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Delta Wing Stall and Roll Control Using Segmented

Piezoelectric Fluidic Actuators

S. Margalit,* D. Greenblatt,” A. Seifert, and I. Wygnanski®
Tel-Aviv University, 69978 Tel-Aviv, Israel

The separated flow around a balance-mounted, 60-deg sweptback, semispan delta wing with a sharp leading
edge was controlled using zero-mass-flux periodic excitation from a segmented leading-edge slot. Excitation was
generated by cavity-installed piezoelectric actuators operating at resonance with amplitude modulation (AM) and
burst mode (BM) signals being used to achieve reduced frequencies (scaled with the freestream velocity and the root
chord) in the range from O(1) to O(10). Results of a parametric investigation, studying the effects of AM frequency,
BM duty cycle and frequency, excitation amplitude, location of the actuation along the leading edge, and optimal
phase difference between the actuators, as well as the Reynolds number, are reported and discussed. Balance
data were supplemented by upper surface static pressure measurements and particle image velocimetry (PIV)
data. Order unity reduced-frequency modulation of the high-frequency carrier wave increased the normal force
generated by the delta wing most effectively. BM with a duty cycle that was as low as 5% was more effective than
the amplitude-modulated signal with larger peak excitation velocity and an order of magnitude larger momentum
input. PIV data suggest that excitation enhances the momentum transfer across the shear layer, downstream of
the original vortex breakdown location, generating a streamwise vortex the size of which is commensurate with

the local wing span.

Nomenclature
A; = exit area of ith slot
Ay = wing plan view area
B = wing span
b = local wing span
b = local maximum normal distance from the leading edge
Cp = drag force coefficient, D /q A,
Cg = input power coefficient, W /qU A,
CL = lift force coefficient, L /g A,,
Crmax = maximum lift coefficient
Cu = pitching moment coefficient, Mp /g A, c
Cy = normal force coefficient, N /q A,
Cp = local pressure coefficient, (p — pso)/q
Cr = rolling moment coefficient, Mg /q A, c
C, = excitation momentum coefficient,
K
Zpu,’-zAi/%pUiAw
i=1
c = root chord
¢ = leading-edge length
D = drag force
DCy = dutycycle,nf,/f
FM = ﬁgure of merit7 n/(CL/CD)baseline
F* nondimensional excitation frequency, (fc¢/Ux)
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excitation frequencys; either f, or f,, depends on
excitation type

modulating frequency

actuators resonance frequency

number of active actuator elements

length of separated region

number of excitation cycles

local pressure

in-plane velocity, /(w? + v?)

freestream dynamic pressure, pU? /2

root chord Reynolds number, Uqoc/v

input signal modulation period

period of actuators’ sine wave

slot exit peak velocity

freestream velocity

fast Fourier transform amplitude results at f = f,
rms of velocity fluctuations

u’ at the slot’s exit

rms excitation voltage

velocity components of the flow in the y, z directions
actuator input power, W

distance from actuator to reattachment area
distance from actuator to trailing edge

Cartesian coordinates, (Fig. 1)

rotated coordinates, (Fig. 1)

angle of attack

stall

aerodynamic efficiency, C/(Cp 4+ Cg)

spanwise location of the center of pressure, origin at
tunnel wall, Cr/Cy

kinematic viscosity

air density

phase angle between input signals to each actuator
streamwise location of the center of pressure, origin at
midchord, CM/CN

dimensionless vorticity, (dv/dx — du/0y)/Usc
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I. Introduction

HE flow over a thin delta wing that is inclined to the freestream
athigh incidence angles separates at the leading edge and forms
shear layers that roll up into two large vortices, which are primarily
responsible for the lift generation at low speeds. These vortices are
only weakly dependent on Reynolds number whenever the leading
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edge is sharp.! As the incidence angle increases, the swirl velocity
and the circulation of the vortices also increases. When the ratio
of swirling-velocity-to-axial-velocity at any point in the vortex ex-
ceeds approximately 1.3, the vortex breaks down, that is, it expands
into a highly fluctuating structure in which the velocity compo-
nents are drastically reduced in the central part of the structure.'
Consequently, vortex breakdown is generally associated with delta
wing stall and can induce vibrations and buffet,? loss of control, and
eventually wing damage.

The need for high lift during landing approach and low-speed
maneuvers has been traditionally overcome by means of leading-
edge slats and flaps>* and multi-element high-lift systems.>®* How-
ever, the need to reduce weight and complexity has motivated
numerous active flow control studies, involving steady blowing
in particular, for example, from the trailing edge,”® along the
span,”'% and along the vortex core.'! Significantly greater reduc-
tions in weight and complexity can be achieved with autonomous
zero-mass-flux actuators.'> However, their utility in delaying vor-
tex breakdown and enhancing delta wing performance is, as yet,
unproven.

Leading-edge vortices can conceivably be viewed as rolled up,
or curved, shear layers possessing axial flow, and it is well known
that two-dimensional free shear layers are particularly receptive to
periodic excitation.'® Indeed, it was shown that excitation along the
leading-edge of a 60-deg swept delta wing significantly affected
the evolution of the bound shear layer originating from the lead-
ing edge.'* Similar observations demonstrated the effect by means
of large flap oscillations, at prevortex breakdown conditions.' =!8
Periodic excitation apparently introduces “instability driven large
eddies which periodically transport high momentum fluid to the
surface”!® and increased the poststall normal force on the wing.?’
On the other hand, excitation did not affect the prestall lift and drag
forces,?! supporting the notion that a mechanism similar to a two-
dimensional shear layer mixing enhancement is at work. Roll control
was achieved through microelectromechanical systems devices act-
ing on a round leading edge®® by altering the mean location of the
separation line at the leading edge and, thus, the moment acting on
the wing.

