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Fig. 3 Dynamic stall control by means of intermittent flap-shoulder
excitation for the conditions o = 10 deg + 5 deg sin(wt), dy = 20 deg.

throughoutthe entire cycle because of attachment of the flow to the
flap. In contrast,however, instantaneousd C; /d « is not significantly
affected. In addition to lift increases, the light-momentstall is elim-
inated, resulting in a 20% reduction in moment excursions, while
excitation induces a further mean nose-down pitching moment of
C iyt mean ~ 0.05. Although intrinsically different from the preced-
ing case, a similar control strategy was applied for flap-shoulder
excitation. Here, excitation is initiated soon after the commence-
ment of pitchup and terminated in the region where the continuous
excitationdownstrokelift data begin to increase. As indicatedin the
figure, this control strategy broughtabout the maximum possiblelift
excursions, namely between the minimum baseline and maximum
excitation limits (C; ... =0.8). In addition, the light-moment stall,
which was effectively eliminated by continuous excitation, is also
eliminated by intermittent excitation.

Conclusions

The data presented in this Note illustrate some preliminaryresults
of intermittently varying the excitation amplitude within the airfoil
pitch cycle duringincompressibledynamic stall. The following spe-
cific conclusions were drawn:

1) For the light-stall case, similar lift and moment results were
attained with excitation continuously active or active for only half
of the airfoil pitch cycle.

2) The cessation of excitation for incidence angles below oy
virtually eliminated form-drag increases evident during continuous
excitation.

3) Intermittent flap-shoulderexcitationresulted in maximized lift
excursions because the airfoil attained C; . of the continuous ex-
citation case and C; ., of the baseline case. Moreover, light mo-
ment stall control was achieved by both continuousand intermittent
excitation.
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Use of Periodic Excitation to
Enhance Airfoil Performance
at Low Reynolds Numbers

David Greenblatt* and Israel J. Wygnanski'
Tel Aviv University, 69978 Ramat Aviv, Israel

Nomenclature
Cp = total-drag coefficient
Cp, = form-drag coefficient
C; = lift coefficient
C, = momentum coefficient, 24 /c(Uyns/ Uy)?
¢ = airfoil chord
¢ = mean wing chord
F* = reduced frequency, f,Xte/ Uy
f = frequency
h = slotwidth
m = mass
Re = Reynolds number, Uyc/v
St. = rotor reduced frequency, f.c/ Vi
St, = wingreduced frequency, f,c/V
U = air velocity
V= wing or blade velocity
Xt = distance from slot to trailing edge
x = distance measured from the leading edge
o = incidenceangle
Subscripts
e = relatingto excitation
max = maximum value
r = relating to rotors
rel = relative to air velocity
rms = rootmean square
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Introduction

ICRO air vehicles (MAVs) are currently undergoing devel-

opment to meet projected military and environmental needs.
The small dimensions (i.e., wing span b < 15 cm) typical to MAV's
bring with them certain advantages, such as structural strength and
low inertia. The accompanying low flight speeds, however, result
in very low Reynolds numbers (i.e., 10* < Re < 10°), where con-
ventional low-Reynolds-number airfoils perform poorly.! Various
innovative flight vehicles are currently being developed, many of
which are based on the aerodynamics of small birds, bats, and in-
sects that fly within this Reynolds number range and whose lifting
capacity is in the range 10! <m < 10? g. Methods currently under
development include flapping or flexible wings'? and boundary-
layer control (e.g., blowing).?

This Note reports a preliminary wind-tunnel investigation of an
airfoilat typical MAV Reynolds numbers, subjectedto active control
by periodicexcitation.In the past this method has been widely stud-
ied on airfoils at low Reynolds numbers (10° < Re < 10°) (Ref. 4),
whereas NACA 0015 flow visualizatior’ and measurements® have
indicated its potential for application at Re < 10°. The method dif-
fers from those just cited in that quasi-two-dimensional vortices
are generated and transported over a stationary airfoil, bringing
high-momentum fluid to the surface, thereby delaying separation
and improving performance. Thus the objective is to enhance lift
and performance by means of an unsteady mechanism, without the
complexity associated with wing movement or flapping.

