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Effect of Leading-Edge Curvature on Airfoil Separation Control

D. Greenblatt¤ and I. Wygnanski†

Tel Aviv University, 69978 Ramat Aviv, Israel

Separation control on NACA 0012 and NACA 0015 airfoils was compared under incompressible conditions,
using leading-edgeperiodic excitation, in order to assess the effect of leading-edgecurvature. Both lift and moment
coef� cients were considered to compare and analyse control effectiveness. In contrast to the relatively mild NACA
0015 trailing-edge stall, NACA 0012 stall was dominated by a leading-edge bubble-bursting mechanism that gave
rise to alternating intervals of partial attachment and separation, but with no regular frequency. Low-amplitude
excitation downstream of the bubble enhanced poststall lift and signi� cantly attenuated the associated unsteadi-
ness. In general, larger momentum coef� cients were required for NACA 0012 separation control due to the large
centrifugal acceleration of the � ow around the leading edge. Because of the different stalling characteristics, rela-
tively high- and low-excitation frequencies were effective for the NACA 0012 and NACA 0015 airfoils, respectively.
However, the combination of high-excitationamplitudes with relatively low frequencies was effective on the NACA
0012, and this was believed to be associated with the large harmonic content of the evolving perturbations.

Nomenclature
Cd = drag coef� cient, d=cq
Cl = lift coef� cient, l=cq
Cl;max = maximum lift coef� cient
Cm = quarter-chordpitching moment coef� cient, m=c2q
CP = pressure coef� cient, .p ¡ p1/=q
C¹ = steady momentum coef� cient, J=cq; oscillatory

momentum coef� cient, hJ i=cq
c = airfoil chord
FC = reduced excitation frequency, fe X te=U
f = frequency
fe = excitation frequency
f C = reduced frequency, f X te=U
h = slot width
J = steady jet momentum, ½U 2

J h
hJ i = oscillatory jet momentum, ½u2

J h
p = local pressure
q = freestream dynamic pressure, ½U 2=2
R = leading-edge radius of curvature
Re = chord Reynolds number, ½Uc=¹
T = dimensionless time, tU=c
t = time
U = freestream velocity
Ue = local freestream velocity
UJ = mean component of slot velocity
u J = oscillatory component of slot velocity
X te = distance from slot location to trailing edge
x=c = normalized chordwise distance
® = incidence angle
®s = static-stall angle
¹ = air dynamic viscosity
½ = air density
0 = rms quantity
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Introduction

D URING recent decades, separation control by hydrodynamic
excitation (periodic addition of momentum) has been shown

to be effective for improving airfoil performance as well as over-
all ef� ciency.1 Separation control by this method has been demon-
strated on a wide variety of airfoil types, but a disproportion-
ately large emphasis has been placed on NACA 0015 airfoil stud-
ies, involving leading-edgeand � ap-shoulderexcitation,2 effects of
sweep,3 Reynoldsnumber,4 Mach number,5 high-turbulencelevels,6

and dynamic pitching.7 Although the NACA 0015 (hereafter 0015)
is still used on a variety of aircraft, the NACA 0012 (hereafter
0012) enjoys far wider general application, particularly on rotor-
craft blades and for control surfaces. This is due to near-ideal be-
havior of the center of pressure with varying incidence below stall
(® < ®s ), together with an extensive database for a wide range of
conditions.8

Recently,poststallseparationcontrolon the 0012at low Reynolds
numberswas demonstratedby local surfacevibrationsnear the lead-
ing edge at FC ¼ 2 (Ref. 9). Control on a dynamicallypitching0012
has also been shown using discrete pulsed vortex-generator jets.10

However, no systematic separationcontrol study, employing of cal-
ibrated excitationfrequenciesand amplitudes,has been reported for
the 0012. Extrapolating separation control results from the 0015 is
unwise because the airfoils have inherently different stalling char-
acteristics,with so-called trailing-edgestall characterizingthe 0015
and leading-edge stall apparent on the 0012 (Ref. 11, 12). The dif-
ferent stalling characteristicsare manifested primarily as a result of
the difference in leading-edge radius, namely R=c D 1:58% (0012)
and 2.48% (0015).