The underlying mechanism of performance enhancement by pe-
riodic excitation on a delta wing is unclear, with speculations rang-
ing from delay of vortex breakdown to vortex enhancement. It was
suggested? that vortex breakdown could be delayed by about 25%
of the chord by introducing periodic perturbations at the leading
edge. In contrast, water-tunnel particle image velocimetry (PIV)
data® suggest that the vortex breakdown location was not altered,
but that the downstream-directed velocity close to the surface in-
creased, thereby decreasing the upper surface pressure. A follow-up
study® ascertained that excitation from the aft-half of the leading
edge, in the vicinity of the vortex breakdown location was most ef-
fective. PIV measurements revealed that the shear layer transports
high streamwise momentum fluid into the wake, downstream of the
breakdown location.

The aforementioned studies were exploratory in nature and did
not directly measure the effect of leading-edge excitation on aerody-
namic forces and moments. Furthermore, there is no obvious indica-
tion as to the optimum reduced frequencies, for example, F+ =5.5
(Ref. 14) or F™=1.2-1.75 (Refs. 19, 20, and 23-25). Although
there is consensus that excitation increases Cp .« by maintaining a
positive lift slope at higher incidence angles, it is not clear whether
vortex breakdown is delayed'*?>2} or whether major effects occur
downstream of the breakdown that enhance the streamwise axial
velocity.?*%

The main objective of this investigation was to determine the flow
control conditions for which delta wing performance is optimally
enhanced. This was achieved by conducting a parametric study on
a balance-mounted semispan delta wing on which the effects of
reduced frequency, perturbation amplitude, waveform, and phase
were considered. An array of five autonomous piezoelectric actu-
ators, mounted along the leading edge of the wing, was employed
for this purpose. Balance data was supplemented by limited upper
surface pressure measurements, and optimum control conditions

were further investigated by two-dimensional PIV measurements in
a plane that was normal to the root chord of the wing.

II. Experimental Setup

A. Delta Wing Model and Measurements

Experiments were performed on a semispan delta wing model
with a 350-mm root chord, a 60-deg sweep angle A, a sharp leading
edge, and a 5.7% thickness-to-root-chord ratio (Figs. la and 1b).
The leading edge was beveled at 23 deg and 11 deg on the upper
and lower surfaces, respectively. The wing included 5 internal piezo-
electric actuators and was equipped with 10 upper surface pressure
taps along a line perpendicular to the leading-edge at x’/¢’ =0.7
(Fig. 1a). Pressure measurements were made with a scanning system
connected to a 10-mm-Hg pressure transducer, with an uncertainty
of £0.06%. For convenience, two different coordinate systems were
employed, and these are defined in Fig. 1a.

The semispan wing was mounted on a four-component balance
adjacent to the sidewall of a low-turbulence, closed-loop wind tun-
nel, with test section dimensions 609 (width) by 915 mm (height).
The balance measured normal and tangential forces, as well as pitch-
ing moment about midchord and rolling moment about root chord
(origin of x, and ng in Fig. la). Uncertainties associated with
the balance, as well as experimental parameters, are presented in
Table 1.

Table 1 Parameters ranges and associated
experimental uncertainties

Parameter Uncertainty Range
Temperature, °C 0.1 16-26
Re 2% 1.17-3.50 x 10°
F* 2% 0-10
a, deg 0.2 25-45
Excitation Voltage 1% 0-80V
Input power 2% 0-25W
Cu 25% 0-3.8%
Force balance
Cn 0.1-7
Re=1.17 x 10° 0.08
Re=234x10° 0.043
Re=3.50 x 10° 0.015
Cu —0.15-0
Re=1.17 x 10° 0.007
Re=234x10° 0.004
Re=3.50 x 10° 0.002
Cr -0.04-0.34
Re=1.17 x 10° 0.015
Re=234x10° 0.013
Re=3.50 x 10° 0.006
Excitation . y‘
slots X X
A\ 4
z

Upper surface

A
A
350

’ S
b . | b)

Tunnel wall

Pressure ports

Fig. 1 Semispan delta wing model: a) top view and b) wing’s cross
section.
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Fig. 2 Schematic wind tunnel and PIV setup.

The tests were conducted at speeds of 5-15 m/s, corresponding
to root chord Reynolds numbers of 1.2-3.6 x 10°.

The tunnel wall boundary layer upstream of the wing was re-
moved by means of suction applied through a porous strip, located
25 cm upstream of the wing apex, showing a negligible effect on
the forces and moments generated by the semispan model.

The zero-mass-flux piezoelectric actuators were segmented and
distributed evenly along the leading edge (LE) of the wing. Each
actuator cavity was connected to an exit slot via a slightly conver-
gent nozzle (Fig. 1b). The actuators’ locations correspond to slots 1
(close to the apex) through slot 5 (close to the wing tip), as shown in
Fig. 1a. Slot segments were 1 mm wide and spanned approximately
12% of the LE length, apart from the slot closest to the apex, that
is, slot 1, which spanned 34% of the LE length, with its upstream
edge located at 8% from the apex. The actuators were driven by
a multiple-wave function generator, via a five-channel amplifier. A
comprehensive bench-top calibration was performed before and af-
ter the wind-tunnel runs to characterize and verify each actuator’s
output and determine C,,. This included relevant frequency and am-
plitude sweeps, as well as amplitude modulation and burst modes.