Experimental Setup

Experiments were performed in Tel Aviv University’s Meadow-
Knapp closed-loop wind-tunnel? The airfoil tested was originally
designed as a flap, with chord length ¢ =109 mm and maximum
thickness (f/¢)max = 17% (see inset in Fig. 1). The airfoil had an
interior plenum in fluid communication with a nominally two-
dimensional, leading-edge slot (A =0.5 mm at x/c=2%) and
was equipped with 18 surface pressure taps located on the cen-
ter span. Static and dynamic pressure measurements were made
for 3 x 10* < Re < 1.5 x 10° at baseline and controlled conditions.
Zero net mass-flux excitation (alternating suction and blowing)
was achieved by means of a rotating valve and a small centrifugal
blower connected to the airfoil plenum. Resultant velocity fluctu-
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Fig. 1 Illustration of airfoil lift degradation with decreasing Reynolds
number.
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ations at the slot exit Uy, were calibrated by means of a hot-wire
anemometer.* For a given excitation frequency span-averaged and
centerlinepeak velocity fluctuationsnever differedby more than 5%.
In addition to excitation, flow tripping was attempted by means of
6-mm diam X 1-mm high circular tabs, spaced at 20-mm intervals
along the span at the 2, 30, and 70% chord locations.

Discussion of Results

Figure 1 shows C; vsa datafor3 x 10* < Re < 1.5 x 10°, where
tabs are located at the 30% chord position. (Tabs at 30% chord were
most effective at tripping the flow, as discussed next.) The data
presented in the figure are representative of performance degrada-
tion observed on airfoils as the Reynolds number approaches, and
decreases into, the MAV regime.” For Re=1.5 x 10° the airfoil
performs relatively well, achieving C, .« = 1.64, but stalls sharply
at o« = 14 deg. As o decreases for this case, there is exceptionally
large lift hysteresis with full reattachment of the flow occurring
only at & = 6 deg (c.f. Ref. 7). Reducing the Reynolds number to
Re=1.0 x 10° brings about significant performance degradation,
i.e., a 40% reduction in Cy ,, with stall at « =6 deg. An addi-
tional reduction to Re =5 x 10* results in a further severe perfor-
mance degradation and is typical of conditions prevailing at these
Reynolds numbers. For the lowest Reynolds number tested here,
namely Re = 3 x 10*, the airfoil fails to generateuseful lift. It should
be noted that the lift generated by certain thin airfoils and flat plates
are less dependenton Re in this range, presumably because separa-
tion is fixed at the leading-edge”

The effect of tabs and active control on the baseline (clean) air-
foil is shown for Re =5 x 10* in Fig. 2. Attempts to trip the flow
using tabs at x/c =2, 30, and 70%, as well as staggered combi-
nations thereof, resulted in little to no improvement over the base-
line data. The size and number of tabs demonstrated that passive
boundary-layer tripping for Re <5 x 10* is difficult, if not impos-
sible, althoughit should be noted that a detailed study of various tab
shapes and sizes was not performed here. The best result, for tabs at
x/c=30%, is shown in the figure and illustrates a modest improve-
mentin C; ... Excitation, on the other hand, results in a four-fold
increase in Cy . for two reduced frequencies, namely Ft=1.0
and 2.1, respectively. These reduced frequencies and momentum
coefficients C,, are typical of those effective for 10° < Re < 10°,
For this airfoil the higher reduced frequency,namely F* =2.1, re-
quires more than twice the momentum addition in order to achieve
the same C; ,,, and stalls more abruptly.
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Fig. 2 Effect of tabs and excitation on lift for Re = 5 X 10°.
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Fig. 3 Effect of tabs and excitation on airfoil efficiency for Re =
5 x10%

As was just shown, in addition to severe performance degra-
dation, lift hysteresis can be excessive at low Reynolds num-
bers (see Fig. 1). Hysteresis was checked for the F™ = 1.0 case,
and the data show that the phenomenon is all but eliminated by
excitation—a feature repeatedly observed when active control is
applied at the leading edge of a dynamically pitching airfoil for
Re > 1.0 x 10° (Ref. 8). Moreover,dynamic pressure measurements
revealed that maximum amplitude oscillations of lift within excita-
tion cycles (ACy . ) were small, with ACy 14/ Crmax =4% and
long time interval (U, /c > 300) averages resulted in effectively
steady lift with Cy s/ Cr max = 3%. These results are of the same
order as those associated with conventional low-Reynolds-number
excitation?