This paper summarizes the data from an investigationof static in-
compressible separation control on the 0012 and compares them
with 0015 data (c.f., Ref. 13). Time-averaged as well as time-
dependent aspects of separation and its control were considered
for both airfoils (c.f., Ref. 14). The differences between 0012 and
0015 stall were initially assessed, and the impact of these differ-
ences on separation control was evaluated. Due consideration was
given to the determination of effective excitation frequencies, as
well as appropriate parameters for assessing control effectiveness.
Much of this paper was structured with a rotorcraft bias; thus, lift
enhancementand moment stall alleviationwere predominantlyused
as the leading indicators of airfoil performance. Although most
modern commercial and military � ight vehicles employ custom-
designed wing sections, the 0012 and 0015 represent two distinct
paradigms of stall and its control. Thus, data acquired on this basis
may be considered as an initial effort toward establishing design
rules for control applications based on geometric or aerodynamic
characteristics.
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Airfoils and Experimental Setup
The 0012 airfoil model was constructed from aluminum with an

8-in. chord and a 24-in. span (610£ 203 mm). It was equipped
with 50 surface pressure ports and a two-dimensional leading-edge
slot (Fig. 1a). The airfoil was supported internally by aluminum
ribbing that renderedan effectivelyhollow interior,which served as
a plenum chamber. The slot was located at 5% chord, orientated at
45 deg to the chord linewith a width h D 0:6 mm (Fig. 1a).When not
used for excitation, the slot was smoothly taped closed. (The airfoil
was further equipped with an additional leading-edge slot on the
lower surface, as well an aft slot at 73% chord,13 but these were not
employed in the present investigation.)Surface pressure data were
augmentedbyhot-wiremeasurementsin theuppersurfaceboundary
layer, and surface-mounted tufts were used for rudimentary � ow
visualization.

Figure 1b shows the leading-edge detail of the 0015, which has
been fully described previously.2 Note that the slot is located at the
leading edge (x=c D 0) and effectively forms a wall jet tangent to
the airfoil leading edge. This is slot introducesa small discontinuity
at the leading edge, h=R D 5.5% (slot width in Fig. 1b exaggerated
for clarity), whereas the 0012 slot does not. Roughness strips (grit
number 100), used to trip the boundary layer, were � xed to the
leading edges of both airfoils and extended to 4% chord on both top
and bottom surfaces.

The airfoils were mounted in the Meadow–Knapp low-speed,
closed-loop wind tunnel (see Ref. 2), and incidence angle vari-
ation was achieved using a modi� cation to the drive system de-
scribed by Piziali.15 Zero net mass-� ux excitation, via a particular
slot, was achieved by means of a rotating valve and a small cen-
trifugal blower connected to the airfoils’ plenum chamber. (See
Bachar16 for full details.) Both slots were calibrated across their
span and width by hot-wire anemometry. Dynamic surface pres-
sure measurements at all ports were made simultaneouslyusing the
PS4000 array of pressure transducers (AA Lab Systems, Ltd). Total
drag measurements were made using a rake of total head probes
at approximately four chord lengths downstream of the trailing
edges.

Speci� c excitationfrequencieswere selectedon the basis of their
ability to 1) generate a peak velocity on the order of the freestream
velocityand 2) attain a C¹ correspondingto the excitationfrequency
that was at least one order of magnitude larger than the higher har-
monics. The uncertainty associated with the slot calibration was

a) 0012

b) 0015

Fig. 1 Schematics of the 0012 and 0015 airfoils’ leading-edge detail;
0015 slot width exaggerated for clarity.