Baseline and controlled flowfields perpendicular to the wing sur-
face and wind-tunnel wall were measured with a two-component
PIV system, using a double-pulsed Nd—Yag laser, and a cross-
correlation charge-coupled device camera, with a 1300 x 1030 pixel
resolution. (See Fig. 2 for a schematic of the setup.) The camera was
mounted underneath the tunnel floor, in which a small square open-
ing was made to obtain a distortion-free optical path. Seeding was
provided by a theatrical fog generator located upstream of the test
section.

B. Modes of Excitation: Definitions

The actuators were operated in three modes: 1) by a pure sine
wave, 2) by an amplitude modulated sine wave, and 3) by a burst
mode.?®?” Additional modulation techniques or envelope shapes
were considered (Sec. II1.C), but not studied in detail.?® Figures 3a—
3c show examples of the three modes, where the function generator
(input voltage) signal is shown together with the derectified hot-
wire measured velocities. Mode (1) is self-explanatory. For ampli-
tude modulation (AM, mode 2), the amplitude of the carrier wave
is modulated by the modulating wave. The carrier wave has a fre-
quency of f, =1/T, =w/2m, and the modulating waves’ frequency
is f,, =1/T,, which is an integer divisor thereof. For burst mode
(BM, mode 3), the carrier amplitude is modulated by a square wave
having an amplitude that varies between 0 and 1, and its overall du-
ration for n cycles is nT . The square wave modulating frequency is
fw- Therefore, in addition to the preceding definitions, we can also
define a duty cycle (DCy) =nT, /T,, (alternatively, nf,, /f,), which
expresses the fraction of the cycle during which the actuators are
active. Consequently, in BM, C,, is also a function of DCy (and not

Pure sine wave input voltage

Pure sine wave slot velocity

a)

Amplitude Modulation (AM) input voltage

T, =/,

m m

Amplitude Modulation (AM) slot velocity

b)

Burst Mode (BM) input voltage

i~

T,=y_

n=No. of cycles

m

Burst Mode (BM) slot velocity

Time
c)

v

[m/s]
20 ~

d) Vrms

Fig. 3 Response of a hot wire placed at the excitation slot to different
modes: a) pure sine wave, b) AM, ¢) BM and d) bench-top slot calibration
with pure sine excitation at 1170 Hz.

only of the peak excitation voltage, to be discussed). Note that for the
AM and BM, the reduced excitation frequency F* is based on f,,.

The spectral content of the AM waveform (corresponding to the
signal shown in Fig. 3b) is characterized by a major amplitude peak
at f, and two minor peaks at equal distance on each side of this point
f+ £ fwn. The BM waveform results in a more dispersed spectrum,
containing peaks at constant f,, increments from each other. The
amplitude of these peaks is constrained by a function similar to
[sin(x — f.)]1/(x — f.) (Ref. 29). The higher the DCly is, the higher
the energy that is concentrated around f,.

C. Slot Calibrations and Definitions
The excitation amplitude coefficient is defined*3! as

K /
_ Do PulAi
===l
10U A,

Because of hot-wire limitations at resolving low-speed veloci-
ties, each actuator’s characterization was based on peak exit slot
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velocities U p; and assumed to be sinusoidal, resulting in U 2i = 214!’.2,
where u; is the rms of velocity fluctuations at the slot exit.

A bench-top calibration was performed to evaluate the fluidic out-
put of the actuators. A hot wire was placed in the core region of each
slot, and the exit slot velocity was measured for a series of excita-
tion levels (Fig. 3a) at the actuator’s resonance frequency. Additional
data were acquired to characterize the fluidic output when applying
AM and BM voltage excitation signals at f,, < 146 Hz (correspond-
ing to F* <5 at Re =2.34 x 10°), and all data were compared to
that at 58.5 Hz (corresponding to F+ =2 at Re =2.34 x 10°). The
measured 58.5-Hz AM signal closely followed the voltage input as
shown in Figs. 3b. However, the momentum output was slightly re-
duced (typically by less than 20%) when compared with the ideal
excitation signal, due to the actuator exponential rise time. Conse-
quently, all C,, were based on the ideal behavior of the waveform,
and the uncertainty was estimated at +25%. The rise-time effect
was greatly exacerbated when applying the BM signal and this was
particularly evident at low DCy. Consequently, C,, calibration was
based on the measured velocity signal. Hot-wire traverses across the
span and width of the slot revealed small variations (less than 6%)
inC,.

Following the traditional analysis of swept LEs, we consider the
LE normal velocity component U, cos A and the component of
the chord normal to the LE, namely, ¢ cos A, which is the effec-
tive maximum length scale. Substituting these two quantities into
the traditional definition of F* results in F* = fc/Uy, which is
appropriate to the delta wing and, therefore, used throughout this
paper.

A typical actuators’ characterization curve showing peak exit slot
velocities Up as a function of the rms excitation voltage Vi at
f =1170 Hz is shown in Fig. 3d. Figure 3d presents velocities nor-
mal to the slot, within the slot-exit core region. The peak velocities
emanating from slots 2—5 are similar and increase almost linearly
with V.. However, three measurements at different locations along
slot 1 show decreasing peak velocities toward the apex (Fig. 3d).
This is because the larger cavity volume, adjoining slot 1, as well
as the slot span and possible viscous effects. Note, however, that
the normal component of momentum generated at slot 1, that is,
,oU]%1 A, was about 80% of that generated by each of the other
slots.

Performance validation of the actuators following the termination
of the wind-tunnel experiments revealed a significant performance
degradation of actuators 1, 2, and 3. Consequently the C,, values
quoted here (based on the initial calibration made before the com-
mencement of the data acquisition) should be considered as upper
bound of the actuators’ performance. The parameter ranges and as-
sociated experimental uncertainties are presented in Table 1. The
uncertainty of the balance data was evaluated using a three step
procedure:

1) The difference between tare measurements performed before
and after each baseline polar, that is, varying «.

