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Dynamic Stall Control by Periodic Excitation,
Part 1: NACA 0015 Parametric Study

D. Greenblatt* and I. Wygnanski'
Tel Aviv University, 69978 Ramat Aviv, Israel

A parametric study was undertaken to investigate the effect of periodic excitation (with zero net mass flux) on a
NACA 0015 airfoil undergoing pitch oscillations at rotorcraft reduced frequencies under incompressible conditions.
The primary objective of the study was to maximize airfoil performance while limitingmoment excursions to typical
prestalled conditions. The incidence angle excursions were limited to + 5 deg, and a wide range of reduced excita-
tion frequencies and amplitudes were considered for 0.3 X 10° < Re < 0.9 X 10° with various flap deflections and
excitation locations. Significant increases in maximum lift and reductions in drag were attained while containing
the moment excursions. Oscillatory excitation was found to be far superior to steady blowing, which was even detri-
mental under certain conditions, and flap-shoulder excitation was found to be superior to leading-edge excitation.

Nomenclature
Cp = drag coefficient, D/cq
Cpp = form-drag coefficient, Dp/cq
C, = lift coefficient, L /cq
Cpexe = lift coefficient excursion
Cr max = maximum lift coefficient
Cy = pitching moment coefficient, M /c?q
Cp = pressure coefficient, (p — ps)/q
C, = steady momentum coefficient, J /cg; rms momentum
coefficient, (J)/cq
c = airfoil chord
E = moment excursion, Cuy max — Cpr.min
F+ = reduced excitation frequency, f,X,./Us
fa = airfoil oscillation frequency
fe = excitation frequency
h = slot width
J = steady jet momentum, pU?2h
(J) = rms jet momentum, p{u,)*h
k = reduced airfoil frequency, 7 f,c /U
M = Mach number
p = local pressure
q = freestream dynamic pressure, pU2 /2
Re = chord Reynolds number, pU,.c/u
u, U = oscillatory, mean velocity
X = distance from slot location to trailing edge
x/c = normalized chordwise distance
o = instantaneousincidence angle
o = mean incidenceangle
8y = flap deflection angle
I = airdynamic viscosity
0 = airdensity
() = rms quantity
Subscripts
A = allowable excursions
exc = excursion of aerodynamic coefficient
mean = time mean of aerodynamic coefficient
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I. Introduction

YNAMIC stall limits the maximum cruising speed of mod-
ern helicopters due the excessive and damaging loads that it
generates on the rotors.! The dominant feature characterizing dy-
namic stall is a strong vortex, which begins near the leading edge,
enlarges, and then travels downstream. This so-called dynamic stall
vortex (DSV)bringsaboutabruptvariationsin lift as well as sharp in-
creasesindrag with strongconcomitantpitchingmoments. Dynamic
stall may be classified as light (where the viscous-dominated zone
is of the order of the airfoil thickness) or deep (where the incidence
angle is well in excess of the static stall angle, resulting in a totally
separatedregion that is commensurate with the chord dimensions).
As a consequence of dynamic stall’s negative impact, much
basic research has focused on controlling (managing) or elimi-
nating the phenomenon. Boundary-layer controP has been em-
ployed for rotorcraft applications and includes methods such as
blowing,!"* suction’*® and pulsed blowing,® as well as control
of boundary-layertransition.’~!! Modifications to airfoil geometry
suchas leading-edgeslats,'>~'* leading-edgedroop,' rotation of the
leading-edge,!® as well as dynamically deforming geometries'® have
been investigated.In all cases, these changes are geared specifically
totheleading-edgeregion where the dynamic-stallvortex originates.
To date, the various attempts to contain the DSV have been confined
to experimental configurations and numerical studies and have not,
as yet, found application. The need to control dynamic stall, how-
ever, has recently received renewed impetus as the next generation
of military helicopters demand dramatic increases in performance
envelopes to meet projected requirements.!>!” Because the current
rotor sections fall short of these capabilities,’? alternative viable
methods must be investigated if the projected performance levels
are to be attained.