1C¹=C¹ · 20%.To maximize thereducedfrequencyandamplitude
ranges attainable by the excitation device,16 the majority of airfoil
testing was performed at, or above, Re D 2 £ 105, which is consid-
ered the minimum for meaningful aerodynamic data.17 Reynolds
number effects were checked, however, by conducting 0012 and
0015 experiments at Re D 4:8 £ 105 and 9 £ 105 respectively. Pre-
vious experience has shown that control authority is not degraded
at higher Reynolds numbers (Re > 106) providing that F C and C¹

are maintained.4;18 In addition, control effectiveness was found to
be virtually insensitive to the presence or absence of boundary-
layer tripping. The maximum uncertainty associated with prestall
aerodynamic coef� cients was 1Cl D §0:01, 1Cm D §0:002, and
1Cd D §0:001 respectively. Poststall uncertainty bounds are indi-
cated on the relevant � gures.

Static-Stall Comparison
Static baseline (no control) 0012 lift and drag data were com-

pared with those compiled by McCroskey8 as well as with the high
Reynolds number “standard roughness” data of Abbott and von
Doenhoff19 (not shown,seeRef. 13).Cl;max andCd0 were appropriate
to the Reynoldsnumber range tested presently (c.f., Ref. 8) and only
minor discrepancieswere observedbetween low and high Reynolds
number data (Re · 0:48 £ 106 used presently vs Re D 6 £ 106 in
Ref. 19). Furthermore, fully turbulent spectra in the upper surface
boundary layer, x=c D 30% and y=c D 0:5%, con� rmed the effec-
tiveness of the leading-edge roughness in tripping the � ow (see
Ref. 13).

a)

b)

Fig. 2 Stalling characteristics of a) the NACA 0012 airfoil and b) the
NACA 0015 airfoil.
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Fig. 3a Poststall upper-surface instantaneous pressure on the NACA
0012 airfoil ® = ®s + 1 deg, Re = 2:4 ££ 105 .

Fig. 3b Poststallup-surface instantaneouspressure onthe NACA 0015
airfoil ® = ®s + 2 deg, Re = 2:4 ££ 105 .

The essential difference between 0012 and 0015 static stall is
shown in Figs. 2a and 2b. With both airfoil boundary layers tripped
at the leading edge, the 0012 stalls sharply, ®s D 11 deg, whereas
the 0015 stalls gently, ®s D 12 deg. Notwithstandingfacility depen-
dencies, these stalling characteristicsare similar to those exhibited
at high Reynolds numbers (1.2 £ 106 · Re · 9 £ 106) for both the
0012 (Refs. 19 and 20) and the 0015 (Refs. 21 and 22), as well as at
low Reynolds numbers (2 £ 105 · Re · 4 £ 105/ (Refs. 9 and 23).
The effect of the 0015 slot discontinuity on stall was assessed by
acquiring data with the slot open and with the slot taped over in
a smooth manner, both with boundary-layer tripping at x=c D 10%
only. The gentle stalling characteristics,as exempli� ed by the post-
stall variation of Cl and Cm (Fig. 2b), are virtually independent of
the slot detail (as well as the trip location). This is probably be-
cause the slot is relatively small, h=R D 5:5%, and does not modify
the airfoil geometry suf� ciently to affect its stalling characteristics.
Note however, that the slot does affect transition and possibly even
the transition mechanism resulting in the small Cl;max differences
observed presently.Nevertheless, these data are consistent with the
observationthat,on thick airfoils, trailing-edgestalloccurs irrespec-
tive of the transitionmechanism.12 Finally, note that Cl;max increases
with tripping that is further aft, x=c D 10%, because this results in
a boundary layer that is less prone to separation.12

Additional differences in the nature of stall can be assessed by
considering airfoil upper surface pressures (Figs. 3a–3f). Poststall
instantaneouspressurecoef� cientsoverthe intervalT ´ tU=c D 120
are presented in Figs. 3a (0012) and 3b (0015). The � ow over the
0012at ® · ®s C 3± is characterizedby intervalsof partiallyattached
and fully separatedstates, for example, ®s C 1 deg shown in Fig. 3a.
The transition from one state to another is relatively rapid, T ¼ 10
and is comparable to time taken for separation from, or attachment
to, a de� ected � ap.1;14 Surface-mounted tufts across the airfoil span

c)

d)