2) For every «, the standard deviation of all of the baseline data
(multiplied by 3).

3) For the controlled data acquired at fixed «, a baseline was taken
at the beginning and at the end of each parameter scan.

The uncertainty of the PIV data is 0.3 m/s (or 3%) at x/c =0.25
and 0.8 m/s (or 8%) at x /c =0.6.

III. Discussion of Results

A. Effects of Excitation Frequency, Amplitude, and Waveform

Stall occurs naturally on the present wing at 31 <« <32 deg
and is insensitive to Reynolds number (Fig. 4a), generating a max-
imum normal force of Cy max =~ 1.32—1.37 in the range of Reynold
numbers tested. Stall is mild where the normal force decreases by
about 0.015/deg (for o < 40 deg) followed by a normal force plateau
(for 40 < o <45 deg). During the exploratory stage of the investi-
gation, the wing was held at a constant poststall angle of attack.
The data presented in Fig. 4b were acquired at « =37.8 deg and
show the dependence of the normal force on F*, where AM was
used to obtain 0 < F* <10 at a constant C,, =0.41%, for three
Reynolds numbers. The force increment resulting from the exci-

Table2 Summary of effective F* and C,, from various investigations

Reference Effective F+ Cpu, % Re x 104

Gad-el-Hak and 5.5 0.3-1.28 1.25
Blackwelder!*

Guetal.'? 1.3 7.7 1.7

Guy et al.,1920.23 1.2-1.75 1.9-2.32 2.1-55
Siegel et al.?»?

Present investigation 1.04.0 0.41,3.8 11.7

Present investigation 1.0-2.0 0.03-0.41 23.5-35.0

2Calculated according to the definitions presented in this study (see Nomenclature).

1.5
Cn —0—Re=117k
1.4
Pl
RN | —¥— Re=175k
131 R

I’ ARN
1.2 + \,E; g | —— Re=234k

d
1.1*’4

]

—O0— Re=350k

1.0 T T T 1
25 30 35 40 45

Fig. 4a Reynolds number effect on baseline Cy .

%ACy
20
— -Baseline
15 - —s-Re=117k
—a— Re=234k
10 1 o Re=350k

Fig. 4b Frequency effect on ACy at o=37.8; excitation AM, C, =
0.4%j circled points F*=82,41, and 27 (corresponding to Re=1.17,
2.34 and 3.50 x 105).C 1w =0.29% for the pure sine excitation.

tation was mostly dependent on F* with only a weak sensitivity
to the Reynolds number (with the exception of the lowest Reynolds
number tested and where 2 < F* < 6), showing a peak normal force
incrementof ACy /Cy = 15%. This peak is more pronounced at the
higher Reynolds numbers using 1 < F < 2, whereas at the lowest
Reynolds number Re, there is a larger range of effective frequen-
cies, thatis, 1 < F* <4. Note that for F* > 8, excitation can have a
deleterious effect on the performance. These observations are con-
sistent with published data,'*1%20.2425 despite the fact that an AM
signal was used presently to generate the low F . This is probably
because the flow is not receptive to the carrier frequency.?® To fur-
ther illustrate this point, note that pure sine-wave excitation at the
carrier frequency, which is in the range 27 < F* <82 (depending
on Reynolds number Re), has a negligible to slightly detrimental
effect on Cy (circled data points in Fig. 4b).

The effective F* and accompanying C,,, obtained in various in-
vestigations at relatively low and intermediate Reynolds numbers
are illustrated in Table 2. They all indicate that the optimum reduced
frequency to be used is of order unity.

In additional experiments, it was found that excitation reduces the
nose-down pitching moment Cj, when the most effective reduced
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%ACy
30

25 | -0-Cu=3.8% 0=39

201 = Cp=04% 0=37.8

15

10 A Cp=0.29%
54
0 -
N \O\O\\O\CO

-10 — T/

0 1 2 3 4 5 6 7 8 9 10 80
F+

Fig. 5 Frequency effect on ACy using low and high C,; Re=
1.17x10%, AM excitation; encircled points pure sine, F* = 82.

frequencies are used. Furthermore, the longitudinal center of pres-
sure varies by no more than 2% of the chord as a consequence
of the excitation. The positive movement of the center of pressure
at effective F* implies that the normal force was increased at the
front-half of the wing slightly more than at its rear-half. These find-
ings suggest that the Cy enhancements (Fig. 4b) are not brought
about by a dramatic change in the vortex dynamics along the wing,
but rather an almost uniform mixing enhancement across the sep-
arating shear layer from the sharp LE (as will be shown and dis-
cussed later). In contrast to Cy, Cg is strongly dependent on the
frequency, that is, a variation of ACg =~ 0.06 between F* =1 and
10. Furthermore, the transverse location of the center of pressure
was not affected by the excitation, irrespective of the frequency
or the momentum input. This would indicate that, in a time-mean
sense, the vortex did not move in a direction normal to the leading
edge.

Frequency scans using AM at two values of C,,, differing by an
order of magnitude, at similar angles of attack are shown in Fig. 5.
The 10 fold increase in C, slightly reduces the optimal F* as well as
narrows the effective F* range. Nevertheless, the relative increase
in the normal force ACy is approximately doubled. Similar qual-
itative observations have been made on airfoils, namely, that large
increases in C,, bring about modest performance enhancements.>3
Athigh C,,, lower F*(<3) achieves better performance, yet the ef-
fective F* range becomes narrower. The improved performance at
lower F* with higher C,, is consistent with previous observations
made in several two-dimensional flows.**=34 On the other hand, the
narrowing of the effective range of F* contradicts those observa-
tions and requires further study.

