-curve slope of the
airfoil, and it is 6.4% of that for the trailing-edge flap. Sub-
stitution of the leading-edge flap schedule [Eq.(2)], into Eq.
(A6) shows that the effect of the leading-edge flap schedule is
a reduction in the angle-of-attack lift-curve slope by 4%.
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