Fig. 3c, d NACA 0012 upper-surface time-mean and instantaneous
pressure in the c) leading- and d) trailing-edge regions during unsteady
stall (c.f., Fig. 3a).

showed that both separation and attachment occurred in an essen-
tially two-dimensional manner. Intervals of partially attached � ow
are characterizedby a signi� cant low pressurenear the leadingedge,
CP ¼ ¡4, with an associatedpressure recovery to CP ¼ ¡0:15 near
the trailing edge, but these intervals are generally shorter than the
fully separatedintervals.Fourieranalysisof pressuresignals,aswell
as hot-wiremeasurementsabovetheairfoilsurface,indicatedno reg-
ular “shedding-type”phenomenon. This lack of regular periodicity
suggests that thephenomenonis somewhatdifferentto thatobserved
on certain low Reynolds number airfoils at the onset of stall.24;25

Figures 3c and 3d further illustrate respective upper surface
leading-edge, x=c < 0:05, and aft-region, x=c > 0:4, instantaneous
CP duringa typical dynamic separationat ® D ®s C1± during the in-
terval17:9 < T < 31:9 (c.f., Fig. 3a). The time-meanCP at incipient
stall, ® D ®s , is also plotted for comparativepurposes in Figs. 3c and
3d. At ® D ®s , the approximatelyconstantCP near the leading edge,
followed by a steep pressure recovery,26 indicates the existence of
a separation bubble extending up to x=c ¼ 0:03 (Fig. 3c). This is
consistent with both high and low Reynolds number observations
on the 0012 (Refs. 9 and 27). Examination of the trailing-edge re-
gion (Fig. 3d) shows that incipient separation is evident at ® D ®s ,
and surface-mounted tufts con� rmed these observations.Although
the 0012 is generally known as a leading-edge staller, separation is
observed to commence in the trailing-edgeregion under the present
conditions.
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e)

f )

Fig. 3e, f NACA 0015 upper surface time-mean pressures in the
e) leading- and f) trailing-edge regions (c.f., Fig. 3b).

At ® D ®s C 1 deg, the leading-edgebubble appears to “burst,” as
evident by the sharp pressure increase in the leading-edgeregion at
T D 24:9 (Fig. 3c). Farther aft on the airfoil, x=c > 0:5, at the same
instant, the pressuresare unaffected(Fig. 3d). With increasingtime,
the leading-edgepressuresincreaserapidly,and the separatedregion
is seen to progressfartherdownstream(Fig. 3d), reachingthe trailing
edge at T ¼ 28:4. The bubble-bursting mechanism is presumed to
be initiated by the high centrifugal acceleration of the � ow as it
negotiates the leading-edge radius.11 Indeed, inviscid calculations
(using a vortex panel method) show that the peak local acceleration
(U 2

e =R/ at ®s is twice as largeon the 0012as it is on the 0015. It is not
clear, however, what triggers the quasi-periodic partial attachment
and separation observed presently (Fig. 3a). Unlike the 0015, the
0012 leading-edge radius plays a crucial role in determining the
nature of stall. Thus, the introduction of a 0012 slot at x=c D 0,
similar to that of the 0015, would have altered its leading-edge
radius and possibly its stalling characteristics.

McCroskey et al.20 observed similar partial attachment and sep-
aration on a 0012 airfoil pitching in a quasi-steadymanner beyond
the static-stall angle at typical rotorcraft Reynolds numbers. (Com-
parison is not shown; see Ref. 13.) Furthermore,Currier and Fung27

analyzed their data and determined that bubble bursting was the
mechanism responsible for stall. They further ascertained that in
subcriticalcases the bubble-burstingmechanism is also responsible
for dynamic stall, that is, when the airfoil is dynamically pitched
beyond the static stall angle at rotorcraft reduced frequencies.Thus,
control of this phenomenon, discussed in the next section, can be
expected to have implications for the control of the dynamic stall
vortex within the context of rotorcraft and dynamic stall.