The effect of modulation envelope shapes (shown in Fig. 6a) on
ACy is shown in Figs. 6¢, where the calibrated C,, was maintained
constant for all cases. The spectral content of the derectified velocity
at the excitation slot is shown in Fig. 6b. In general, the “chainsaw”
and BM envelopes were somewhat superior to the “triangle” and
AM envelopes, with regard to Cy enhancement, for the range of
effective frequencies considered. Also the hot-wire response mea-
sured in the slot for the two effective excitation signals was similar
(Fig. 3c). Note that the most effective waveform, that is, chainsaw,
had the largest number of harmonics of the modulation frequency
[ (Fig. 6b). It appears that the shorter the excitation rise time, the
larger is the improvement in C y . The wider spectral content of some
of the excitation waveforms (Fig. 6b) may have enabled a more ef-
fective amplification of the most unstable modes of the separated
shear layer and promoted a nonlinear interaction among a wider
spectrum of excited waves. Consequently, a detailed comparison
between AM and BM excitation modes at various frequencies was
carried out, and the results are shown in Figs. 7a and 7b, where peak
excitation voltage was maintained constant. For AM excitation, this
corresponded to C,, = 0.4% for all F*, but for the BM excitation C,,

Chainsaw envelope

Square (BM) envelope

Sine (AM) envelope

a)
u [m/s]
Chainsaw
l l | AT
Triangle
Square (BM)
I | S N
Sine (AM)
0 500 1000 1500 2000
F [Hz]
b)
%ACy
25 = =Baseline
20 | —e— Chainsaw
—o—Triangle
—A— Square (BM)
15 1 —m— Sine(AM)
10
5 4
O — — ——— — — — ————
-5 4
-10 T T T T T — T T - .
0 1 2 3 4 5 F 6
©)

Fig. 6 Effect of modulating envelope shape on the frequency response.
Re=2.34x105, o =37.8 deg, C,,=0.4%: a) waveforms, b) fast Fourier
transform of the absolute value of the velocity output of each waveform,
and ¢) ACy.

increased in proportion to the DCy and the latter increased with in-
creasing F*. This is because the number of BM active cycles, n =3
remained constant, whereas the number of cycles between bursts
decreased as F* increased. To further illustrate this, selected BM
C,, values are shown in Fig. 7a, with the ordinate on the right-hand
side. The data presented in Fig. 7a indicate that BM excitation is
superior to AM excitation in enhancing Cy for the entire F* range
considered and that its low F* threshold of effective frequency range
is roughly half that of the AM. In addition, BM excitation brings
about higher normal force enhancement using significantly lower
C,. For example, at F* =0.4, AM slightly degrades performance,
whereas BM enhances it, even with 29 times lesser C,,. Similarly,
at F*=1.0, the normal force enhancement using BM is doubled
when using 11 times smaller C,, than for AM. Consequently, the
quotient ACy/C, can be up to three orders of magnitude larger
for BM than for AM (Fig. 7b), suggesting perhaps that the use of a
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Fig. 7 Frequency effect on performance o =37.8 deg, Re =2.34x 105, AM excitation of Up/Uo, =1.3 and BM of Up/U, =0.83 (note the log scale on
the ordinate): using low C,, a) AC, and b) AC,/C,, and frequency effect on C, at low C,,, pressure ports at x'le’=0.7: ¢) Ft =04, d) F* =1.0, and

e) Fr=3.2.

single parameter describing the amplitude of the excitation, such as
C,, is not adequate. Pressure distributions, measured normal to the
LE at x/c=0.7 for F*=0.4, 1.0, and 3.2 (Figs. 7c-7e), provide
a qualitative validation of the balance data and offer some insight
into the structure of the flow in the plane of the measurement. The
baseline’s approximately constant pressure distribution implies a de-
tached flow without the presence of a vortex. Using Ft =0.4, the
slight degradation due to the AM and the performance enhancement
due to the BM are qualitatively reflected by the upper surface pres-
sures (Fig. 7c). Furthermore, the discernable Cp peak at y/b =0.3,
associated with the BM excitation, suggests the existence of a dif-
fused vortical structure at this cross section. When F+ =1 is used,
the peak suction pressure generated by BM excitation (Fig. 7d) is

clearer than for the AM, and it remains centered around y/b=0.3.
In contrast, the pressure distribution associated with AM does not
resemble a clear vortex signature and is approximately constant over
the range 0.1 < y/b < 0.6. Finally, when F* = 3.2 (Fig. 7e) is used,
both controlled pressure distributions have a similar shape, whereas
the lower overall pressure is still associated with the BM excitation.
Frequency scans conducted at different angles of attack indicated
similar trends to those shown in Figs. 7.

B. Effects of AM Excitation Amplitude

Figures 8a—8d present the ACy and Cp data resulting from C,,
scans at a constant F T, that is, changing the modulation amplitude
in AM mode. The variation of the normal force with amplitude
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changes significantly for different AM frequencies. For example,
at a low frequency of F*=0.8, Cy continuously increases (al-
though not at a fixed rate), with increasing C,,. On the other hand,
at F*=2.0, there exists an optimum at C, ~0.4%. Further in-
crease in C, brought about a slight reduction in ACy, followed
by a gradual Cy increase for C,, > 1.5%. At higher F*(=4.1), a
similar trend is evident, with a local maximum around C,, ~ 0.5%
that degenerated to nullify ACy at C,, &~ 2%, but regained some
effectiveness for C,, >3%. At even higher frequencies (Ft =38),
the effect of AM excitation is deleterious irrespective of C,,. When
possible applications are considered, the continuous rise of ACy
due to excitation at F*=0.8, and especially the roughly linear
response when C, > 1.0%, makes this reduced frequency per-
haps amenable to autonomous closed-loop control despite that
it would not be the most efficient frequency to use under all
circumstances.