It has been conclusively shown, in recent years, that periodic ex-
citation is far more effective in delaying static stall than traditional
steady blowing. This has beenillustrated for a generic-flap,'3~2! var-
ious airfoils,*?* and a swept-back wing,** as well as compressible?’
and high Reynolds numbers flows.?® Moreover, the method has been
demonstrated as being capable of controlling dynamic stall and
significantly improving dynamic airfoil performance ?’~2° Specifi-
cally, significant increases in maximum lift and reductions in form
drag were attained while containing moment excursions?® Based
on these provisional findings, a detailed parametric study was un-
dertaken and a summary of important results is presented in this
paper. Note that the companion paper’ places emphasis on the flow
mechanisms associated with both dynamic stall as well as the nature
of its control.
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II. Experimental Setup

Experiments were carried out on a 365-mm chord NACA0015
airfoil, incorporating 36 pressure taps, a 0.25c¢ trailing-edge flap,
and two surface-tangential (leading-edge and flap-shoulder) two-
dimensional slots.?®3! The airfoil was installed in the test section
of a closed-loop 610 (span) X 1524 mm low-speed wind tunnel?®
and equipped with 0.1c roughness strips on both surfaces. Total
drag was measured by means of a stepper-motor controlled wake
rake. All dynamicpressure measurements were made with a PS4000
multichannel array of pressure transducers (AA Lab Systems). A
pitch drive system, used by Piziali,*? generated a sinusoidalpitching
motion about the one-quarter chord position, and a shaft-mounted
encoder signal was used to ascertain the instantaneous incidence
angle. Encoder and pressure data were simultaneously transferred,
via DMA, to a personal computer. Zero net mass-flux excitation was
achievedby means of a rotating valve and a small centrifugalblower
connected to the airfoil plenum chamber.?® Hot-wire calibration of
the resulting jets produced at the slot exits was performed within
the top-hat region, for the frequency range 0 < f, <400, at 50-mm
intervals along the span of the airfoil’! This calibration was used to
determine both the steady momentum coefficient, C, = J /cq, and
the rms momentum coefficient, C,, = (J) /cq, for steady, f, =0, or
oscillatory, f, > 0, jets, respectively. Note that, because f, > f,,
a phase relation between excitation and pitching oscillations was
considered unnecessary and, therefore, not enforced.*

III. Strategy and Objectives

On the basis of preliminary data,””?® a detailed parametric study
was undertaken,under incompressibleconditions where the follow-
ing method was adopted.

1) The static-stall angle o, was determined for the airfoil at a
particular Reynolds number (Fig. 1).

2) The mean airfoil oscillation angle was set at o, — 5 deg and
was oscillatedat a frequency correspondingto typicaldimensionless
rotor frequencies, k = f,c/ U, at & excursions of =5 deg.

CL,max \)
1.2 | Cy(prestall),a,
C.
0.8 |
0.4 |
-------- Static
—— Dynamic: Pre-Stall
— Dynamic: Post-Stall
[0} : - - -
Static Stall Angle —T
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Cwm 0
Allowable
Excursions
-0.05
~~~~~~~~ Static
—— Dynamic: Pre-Stall
—— Dynamic: Post-Stall
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Fig. 1 Basis for the parametric study.

3) The prestall moment-coefficient excursions E,; = Cy max —
Cuy.min Were recorded, and an arbitrary fractional tolerance & was
added to the excursions, thus defining the maximum allowable ex-
cursions E4 = (14 ¢) Ey.

4) The mean incidence angle, with the same (5 deg) excursions
was then increased such that the airfoil entered the poststall regime.

5) When excitation at different frequencies and amplitudes was
employed and compared with steady blowing, an attempt was made
to attain the highest possible C; ..« for a particular cycle while
maintaining the condition £ < E,. No attempt was made to vary
the excitation amplitude, that is, C,, within the airfoil oscillation
cycle.

In addition to illustrating the strategy, Fig. 1 shows the effect of
increasing the mean incidence angle by 6 deg without excitation or
blowing. Clearly, a higher C; ., is attained, but the moment excur-
sions are unacceptably large. The strategy just described seeks to
maintain or increase C;, nax While bounding the moment excursions
to within acceptable values (thatched region in Fig. 1). Although
moment stall commenced at « = 13 deg, the static-stall angle was
fixed at the C; ., location (o« = 14 deg).

Note that currently no formal theory exists for predicting sepa-
ration delay by oscillatory addition of momentum, although com-
putational fluid dynamics has been successful in predicting some
gross characteristics 3 The current problem is further complicated
by the combination of pitching, f,, and excitation, f,, frequencies.