The highly unsteady stalling mechanism of the 0012 (Fig. 3a)
should be contrasted with that of the 0015 for ® ¸ ®s , for example,

® D ®s C 2 deg shown in Fig. 3b. Moreover, the 0015 stall mecha-
nism can be further assessed from the time-mean CP distributions
at representative incidence angles shown in Figs. 3e and 3f. The
transitionmechanism in the leading-edgeregion is not evident from
Fig. 3e, but trailing-edgeseparation is evident at ®s (Fig. 3f), much
like that associated with the 0012 at ®s (c.f., Fig. 3d). However, an
increase in the incidence angle results in the separated region pro-
gressing upstream to x=c ¼ 0:5 at ® D ®s C 2 deg (c.f., Fig. 3b), but
with no signi� cant increasein the leading-edgepressureat x=c < 0:1
(Fig. 3e). A further increase in incidence angle moves the separa-
tion point farther forward on the airfoil (Fig. 3f ), while the leading
pressures at x=c < 0:02 remain effectively unchanged. In contrast
to the dramatic 0012 bubble-bursting mechanism (Fig. 3a) turbu-
lent � uctuations over the separated region of the 0015 are the main
source of unsteadiness (Fig. 3b). The unsteady poststall lift and
moment loads associated with the 0015 are up to 10 times smaller
than those associated with the 0012. The impact of these different
stallingcharacteristicson separationcontrol is addressedin the next
section.

Discussion of Control Results
Performance Enhancement

Separation control may be sensitive to the initial � ow-state,28

that is, whether control is applied to the post- or prestall scenario,
and thus both were considered here. Post-stall control was applied
[0012 (®s C 2 deg), and 0015 (®s C 4 deg)] for the frequency range
0 · FC · 6 at C¹ D 0:2%andRe D 2 £ 105 ,whereboth lift enhance-
ment (Fig. 4a) and moment alleviation (Fig. 4b) were considered.

a)

b)

Fig. 4 Effect of reduced excitation frequency (F+ ) on poststall lift and
moment for the NACA 0012 and 0015 airfoils under identical excitation
conditions. Error bars represent maximum scatter; lines intended as a
visual aid.
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The 0015 produced maximum lift at 0:5 · FC · 1, consistent with
data taken previouslyover a smaller FC range,2 and this interval in-
creased slightly with higher excitation amplitudes (not shown, see
Ref. 14.) Contrary to the 0015, the 0012 exhibited no well-de� ned
optimum FC associated with lift enhancement; rather, the bene� ts
were similar over the range 1:5 < FC < 4. Despite this larger effec-
tive FC range, lift enhancementassociatedwith the 0015 was nearly
twice as much as that for the 0012. Data for both airfoils were found
to be sensitive to initial FC and C¹; thus the data presented here are
averages of all data taken, and the maximum variation observed is
indicated by the error bars.

In contrast to the 0012 1Cl data, Cm increases (approacheszero)
with increasing FC , and the most signi� cant improvements are for
FC > 2. Thus, at low-amplitude excitation, the higher frequencies
are most effective reestablishing� ow attachmenton the airfoil. The
reason for the apparent anomaly between 1Cl (Fig. 4a) and Cm

(Fig. 4b) data is elucidatedby consideringpressuredistributionsfor
relativelylow, F C D 0:51, andhigh, FC D 3:5, frequencies(Fig. 5a).
Here, thehigher frequencyis more effectivein restoringthe pressure
recovery, even though both frequencies generate similar 1Cl . For
the 0015, poststall baseline Cm is far less severe (data at FC D 0)
and thus excitationhas a much smaller overall effect.Note, however,
that the largest (closest to zero) moment coef� cients coincide with
the maximum 1Cl due to enhancedattachmentof the upper surface
� ow (Fig. 5b).