The Cy performance variations shown in Fig. 8a are in qualitative
agreement with the variations of the pressure distributions shown
in Figs. 8b, 8¢, and 8d (for F* ~0.8, 2.0, and 4.1, respectively).
The local minima exhibited by Cy, as a result of increasing C,,
at F* > 2, is counterintuitive in the context of conventional active
flow control (AFC) wisdom. However, note that similar observations
have been made on two-dimensional airfoils.*>33 This similarity,
together with the optimum F* (=1), suggests that the shear layer
forming the vortex on a delta wing has some resemblance to the
classical, excited mixing layer between two parallel streams and the
two-dimensional separated zone.!>3!:3

C. BM Amplitude-C,, Dependence

A comparison of ACy generated by AM and BM excitation
modes at various values of C,, is shown in Fig. 9 for F+=2.0,
at a poststall incidence of o = 37.8 deg (Note that the C, is plotted
on a log-scale.) For BM actuation, data for various fixed DCys are
presented. Note that the BM C,, can be increased when altering ei-
ther U, or DCy; here, U, was increased for each DCy presented.
AM excitation at low C, has a very weak effect on the normal
force, and discernable effects are only evident at AM C, > 0.1%.
Further increase of the AM C, results in a maximum ACy that is
achieved at C, ~ 0.4%, whereas additional increase in C,, results in
performance degradation. In contrast, BM excitation with a small
DCy = 5% has a measurable effect on ACy corresponding to a BM
C,, thatis as low as 0.001%, that is, two orders of magnitude smaller
than for AM excitation. This particular DCy (5%) comprises a single
excitation cycle out of a total of 20, corresponding to a DCy = 100%.
Increases in U, result in logarithmic increases in Cy with satura-
tionat C,, > 0.02%. Atlow C,, (~0.01%), increasing DCy results in
slightly smaller Cy enhancement. This is an important observation
because it means that, at low C,,, the lowest DCy, that is, n =1, can
be used to achieve significant gains. This outstanding result could
perhaps be explained by the fact that a short, strong impulse (delta
function) contains a complete spectrum of excitation modes. Hence,
the separated shear layer is supplied with a wide range of frequen-
cies, from which the most unstable ones can be amplified and, thus,
generate large coherent structures. It was shown that the timescales
associated with a change of state of the flow (from being separated to
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Fig. 10 Effect of the excitation peak exit slot velocity on Cy increment,
a=37.8 deg, Re =2.34 x 10°, BM excitation, DCy = 20%.

being attached and vice versa) are much longer than the timescales
of the excitation.?® Therefore, if a single pulse is able to attach the
flow or sufficiently change its characteristics, it will remain at the
modified state for a considerable time thereafter. These results also
raised the question of whether C,, is the adequate parameter to de-
scribe the excitation’s magnitude. This matter will be discussed in
the following section. For progressively larger DCys, larger ACy
can be affected, but at successively larger values of C,,. Nevertheless,
applying BM excitation at DCy =35% and C,, =0.08% produced
a ACy peak that was larger than the peak generated by the AM
excitation at the five times larger C,, (~0.4%).

Figure 10 shows a comparison between the effects of BM exci-
tation using F* = 1.0 and 2.0 on the normal force increment. Here
also, the DCy was held constant and the peak slot exit velocity
was altered to increase the excitation C,,. Note that the abscissa
is the normalized peak slot exit velocity and not C,. The higher
frequency, that is, F*=2.0, is more effective at low amplitudes,
but it saturates for U, of 70% the freestream velocity, whereas the
lower frequency, F* = 1.0, becomes superior only at U,/ Uy, > 0.8
and provides a slightly higher normal force increment, and saturates
at U, /Uy ~ 1.2. When both the peak velocity and momentum co-
efficient are considered, it could be stated that it is most efficient
to use peak velocities between 50 and 80% of the freestream and
momentum coefficients smaller than 0.2%.

Also note that the slot exit velocity did not reach the steady-state
response to applied voltage excitation for n < 4 cycles, compared to
n =3 in Fig. 3c. As the number of cycles is increased, a critical DCy
is reached, above which performance degradation is evident. This

Cn
1.6

- Baseline

—8-BM F+=0.42 Cu=0.012%
—4-BM F+=1.0 Cy=0.03%
—-BM F+=2.0 Cu=0.06%

25 30 35 40 45

oc[deg]

Fig. 11 Cy vs o for BM excitation at various F*; Re=2.34 x 105, BM
excitation, n =3 cycles, U,/U, =0.7.

critical DCy appears to be, in most cases, larger at higher slot-peak
velocities. The degradation in performance at large DCy (>35%)
could be explained perhaps by observing that the slot exit velocity
does not decay immediately after the termination of the excitation
signal, but it persists for several additional cycles (Fig. 3c) due to
inertia or cavity resonance, leading to a larger effective DCy. This in
turn causes the BM to resemble a pure sine-wave excitation, losing
the low-frequency content and consequently losing efficiency.

The most important observation that can be drawn from this sec-
tion is that the results are virtually independent of the DCy, even
though it was increased sevenfold and more (from 5 to 35% and
more). This finding might lead to reconsideration of C,,, based on
the fractional duration of the excitation in BM excitation, as the lead-
ing magnitude parameter for this excitation mode and flow regime.