Accompanying poor lifting performance for Re < 10°, airfoil ef-
ficiency (i.e., lift-to-drag ratio: C;/Cp) is degraded. In this pre-
liminary investigation total drag was not measured, but form drag
Cp, was reduced from the airfoil surface pressure data. The results
for C1/Cp, (baseline and tabbed cases) and C, /(Cp, + C,) (con-
trolled cases) are presented in Fig. 3, where C,, is included in the
more general definition of efficiency to account for excitation. The
figure clearly shows that, even with C, accounted for, excitation
increases baseline airfoil maximum efficiency by an order of mag-
nitude from 7.4 to 77 for both excitation frequencies. Moreover, the
higher value of efficiency occurs at about twice the baseline value
of CL .

Data acquired at Re =3 x 10* and F* = 1.0 showed that four
times more C,, was required in order to achieve similar lift to that
at Re=5 x 10*. Examination of the upper surface pressures (not
shown) indicated that lift is generated by means of a large bubble or
“trapped vortex,” which extends over more than half of the airfoil
near stall. However, control still produces a remarkable improve-
ment by transforming a nonlifting airfoil into one that approaches
conventional performance.

Dynamic Stall Analogy

Itis widely believed that small flying creaturesof m <30 g remain
airborne by means of at least one unsteady flow mechanism.!:>%10
One such mechanism is the so-called “separation bubble” or vor-
tex, which forms during the downstroke of the wing and generates
the high lift required for flight. This bubble is similar to the well-
known dynamic stall vortex (DSV) that is potentially damaging to
helicopterrotors and consequentlyavoided in conventional flight.!!
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Apart from obvious structural differences, the paradox that the
DSV is damaging to helicopterrotors, yet at least partially respon-
sible for the flight of small creatures, can be provisionallyresolved
as follows: From the statistical data summarized by Shyy et al.!
for 10 <m <100 g, the typicalreduced frequencies associated with
wing flapping St,, are 0.1 to 1, whereas in hover St,, — oo. This
should be contrasted with equivalentreduced frequenciesassociated
with oscillating helicopterrotor blades, namely St, ~0.015— 0.05.
Thus some flying creatures can generate DSVs at a rate high
enough to ensure sustained flight, i.e., at least one vortex will
always be present on the upper surface of the wing or body at any
instant.

A similar explanation can be given in the context of excitation.
Greenblatt et al.'> have shown that an important difference be-
tween the DSV and vortices generated by excitationand transported
over the airfoil surface, is that their timescales are substantially
different—by one to two orders of magnitude, c.f., St, = 0(0.01)
to O(0.1) vs F* =O(1). With excitationat F* = 1.0, there are typi-
cally two to three vortices presenton the lifting surface (or airfoil) at
any instant. This ensures stable, as well as effective, lift because the
excitation-generatedvortices do not bring about large variations in
aerodynamic loads. Indeed, in the present investigationintegration
of the oscillatory pressures on the airfoil indicated relatively small
oscillatoryloads (e.g., Cy ms/CL max = 3%, as just shown), which is
consistentwith conventionallow-Reynolds-numberinvestigations

Conclusions

This Note demonstrated that periodic excitation, known to be
effective at conventional low Reynolds numbers, is markedly ef-
fective in the MAV Reynolds-number range. Specifically, typical
conventional low-Reynolds-numberlift and efficiency are restored,
excitation-induced lift oscillations are small, and hysteresis asso-
ciated with stall is virtually eliminated. A similarity between the
timescales associated with excitation and those characterizing dy-
namic stallin small flying creatures provided some insightinto these
observations. The method and associated physical dimensions are
ideally suited to actuation by means of micro-electromechanicd-
systems-based devices. However, the effectiveness and efficiency
of actuators required to supply the prescribed excitation will ulti-
mately determine the success and limitations of the method.
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