In the absence of curvature and transitional effects, with excita-
tion at the separation location (controlled separation over a � ap),28

high FC (short wave-length)perturbationsare ampli� ed close to the
excitation location, whereas low FC (long wave-length) perturba-
tions are ampli� ed farther downstream.Notwithstanding the effects
of curvature and transition, the data shown in Figs. 4 and 5 are con-
sistent with these observations, namely, that high F C excitation on
the 0012 is most effective due to perturbationampli� cation close to
the leading edge,whereas low FC excitation is most effectiveon the
0015 due to perturbationampli� cation farther downstream towards
the trailing edge (shown subsequently).14;28

Control effectiveness on the 0012 was further assessed by ini-
tiating excitation in the prestall regime, ® · ®s , and then increas-
ing the incidence angle to ® > ®s . An example of Cl and Cm vs ®
data for baseline and controlled, FC D 1:5, cases are presented in
Figs. 6a and 6b for relatively low, C¹ D 0:09%, and relatively high,
C¹ D 1:8%, excitation amplitudes. Low-amplitude excitation from
the leading edge results in modest gains in Cl;max , whereas the most
signi� cant effect is observed in the poststall regime;1Cl =Cl D 22%
at ® D ®s C 2 deg. Increasing C¹ by a factor of 20 brought about
signi� cant overall lift enhancement,namely, 1Cl;max=Cl;max D 25%
and1Cl=Cl D 60%at ® D ®s C 3 deg. Correspondingpoststallneg-
ative Cm , concomitantly increased with increasing C¹ at a given ®.

A summary of 0012 Cl data at ® D ®s C 3 deg (Fig. 7a) for rel-
atively low, FC D 1:5, and relatively high, F C D 3:5, reduced fre-
quencies is considered,and these are further contrastedwith steady
blowing, FC D 0. For excitation at C¹ < 0:09%, the � ow retained
its unsteady character referred to earlier in Fig. 3a, whereas for
C¹ ¸ 0:09%, the � ow stabilized and showed an increase in poststall
lift (Fig. 7a). This should be contrasted with the 0015 (Fig. 7b),
which showed signi� cant lift increases at C¹ ¼ 0:01%, that is, nine
times less momentum input.2 There are two possible, but not mu-
tually exclusive, explanations for these observations. First, on the
0012, excitationmust overcome the high centrifugal accelerationat
the leading edge, which is appreciably less on the 0015. Second,
the 45-deg slot at x=c D 0:05 is located downstream of the bubble
reattachment location estimated at x=c ¼ 0:03 from Fig. 3c. Thus, it
may be lesseffectivein controllingthe bubble-burstingphenomenon
described earlier.

For excitation at a given FC on the 0012, an increase in C¹ gen-
erally translates directly into an increase in Cl (Fig. 7a). However,
this is not the case on the 0015 (Fig. 7b), which exhibits a peak in Cl

at C¹ ¼ 0:08%; thus, an increase in C¹ can degrade performance.
Similar observationswere made at different reduced frequencies in
the range 1:1 · FC · 3:4 (Ref. 7). On both airfoils, excitation is far
superior to steady blowing, particularly for C¹ < 1%.

a)

b)

Fig. 5 Effect of reduced frequency on the poststall pressure coef� cient
distribution.

Corresponding moment coef� cients for the 0012 at various in-
cidence angles, as a function of C¹, are shown in Fig. 8. As in
Figs. 6 and 7a, the � ow was initially attached in all cases, and then
® was increased beyond ®s . Consistent with the data of Fig. 4b,
the combination of high FC and low C¹ is effective in increasing
Cm at ®s C 2 deg and to a somewhat lesser degree at ®s C 3 deg.
For C¹ > 0:2, however, the lower frequency, FC D 1:5, is most ef-
fective for all incidence angles considered. Moreover, increases in
C¹ consistentlybring about increases in Cm . Note, however, that, at
®s C 5 deg, approximately 10 times more C¹ is required to control
moment stall than at ®s C 2 deg, whereas excitation at F C D 3:5
is totally ineffective at ®s C 5 deg irrespective of the magnitude
of C¹ .