D. Angle-of-Attack Variation with BM Excitation

After effective parameter ranges at a given incidence were estab-
lished, the dependence of the normal force on the angle of attack
was considered (Fig. 11). All of the curves in Fig. 11 were obtained
using BM excitation at various F+ where U, and n were maintained
constant. As with earlier two-dimensional investigations, excitation
did not influence the flow at prestall incidence angles. The most sig-
nificant effect of AFC was apparent at 7-10 deg beyond the baseline
stall angle. Note, however, the kink in the Cy—o slope just beyond
the baseline stall angle that is most apparent at reduced frequencies
other than F™ =1. It is also evident that the lift slope associated
with excitation is smaller in the poststall regime than the corre-
sponding prestall slope. This suggests that the excitation generates
vortices that are somewhat different in nature than the vortices ex-
isting over the unperturbed delta wing and will be further discussed
in Sec. IIL.G.

E. Effect of Excitation Location

The effect of operating the actuators individually, thereby in-
troducing the excitation only at selected locations along the LE, is
shown in Figs. 12a and 12c and in Figs. 12b and 12d for AM and BM
excitation modes, respectively. Note that for the AM excitation, only
the two actuators closest to the apex increase Cy (Fig. 12a), whereas
the remaining actuators closer to the trailing edge are deleterious,
particularly actuator 4. In contrast, BM excitation is not as sensitive
to the location of the active actuator (Figs. 12b), and all actuators
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enhance Cy, with actuator 4 being slightly more effective than the
others. The Cy data was consistent with the Cy trends and, thus,
indicated the potential for rolling moment control (Figs. 12¢ and
12d). Rolling moment coefficients using AM excitation (Figs. 12¢)
generate either an increase or a decrease in rolling moment relative
to the baseline, depending on the individual active slot location.
For example, when slot 1 is active, C is increased, whereas Cy, is
decreased when slot 4 is active. These results could be most bene-
ficial in future implementation of AFC for roll control. In contrast,
BM excitation (Fig. 12d) brings about increased Cy irrespective of
which slot is active, with slot 4 generating the largest ACz produced
by a single element operating in BM. In summary, with all actuators
active (Secs. III.A-II1.C), AM and BM actuation resulted in similar
trends, where differences were mainly quantitative. In contrast, op-
erating the actuators individually resulted in significantly different
qualitative behavior. Exploration of the physical mechanism leading
to these findings warrants further study.

F. Effect of Phase Variation Along the LE

Provided the effects of excitation are felt only downstream of the
actuation, the alteration of the relative phase along the LE could
affect the flow. This effect was investigated in an attempt to en-
hance the interaction between the excitation and the spiral vortex,

provided that the flow is convectively unstable, amplifying the ex-
citation emanating from individual slots.

Figure 13 shows the effect of operating each actuator at a phase-
lag relative to its upstream neighbor, on the normal force, that is,
the excitation is rendered successively less two-dimensional. Data
are presented for the poststall incidence of @ = 37.8 deg, employing
AM excitation at F* =2.0. Several levels of C,, were tested, but
only one typical case is presented. It was found that performance
is degraded as the excitation becomes less two-dimensional, with
the exception of ® =30 deg at C, =0.4%. The most deleterious
effects are evident in the vicinity of & = 180 deg, that is, successive
actuators are operated in antiphase. Despite this, at C,, > 0.4%, the
overall effect of actuation remains beneficial, but two-thirds of the
Cy enhancement was lost. A more detailed phase-lag test was con-
ducted for C;, = 0.4% and using a smaller A® =7.5 deg. However,
when Cy uncertainty was considered, this survey did not identify a
more effective AP that was other than zero.

The preceding discussion showed the utility of operating actua-
tors individually. However, the most significant gains are achieved
when all actuators are operating in unison at the same phase. This
further reinforces the notion that the excitation does not bring about
dramatic changes to the strength or breakdown location of the LE
vortex. Rather, the separated shear layer along the entire LE is re-
ceptive to the excitation in a quasi-two-dimensional manner.
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G. Incidence Variation Under Optimal Excitation Conditions

Figure 14 shows normal force Cn and integrated pressure coef-
ficient Cyp (right side ordinate) for the two excitation modes, at
the maximum ACy achieved by each of the excitation modes for
low-momentum input defined here as C,, < 0.5%. Corresponding to
the baseline incipient stalled flow condition o =32 deg, both AM
and BM excitation modes extend the linear C y—« range by approx-
imately 2 deg; thereafter, Cy remains approximately constant for
33 <« <34 deg, in a manner similar to the incipient baseline stall
(Fig. 14). However, for o > 34 deg, both excitation modes bring
about significant Cy enhancement, although dCy /do is somewhat
lower than the prestall lift slope, except for the BM data at o = 35—
36 deg. This result is consistent with previous observations® that
were based on the integration of upper surface pressures. This range
of angles of attacks corresponds to a rapid decrease in dy, /do,
whichindicates a change in the flow regime. As noted earlier (Figs. 6,
7, and 9), BM excitation is more effective in enhancing the normal

force, despite the large disparity in the BM C,, that is currently
13 times smaller than the AM C,,. The Cp distribution at the in-
cipient stall angle (¢« =32 deg, not shown) shows a distinct peak
for baseline and excited cases at y/b=0.25, where it is probably
the footprint of the LE vortex. However, for both excitation modes
at « =36 and 40 deg (not shown), the Cp peak is not as clearly
defined and moves toward the wing root, although the pressure re-
mains consistently lower than the baseline pressure. This finding
illustrates that the Cy enhancement does not occur as a result of
the classic, stationary LE vortex, and hence the poststall dCy /da
is lower (Fig. 14), with the exception of « =35-36 deg BM data.
It would appear that, on the average, the vortex is quite spread out
in the spanwise direction. Because only mean pressures were ac-
quired, it is not possible to distinguish if the vortex modified by the
periodic excitation is narrower but meandering periodically in time,
or if it is spread out, that is, diffused, and stationary. This obser-
vation, regarding the large mean width of the vortex is consistent
with independent PIV measurements,* which show that the vortex
center oscillates as a result of the excitation in an approximately
elliptical orbit in the transverse (crossflow) plane.