The companion paper,’® however, emphasizes the general principle
of time scale disparity (alternatively f, > f,) and shows that the
net effect of excitation is not significantly altered by f,,. Using this
as a basis, and notwithstanding qualitative differences between the
airfoi?34 and the generic flap,?! the observations reported here
are assessed on the basis of their consistency with the generic-flap
parametric study.2*-?!

IV. Discussion of Results

Table 1 contains a list of the parameters considered in this study.
Most of the data were acquired at Re = 0.3 x 10° because this al-
lowed a greaterrange of F* and C,,, thus ensuring greater flexibility
of the parametric study. The marginal effect of Reynolds number on
separation control by excitation was established for static airfoils®
and was also demonstrated for dynamic stall.3!-33 The rationale be-
hind maintainingincidenceexcursionsconstant (Ao = £5 deg) was
based in the principle of matched pitch rate,!*® where larger excur-
sions can be simulated by larger airfoil oscillation rates, and was
confirmed in the current context.’!

In certain cases where a large amount of data were compared,
the following aerodynamic indicators were selected: C; . (Or
excursions C; exe = Cr max — Cr .min ) moment excursions Cys max —
C 1, min» and time mean Cp, (form drag) or C), (total drag). These
are clearly not the only quantities of importance, but in accordance
with the main objective of this parametric study, they served as the
best indicators of overall airfoil performance. The number of loops
required to achieve statistically independent data varied between
5 and 50, depending on the prevailing flow conditions>'37 It was
ascertained for all flap deflection cases considered that Ep,; ~ 0.05.
Thus, with ¢ = 0.2, the maximum allowable moment excursionlimit
was E4 =0.06, although the use of smaller or larger values did not

Table1 Range of investigated parameters

Parameter Range

Re x 10° 0.3-0.9

k 0.05-0.3

Ma <0.12

o, deg 5-20

Ao, deg +5

Cu.% ~0.01-5

Ft ~0.3-5

8z, deg —10-20
Location Leading-edge and

flap shoulder
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in any way affectthe major conclusionsof this study. The efficiency
of excitation (or blowing) was always assessed in terms of C,, not
the power consumption of the excitation device, because the latter
was not optimized for this purpose.

A. Leading-Edge Excitation

Aerodynamic coefficients for lift, moment, and form drag, illus-
trating the effect of leading-edge blowing and excitation, are pre-
sented in Figs. 2a-2c, respectively, where solid lines indicate the
upstroke and broken lines indicate the downstroke. Typical lift hys-
teresis, with stall occurringat maximum incidence, is evident for the
baseline case (Fig. 2a) and the negative impact of blowing is mani-
fested by the greatly magnified hysteresisloop, with C, i, ~0.3.1n
contrast to this, excitation at the same C,, maintains a virtually iden-
tical up- and downstroke with a marginal increase in Cj . and ef-
fectively eliminates lift hysteresis. These effects are emphasized by
the moment coefficientdatain Fig. 2b, where the baseline excursion
is one and one-half times the allowable limit £ 4, which is typical of
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Fig. 2 Comparison of important aerodynamic coefficients for leading-
edge blowing and excitation.

light stall with Cy pax — Cpromin ~ 0.1. In the case of blowing, mo-
ment stallcommences at approximately 15 deg and undergoesan ex-
cursion that is more than three times the allowable limit. In contrast,
excitation delays moment stall and reduces the negative moment,
resulting in acceptable excursions. The form-drag data Fig 2¢ illus-
trates, as expected, that blowing has an extremely detrimental effect,
with drag stall commencing at approximately 13 deg, although ex-
citation at this reduced frequency has a relatively small effect.

A summary of importantaerodynamicindicators,acrosstherange
of effective F™ and C, is presented in Figs. 3a-3c.** Figure 3a
shows that the maximum liftattainedby steady blowingfor C,, <2%
is never significantly greater, and sometimes less, than the baseline
case. More important, none of these data, including the baseline
data, are considered valid because the moment excursionsare never
within the allowable limit (Fig. 2b). For C,, > 3%, steady blowing
bringsaboutdramaticimprovementsin C; . and Cp,, mean (Fig. 3¢)
while concomitantly the moment excursions are brought under
control. This observation bears qualitative similarities to the flow
visualization data of McAlister (see Ref. 1). Contrary to the earlier
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Fig. 3 Effect of excitation frequency and momentum coefficient on
leading-edge blowing and excitation.