Figure 9 shows the 0012 leading- and trailing-edge CP detail
corresponding to the baseline and controlled cases in Fig. 6 for
®s ¡ 1 deg and ® C 3 deg. Before stall, ®s ¡ 1 deg, low-amplitude
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a)

b)

Fig. 6 Effect of low-amplitude and high-amplitude excitation on Cl
and Cm .

excitation, C¹ D 0:09%, has a negligible effect on the pressure dis-
tribution upstream of the slot, with a slightly deleterious effect
at x=c > 0:7. However, at C¹ D 1:8%, excitation is effective for
incidence angles lower than ®s , particularly at ®s ¡ 1 deg. This
is apparently due to the modi� cation, but not elimination of the
leading-edgebubble, even though the excitation slot is downstream
thereof. This also brings about improved boundary-layer attach-
ment in the trailing-edgevicinity. At poststall angles, for example,
® D ®s C 3 deg, shown in Fig. 9, the mechanism of lift enhance-
ment is unchanged, that is, excitation downstream of the bubble
prevents its bursting, even though separationhas commenced in the
trailing-edge region.

Turbulent boundary-layer spectra on the 0012 at x=c D 30%,
corresponding to C¹ D 0:09% and 1.8% (Fig. 6), are shown for
® D ®s C 1 deg in Fig. 10. At C¹ D 0:09%, the boundarylayer shows

a)

b)

Fig. 7 Effect of momentum coef� cient on poststall lift (0015 data from
Ref. 2).

conventional turbulent characteristics with no spectral peaks, and
this indicates that perturbations introduced as a result of excitation
decayed very close to the slot (c.f., Ref. 28). Furthermore phase-
locked pressure � uctuations were not detectable above the back-
ground turbulent � uctuations.This result should be contrastedwith
that observed on the 0015, where phase-locked pressure � uctua-
tions resulting from excitation at the airfoil leading edge (F C D 0:6
at C¹ D 0:1%) were still detectable at x=c D 0:7, even well into the
poststall regime.14;29 Amplitude decay over a short streamwise dis-
tancemay also resultbecausethe excitationslot is locatedsomewhat
downstreamof the separationbubble,and hence, the boundary layer
is less receptive to ampli� cation of the introduced perturbations.
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Fig. 8 Effect of momentum coef� cient on NACA 0012 poststall mo-
ment coef� cient.

Fig. 9 Pressure distribution detail in the leading- and trailing-edge
regions of the 0012 airfoil when subjected to low- and high-amplitude
excitation at F+ = 1.5.

In contrast to low-amplitudeexcitation,high-amplitudeperturba-
tions (C¹ D 1:8%) are clearly evident in the spectrum at the same
location well downstream of the bubble. Also the large second har-
monic, f C D 3:0, indicates that the growth of the perturbation is
clearly non-linear, despite that the amplitude associated with the
excitation frequency at the slot was an order of magnitude larger
than its second harmonic (not shown). Large harmonics have been
observed previously in the context of separation control over a
Glauert–Goldschmied body (see Ref. 30). Presently, this observa-
tion may explain the apparent anomaly that high FC at low C¹

is effective in alleviating moment stall at low ® (Figs. 4b and 8),

Fig. 10 Turbulent spectra measured in the boundary layer down-
stream of the excitation location.

a)

b)

Fig. 11 Pressure distributions illustrating the effect of control on deep
stall.
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whereas low FC at high C¹ is effectiveat higher ® (Fig. 8). Namely,
high-amplitudeexcitationgives rise to higher harmonics, presently,
f C D 3:0, whichdonotdecayclose to the slot and,hence,are alsoef-
fective in controllingseparationwell downstreamthereof.At higher
excitation frequencies, for example, FC D 3:5, higher harmonics,
f C ¸ 7:0, presumablydecay over a shorter streamwise distanceand
are, thus, less effective for separation control at high ®.

Figures 11a and 11b show both airfoils well beyond ®s , such that
fullyseparated� owpervadestheiruppersurfaces(deep stall).On the
0012, low-amplitudeexcitationat all FC consideredwas ineffective
in attachingthe � ow (data for F C D 1:5 shown in Fig. 11a), although
partial attachmentwas possible for C¹ D 1:8% at FC D 1:5. In con-
trast, low-amplitude excitation at F C D 0:6 on the 0015 brought
about partial attachment on the upper surface (Fig. 11b). Unsteady
surface pressure measurements,phase averagedover successiveex-
citation cycles, showed that the perturbationsampli� ed, reaching a
maximum at x=c ¼ 0:15, and then decayed gradually downstream
(not shown, see Refs. 14 and 29). Similar observations were made
at FC D 1:1, but further frequencyincreasesdegraded the effective-
ness of controlby con� ning its effect to the leading-edgeregion (not
shown, see Refs. 14 and 29). Note � nally that 20 times more C¹ was
required to achieve a similar result on the 0012, thus further illus-
trating the impact of leading-edge radius on control effectiveness.