Lift coefficient data, derived from the balance measurements,
illustrate that C;, .« is not significantly increased by low C, excita-
tion, regardless of the excitation mode used. This is mainly a result
of the inability to control vortex breakdown fully in the vicinity of
o, as shown in Fig. 14. In contrast, Cp increases substantially in the
poststall regime, as a combined result of the simultaneous increase
in « and poststall Cy . As expected, C g shows trends that are similar
to Cy, whereas the lateral center of pressure is virtually unaffected.
In contrast, C), is virtually unaltered, and the longitudinal center
of pressure movement, away from the apex, was more gradual with
excitation.

The efficiency of the excitation in the poststall regime is assessed
by considering overall aerodynamic efficiency 7 and the figure of
merit (FM), which represents the ratio of the overall aerodynamic
efficiency (taking into account the power consumed by the actua-
tors) to the baseline aerodynamic efficiency.®® A slight increase in
overall aerodynamic efficiency due to the excitation, which mani-
fests as a slightly larger than unity FM, for example, FM = 1.03 for
the AM and FM = 1.05 for the BM at incidence of about 40 deg,
was measured. This result (FM > 1) is encouraging because it indi-
cates that, even at this flow condition, it is worthwhile introducing
power into the actuators, rather than into the power plant, to im-
prove performance. The slightly larger value for FM is associated
with the BM excitation results from the relatively large difference
in Cg (0.001 for the BM compared to 0.009 for the AM excitation),
which is still very small compared to Cp (order 1).

H. Averaged PIV Data

Averaged phase-locked data averaged over a cycle of the mod-
ulated low frequency, eight phases acquired PIV data measured at
x/c=0.25 and 0.6 for baseline, AM and BM excitation modes are
plotted in Fig. 15. Figure 15 presents averaged velocity vectors and
essentially streamwise component of averaged vorticity, out-of-the
plane perpendicular to the wind-tunnel wall and to the wing upper
surface, as shown schematically in Fig. 2. The baseline data acquired
at x/c =0.25 (Fig. 15a) suggest the existence of a rather diffused
vortical structure, whose size is commensurate with the wing span
at this x /c station. AM excitation brings about a tighter average vor-
tex that resides closer to the wing and has a significantly increased
circumferential velocity. (The instantaneous vortex may be much
tighter but it meanders during the low-frequency modulations.) The
BM excitation generates a tighter average vortex, in agreement with
the forces and pressures shown in earlier sections.

The baseline data measured at x /¢ = 0.6 do not possess the char-
acteristic features of a typical LE vortex; rather, the flow resembles
adetached shear layer with a massive region of almost stagnant flow
between the separated shear layer and the wing surface. With excita-
tion, the shear layer deflects toward the wing surface, reestablishing
a vortical structure. This is accompanied by a near-wall counter-
clockwise (positive) vorticity, typical of an attached boundary layer
flowing in the negative y/b direction, that is, inboard. The larger
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shear layer deflection and near-wall vorticity associated with the
BM excitation is consistent with the larger normal force and lower
upper surface pressure observed when using this excitation mode
(c.f., Fig. 14).

IV. Conclusions

Zero-mass-flux periodic excitation was applied from internally
mounted, segmented, piezoelectric actuators located along the LE
of a 60-deg sweptback, semi-span delta wing at poststall angles of
attack. The force balance, pressure, and PIV data complement each
other and validate the major conclusions, showing significant control
authority due to low-frequency modulation of the high-frequency
carrier wave.

The effectiveness of the internal actuators could be explained in
terms of a nonlinear response of the separated shear layer to the
low-frequency modulated excitation signal. This is especially the
case where a highly sloped input signal was used, generating a wide
frequency response. Namely, BM with very small DCy was found
to be more effective than an AM signal that has sine waveform
envelope and an order of magnitude larger momentum input.

Several flow indicators suggest that the shear layer separated from
the stalled LE resembles a two-dimensional separated flow. The vor-
ticity across the shear layer increases due to enhanced momentum
transfer resulting from the introduction of periodic excitation with
uniform phase along the entire LE. This in turn generates a flow
pattern that resembles the original LE vortex, but whose size is
commensurate with the local wing span.

The parametric study leads to the following conclusions. The most
effective frequencies were of the order of unity, for example, 1.0 and
2.0 for BM and AM excitation, respectively. Furthermore, high-
frequency nonmodulated signals (pure sine waves) resulted in no
response or even a slight degradation of aerodynamic performance.
The most significant aerodynamic enhancements were achieved at
C,. levels of 0.03 and 0.4% for BM and AM mode, respectively,
with corresponding peak slot exit velocities (U,/Ux) of 0.7 and
1.3, respectively. The present study does not resolve the open issue
of the proper amplitude scaling, that is, excitation momentum or
peak velocity. It was found that BM signal that has a low DCy
was not only the most effective but also the most energy efficient
waveform.

Applying three-dimensional AM exXcitation, that is, operating all
actuators at the same amplitude & frequency but with a controlled
phase lag along the LE, degraded performance relative to uniform
perturbation without a phase lag. When only one actuator was oper-
ated at a time, the improvements in the aerodynamic characteristics
were inferior to those achieved while all actuators were operative
with the same distributed total C,,.
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