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Fig. 4 Effect of airfoil oscillation rate on lift and moment for leading-edge excitation.

discussion, for excitation, C; m,x data are always greater than or
equalto baselinedatafor C,, > 0.1% and correspondingmoment ex-
cursions are within allowable limits. For F* = 0.6 with C,, = 0.1%
(see Fig. 2) C; . increased by 16% over the prestall value with
AC| max/C, = 160. However, no single reduced frequency is capa-
ble of containing moment excursions for the entire C,, range con-
sidered. Moreover, for a given C,,, different reduced frequencies
produce maximum lift. For example, F™ =3.6 produces the high-
est lift for C,, ~ 0.5%, whereas F* =1.1 is superior at higher C,,.
The mean form-drag data (Fig. 3¢) indicate that excitation at all re-
duced frequencies is far superior to blowing at C,, < 1%, but there
are small increases in form drag with increasing momentum input,
which attenuate with increasing F .

The effect of airfoil reduced frequency, k =0.05, 0.1, and 0.2,
on C; and C), for baseline and leading-edge excitation (F* =0.6
and C,, =0.1% for all cases) is consideredin Figs. 4a-4d. It is well
known that dynamic stall data such as lift hysteresis, Cj. max, and
Cy1.exc are affected by the airfoil oscillationrate.! This dependence
isdemonstratedin Figs. 4aand 4c, whichindicatethata larger C;, max
is obtained at higher k, but at the expense of larger moment excur-
sions. Also, baselinelift hysteresisloops decrease with increasingk,
whereas the opposite is true for baseline moment hysteresis loops.
When excitation is applied, this dependence is almost completely
eliminated (Fig. 4b), apart from a slightincreasein C; .« athigher
k. Although baseline moment excursions E 4 increase with increas-
ing k, precisely the opposite is true when employing excitation be-
cause the excursions decrease with increasing k. For k =0.2, the
excursions are approximately one-third of the baseline value.

The effect of varying the mean incidence angle from 5 to 17 deg
on lift and moment is shown in Figs. 5a-5d, for baseline and ex-
citation (F* =3.6 and C,, = 0.4%) cases, respectively. As in static
studies, excitation has very little effect on lift in the prestall regime,

whereas the momentexcursionsare slightly attenuated. As the airfoil
pitches beyond the static-stall angle, however, excitation increases
C, max and controlsthe momentexcursions(cf. Fig. 3). Forincidence
angles significantly larger than the static stall angle (& > 17 deg),
excitation increases lift but is less effective in controlling moment
excursions. These deep-stall cases are discussed in Sec. [IV.D and
further elaborated on in the companion paper.*

B. Effect of Aft-Loading Employing Flap Deflection

Dynamic stall controlemploying flap-shoulderexcitationis anew
concept”?® and requires some elaboration (see Fig. 6). Figure 6
shows C; vs « characteristics typical of flapped or aft-loaded
(trailing-edge stalling) airfoils, where three distinct regions can be
discerned: I prestall, II partial stall emanating from the trailing-edge
region, and III post-leading-edgestall. In static airfoil studies, flap-
shoulderexcitationattaches the flow over the flap?? and in so- doing
increases Cy nax, that is, AC; . = Cp max (excitation) — Cp pax
(baseline), without significantly affecting the static-stall angle, as
shown in Fig. 6. Steady blowing achieves the same C; ., with
approximately five times the momentum input, but at lower inci-
dence. For a dynamically pitching airfoil with excitation or blowing
at the flap shoulder, dynamic flap stall is controlled and not tradi-
tional leading-edge dynamic stall. Therefore, the method of control
is somewhat differentas will be shown.

An example of this principle is presented in Fig. 7, for a sym-
metric airfoil (§; =0 deg), under static and dynamic conditions
describedby Re =0.3 x 10°,k =0.1, @ = 11 + 5 sin(w? — 90) deg.