Control of Stall Unsteadiness
An important bene� t associated with small amplitude excitation

is the reduction in undesirable oscillatory � ow associatedwith sep-
aration. Figures 12a and 12b show 0012 and 0015 poststall rms
� uctuations C 0

l and C 0
m , with and without control. Data were re-

duced from integration of the instantaneoussurface pressures such
as those shown in Figs. 3a and 3b. Baseline 0012 C 0

l and C 0
m are

a)

b)

Fig. 12 Effect of low-amplitude excitation on poststall Cl and Cm
unsteadiness.

large close to the static stall angle, ® ¡ ®s · 2 deg, but are smaller
at larger ® as a consequenceof the fully separated shear layer being
farther from the airfoil surface. The largest effects of control are
evident close to ®s , where C 0

l and C 0
m are reduced by factors of 5

and 10, respectively. Excitation increases the static stall angle by
2 and 3 deg at FC D 1.5 and 3.5, respectively, and this is re� ected
in the larger � uctuations evident at higher incidence angles. These
can exceed the correspondingbaseline data, but C 0

l and C 0
m maxima

associated with excitation at both frequencies throughout this post-
stall incidenceangle rangeare signi� cantly smaller than thoseof the
baselinemaxima. At ® ¡ ®s D 2 deg, excitationat FC D 3.5 is most
effective in controlling � uctuations, whereas for ® ¡ ®s > 2 deg,
excitation at FC D 1.5 is superior, particularly for controlling C 0

m .
On the 0015 baselinecon� guration,poststallCl and Cm unsteadi-

ness was small and, furthermore,the overall effect of excitationwas
negligible (c.f., Figs. 3a and 3b). It has been shown previously2;29

that 0015 excitationhas a small effect on Cl and Cm oscillationsdue
to the cancellation effect of several vortices simultaneouslypresent
on the airfoil surface.

Conclusions
The main conclusionsregardingthe nature of 0012 static stall and

its controlare summarizedand the principaldifferencesbetween the
0012 and 0015 airfoils follow.

1) Baseline 0012 stall was dominatedby a bubble-burstingmech-
anism, which gave rise to alternating intervals of partial attachment
and separation, but with no regular frequency. This was contrasted
with the relatively gentle trailing-edge stall of the 0015.

2)The mechanismof0012separationcontrolwas identi� ed as en-
hanced � ow attachment downstream of the separationbubble with-
out eliminating the bubble itself. The combination of high leading-
edge curvature and excitation downstream of the bubble rendered
the � ow less receptive to excitation than the 0015 under similar
conditions.

3) Relatively low amplitude excitation, (approximately C¹ <
0:2%, produced only modest lift increments over the reduced fre-
quency range 0:5 < FC < 5, with no clear optimum F C. Moment
coef� cients, however, showed that low-amplitude lift generated
at F C < 1 was inef� cient. At higher amplitudes, approximately
C¹ > 0:2%, excitation at FC < 2 was found to be superior. It was
believed that the large harmonic content of the perturbationsat the
higher amplitudes was responsible for this apparent anomaly. In
contrast, excitation on the 0015 at 0:5 < FC < 1 was effective in
increasing lift, but totally ineffective at FC > 2.

4) For a given excitation frequency, the 0012 required
C¹ » O (0.1%) to bring about increases in poststall lift and sig-
ni� cant reductions in poststall unsteadiness. In contrast, 0015 had
negligiblepoststallunsteadinessassociatedwith it and requiredonly
C¹ » O (0.01%) to produce meaningful lift enhancements.
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