For this case, region I extends to approximately @ =6 deg, and as
a consequence, excitation in the vicinity of o, has little effect on
C,. With increasing incidence, however, the effects of excitation
become more pronounced for both static (AC n.x =0.36) and dy-
namic (ACy, na = 0.3) lift data. In addition, the moment excursion
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Fig. 6 Schematic of the means to attain dynamic flap-shoulder stall
control by means of flap-shoulder excitation.
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Dynamic lift and moment data for a wide range of incidence angles, Re = 3 X 10°, and k = 0.1.

due to flap stallis reduced by a factor of three with excitation. Note
that, in contrast to leading-edge excitation, flap-shoulder excitation
increases dC; /da and, consequently,the C; excursion (in addition
to increasing C; . ), which is important for an advancing rotor-
craft (see Sec. IV.C). Increasing the mean incidence angle by 1 deg
brought about leading-edge stall in both cases, with resulting mo-
ment excursions larger than E, (0.06).

The same strategy (Sec. III), as applied in the preceding sec-
tion, was adopted for flap-shoulder excitation where 6, =20 deg,
Re=0.3 x 10°, and static stall was at o, = 12 deg (2 deg less than
the undeflected-flap case). The flap angle, as well as the excita-
tion (F* and C,), was maintained constant throughout the oscil-
lation cycle. The intention here was to emphasize the effect of
airfoil aftloading in conjunction with oscillatory excitation. In an
effort to obtain the largest C; ,,,x with Cy, excursions bounded to
within allowable excursions, as before, the mean incidence angle
was increased to 10 deg. (Note that with 6, =20 deg there is a
nonzero mean nose-down pitching moment, Cp mean ~ 0.1, but here
we are concerned primarily with moment excursions.) Under these
conditions F* = 1.4 was the most effective reduced frequency for
C, < 1% and was superior to steady blowing in this range>"3
At higher levels of flap-shoulder excitation (Fig. 8), C,, > 1%,
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Fig. 7 Example of flap-shoulder excitation for the symmetric airfoil.

F* =0.35 was the most effective reduced frequency, with regard to
lift enhancement and moment excursion control, as well as overall
mean drag reduction. The results for F+ =0.7 and 1.1 are also pre-
sented because they were effective at high C,,; however, frequencies
greater that F+ = 1.1 were found to be less effective in containing
moment excursions. Steady blowing increases lift proportionally to
increase,in C,,, butit was unableto attach the flap boundarylayeras
is evidenced by the steadily increasing moment excursions and the
insensitivity of the mean drag to higher C,,. Even when the steady
C, was increased up to 15%, no significant mean drag reduction
was observed.

The effect of steady blowing and oscillatory excitation on time
mean total drag under the conditions describedearlier, for F* =1.1
and C,, =2.75%, is consideredin Fig. 9 (cf. Fig. 8c). At low instan-
taneous «, blowing appeared to be effective at reducing drag, but
as the airfoil pitched up, flap-shoulder blowing promoted leading-
edge stall, in analogy to the static scenario (Fig. 6).>*° In contrast
to this, excitation was effective in containing the momentum deficit
throughoutthe oscillationcycle.?® The time-mean data (Fig. 9) pro-
vides a quantitativerepresentationof the earlier observations, where
steady blowing results in a wake that is 25% wider than the base-
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Fig. 8 Effect of flap-shoulder blowing and excitation on lift and drag
for C;, >1%.

line wake with a mean drag reduction of only 10%. For excitation
at F™ =1.1, the lateral wake extent is reduced by 45% relative to
the baseline value, with a 60% reduction in mean drag. Although,
a large excitation amplitude was employed in the preceding ex-
ample, the method remains effective with AC; . /C, =20 and
ACp mean/C, =2. For C,, < 1%, differences between Cp, and Cp,,
were small, typically less than 10%. However, when employing ex-
citation for C,, > 2%, C, was as much as 50% less than Cp,,.

The effect of the airfoil oscillation frequency k on C;, and Cy
was assessed for the range 0.05 <k <0.3 and @ =10 deg with
blowing and excitation !> Excitation was able to contain moment
excursions throughout the range of airfoil oscillation frequencies,
whereasblowing was as effectivein thisregardonly fork > 0.1. With
respect to C; ., €Xcitation was superior throughout the range of
k, whereas blowing was inferior and totally ineffective for k > 0.2.

Previous studies on a generic flap?! as well as on static airfoils??
indicated that the range of reduced frequencies2 < F* < 4 were ef-
fectivefor separationdelay, but this was notthe case under the condi-
tions mentionedearlier. Consequently,the meanincidenceangle was
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Fig. 9 Time-mean wake momentum deficit for flap-shoulder blowing
and excitation.

lowered to @ =7 deg, such that the maximum incidence angle coin-
cided with the static-stallangle (with § ; =20 deg and a5 = 12 deg).
Atthisanglereducedfrequencies F ™ = 1.4 and 2.5 were effective at
increasinglift and reducing form drag, with the latter more effective
in reducing mean form drag by 40% at C, =0.6%. Consequently,
airfoil efficiency, based on the quantity, L ax / Dinean, Was up to three
times larger for @ =7 deg relative to @ = 10 deg (Refs. 31 and 35).
As before, excitation was far superior to blowing, particularly with
regard to drag reduction.

C. Effect of Excitation Location

A questionof considerableimportance was how flap-shoulderex-
citationand leading-edgeexcitationcomparedfor 6 = 0 deg, thatis,
a symmetric airfoil. Intuitively, and on the basis of all conventional
attempts to control dynamic stall, control from the leading-edgere-
gion is the obvious choice. The results presented in Figs. 10a-10c,
however, for excitation data (F* =1.1, C,, =0.2%) with C; may
equal in both cases (Fig. 10a) indicate precisely the opposite. This
specific case was selected arbitrarily because the basic trends are the
same for almost all (see next paragraph) C,, and F'* combinations.
Flap-shoulder excitation produces larger C; excursions, which ul-
timately determine the performance of an advancing rotorcraft as
mentioned in Sec. IV.B. Figure 10b shows that both methods of
excitation are able to contain the moment excursions, with the flap-
shoulder excitation case yielding better results for the prescribed
C,, input. Figure 10c shows significant form-drag reductions with
excitationemanating from the flap, whereas leading-edgeexcitation
tends to increase form drag (see Sec. IV.A). Note that increasing &
did not affect C; ,,,, for leading-edge excitation, but only served
to increase form drag. For flap-shoulder excitation, increases in &
increased C; ,,x, but moment excursions exceeded the allowable
bounds.

An overall comparison for the §, =0 deg case is presented in
Figs. 11a and 11b, which contain a comparison of Cy max, Cr exc»
and Cp, mean forleading-edgeand flap-shoulderexcitationacross the
F* and C, range, where only the data that fall within acceptable
moment-excursion limits are plotted. From Fig. 11a, the following
is immediately obvious: On the whole, flap-shoulder excitation is
more effective for increasing lift excursionsin spite of a symmetric
airfoil being employed. This finding contradicts much of the con-
ventional wisdom associated with controlling dynamic stall. Note,
however, that control is notexerted directly over the DSV, butrather
over the separatedtrailing-edgeregion. As indicated previously%:3!
leading-edgeexcitation is more erratic because moment excursions
dependonboth F* and C,,. This is visible by the number of isolated
data points for leading-edge excitation data. Additionally, leading-
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Fig. 10 Comparison of aerodynamic coefficients for leading-edge and
flap-shoulder excitation for the symmetric airfoil.

edge excitation is less effective at low C,, because lift does not
always increase with momentum input but, depending on the fre-
quency, it exhibits local maxima (cf. Fig. 3). On the other hand, in
the case of flap-shoulderexcitation, variations in lift excursions are
approximately monotonic with C,,. A mean form-drag comparison
(Fig. 11b) shows that flap-shoulder excitation reduces form drag
much more effectively than leading-edge excitation, typically by a
factor of 3.

When repeating similar comparison with increased simulated aft
loading, that is, , =10 and 20 deg (Ref. 31), three additional
features are apparent: First, C; nax is significantly larger for the
flap-shoulder excitation case without exception; second, the differ-
ence in C; . increases with increasing C,,; and third, the form
drag begins to decrease significantly at C,, > 1% for flap-shoulder
excitation.

D. Control of Deep Stall

Consider the aerodynamic coefficients when the mean incidence
angle is increased to 20 deg such that @ =20+ 5 sin(wt — 90) deg,
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Fig. 11 Overall comparison of maximum lift and mean form drag for
leading-edge and flap-shoulder excitation for the symmetric airfoil; only
data with allowable moment excursions (E4 < 0.06) are plotted.

k=0.1, Re =0.3 x 10°, and § ; = 0 deg (symmetric airfoil), as pre-
sentedin Figs. 12a-12c. For this scenario, o, is a full degree above
the static-stall angle. The baseline case shows relatively large hys-
teresis loops associated with lift, moment, and form drag, although
the lift hysteresis loop looks peculiar, with the appearance of dy-
namic stall around o =20 deg followed by a lift increase between
o =24 and 25 deg. This nonclassical dynamic stall was attributed
to partial separation downstream of the leading edge, although at
these large incidence angles wind-tunnel blockage may have been a
factor. However, the additional lift at the end of the pitchup motion,
caused by the dynamic stall vortex, bears qualitative similarity to
published data.! During poststall, the large hysteresis loop bottoms
outat Cy i, =0.78 when o =17 deg.

Figure 12 shows the effect of low (C,=0.1%) and high
(C,, =1%) excitation amplitudes at F* =1.1. For C,, =0.1%, ex-
citation at this reduced frequency had no effect on lift during the
pitchup motion, apart from the region around « ~ 25 deg, but sig-
nificantly reduced the hysteresis during the downstroke phase with
Cp min = 0.95 correspondingto o = 15 deg. The moment excursion
was significantly affected, where the trailing-edge separation was
attenuated, but more important, leading-edge stall (or the leading-
edge vortex) was effectively eliminated. The impact on mean form
drag was a reduction of 36%. These lift and moment data bear
qualitative resemblance to slat data,' where the C; .. increase at
the end of the pitchup phase (manifestation of the DSV) is attenu-
ated and the moment excursion s significantly reduced. Increasing
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Fig. 12 Effect of leading-edge excitation on aerodynamic coefficients
for low and high C,, during deep stall.

C, by an order of magnitude had a pronounced effect on lift, in-
creasing C; max to 1.5 at @ =22 deg and resulting in a more famil-
iar hysteresis loop. The C, increase had a minimal effect on mo-
ment and form-drag histories, and thus, these data are not presented
here. Airfoil performance, for a range of F*, C,, and k was con-
sidered with similar results to those observed for light stall (see
Sec. IV.A).3° Time-mean total drag was a minimum at F* =2.5, as
in the case of flap-shoulder excitation, with a 25% reduction over
the baseline case.>! The shape of the wake profiles, however, was
not as dramatically altered. More details on the mechanisms asso-
ciated with the deep-stall control are presented in the companion
paper® As in the light-stall case, excitation at F* =0.6 produced
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the highestlift at C,, = 0.1%, and the deep-stall data were shown to
be independent of Reynolds number.?!

V. Conclusions

The conducted parametric study yielded the following principle
conclusions.

1) Light stall, as well as deep stall, were effectively controlled by
oscillatory excitation.

2) The beneficial effects of excitation were more pronounced
at higher airfoil oscillation rates and effectively independent of
Reynolds number.

3) Flap-shoulder steady blowing was detrimental for 1% < C,, <
15%, as was leading-edge blowing for C,, < 1%.

4) For aft-loaded airfoils, flap-shoulder excitation was found to
be superior to leading-edge excitation because a) higher overall
Cp max and/or C, ¢ were achievedforthesame C,,, b) differencesin
C max became more pronounced with increased airfoil aft loading,
and c) flap-shoulderexcitation was more effective at reducing mean
drag for a given C; ..

5) Flap-shoulder excitation, in conjunction with prestall pitch
excursions,was more aerodynamicallyefficient than excitationem-
ployed in the poststall regime.

The current experimental programhas been extendedto include a
more appropriaterotorcraftairfoil, thatis, the NACA 0012, to attain
amore realistic simulation of typical rotor-bladestall and its control.
The profile has no flap and includes a slot at 5% chord, which does
not affect the basic airfoil geometry. The profile chordis almost half
that of the NACA 0015 used in this study to eliminate uncertainty
caused by wind-tunnel blockage. Provisional static and dynamic
data on the NACA 0012 confirm the main conclusions presented in
this paper.’!

To date, the effect of compressibility on dynamic stall control
by excitation has not yet been assessed. Because dynamic stall is
usually associated with the high-speed flow regime, assessment of
compressibility effects should be a future research priority.
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