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Introduction

HE additionof cyclic vortical perturbationsto a boundary layer

delays flow separation and eliminates its associated adverse
effects in an effective manner.! The range of Reynolds numbers
at which the experiments were carried out was recently extended
to 38 x 10°%, demonstrating the validity of the control parameters
at flight Reynolds numbers.> However, most of the experiments
performed to date have used external laboratory devices to generate
the perturbations,and the net efficiency of the system has not been
considered. Presently, surface-mounted piezoelectric actuators are
used to excite the turbulent boundary layer upstream of separation,
where the actuators interact directly with the boundary layer. The
actuators are rigid and do not attenuate with increased aerodynamic
loadingup to the maximum tested speed of 30 m/s. Itis demonstrated
that these actuators are effective as well as energy efficient.

Brief Description of Experiment

The actuators were of the Unimorph type, where each piezoce-
ramic plate is bonded to a metal plate, 35 mm long and 60 mm
wide. The resonance frequency of each actuator was approximately
170 Hz and, when driven by a sine wave in still air, its tip vibrated
to a maximum of 13 mm peak-to-peak (ptp). An Israel Aircraft In-
dustries (IAI) Pr8-40-SE airfoil was used, with a chord ¢ of 360 mm
and a span of 609 mm (the test-section width). A transition strip
(grit no. 100) was located at the leading-edge region of the airfoil
(from X/c=0.03 on the lower surface to X/c=0.05 on the up-
per surface). The experiment was conducted in a closed-loop, low-
turbulence, low-speed (<40 m/s) wind tunnel with a 2-ft-wide x
3-ft-high x 20-ft-long test section. Twenty-seven differential pres-
sures were measured along the centerline of the airfoil surface (for
lift, moment, and form drag) and in its wake (for total drag) using
a wake rake located four chordlengths downstream of the airfoil
midchord. The pressure transducers were accurate within £1% (of
the £100-mm H,O full scale). Because of the exploratory nature
of the experiment, only time-averaged pressures were measured.
The effect of the surface pressure fluctuations on lift and pitching
moment was negligible because of the long sampling time (5 s).
The wake unsteadinessis expected to be very low at the wake-rake
position and to be averaged out by the long sampling duration. The
power provided to the actuators was calculated from measured ac
voltage, current, and phase lag. The uncertainty was +0.02 in C,
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£0.00101in C4, £2% in U, and £5 in the maximum airfoil power
efficiency nu.c. The data were not corrected for tunnel-wall inter-
ference because the expected corrections’ (—3% in C,,,., —5% in
the corresponding C,, and +2% in the corresponding L/ D) are of
the same magnitude as the experimental uncertainty. Furthermore,
the major consideration in this Note was the relative change from
baseline to controlled flow, which is only marginally affected by
interference, whereas the correctionsare not strictly valid near stall.

Installation of Actuators

A channel 35.5 mm wide, 605 mm long, and 8.5 mm deep was
machined in the airfoil upper surface, starting at X/c =41% (see
insert in Fig. 1). Ten actuators were mounted along the span of
the airfoil, flush-mounted to its upper surface, with 0.5-mm gaps
between adjacentactuatorsand between the actuatorsand the cavity
walls. Each actuator was isolated electrically from the airfoil and
connected individuallyto the driving system to allow full control of
the phase and amplitude. The resonance frequency of the actuators
was tuned identically to within £0.5 Hz.

Two modes of excitation were tested: a two-dimensional mode,
where all actuators operated at identical amplitude and phase, and
a three-dimensionalmode, where the amplitudes were identical but
the phase of alternate actuators was reversed (as shown schemat-
ically in Fig. 1). Two important differences between these modes
were noted. First, when the actuators were operated in identical
phase, a two-dimensional disturbance was generated, whereas the
three-dimensional mode generated a complicated pattern of alter-
nating streamwise vortices (introduced by the vertical shear lay-
ers between the actuators) and a staggered two-dimensional wave
(introduced by the common frequency and amplitude). Second,
when the actuators operate in the two-dimensional mode they
compress the cavity air when moving downward, whereas in the
three-dimensionalmode, the downward motion of alternating actu-
ators assists the upward motion of their immediate neighbors. This
phenomenon results in a factor of about four between the power
required to generate approximately the same mechanical ampli-
tude from the two modes of motion (2.4 vs 0.65 W per actuator
for 6-mm ptp mechanical amplitude for the two-dimensional and
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Fig.1 Excited boundary-layer velocity perturbation vs freestream ve-
locity (o = 8 deg, f = 170 Hz, 3.5 mm downstream from the actuator,
Y = 1 mm, mechanical amplitude ~ 3 mm, two-dimensional mode). The
insert shows the IAI Pr8 airfoil, the cavity, and a schematic description
of the actuator alone and as it operates in the three-dimensional mode.
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Table 1 Summary of airfoil performance enhancement due to active separation control
Mode

Parameter Explanation Baseline Two dimensional Three dimensional
Cliax Maximum lift coefficient 1.26 1.51 1.54
o Of Clpax Incidence at C; 8 10 12
Cy min Minimum drag coefficient 0.0186 0.0145 0.0155
C of Cd.min 0.49 0.71 0.71
L/D max Maximum lift/drag ratio 43 62 56.5
C OfL/D.max 0.9 1.3 1.1
L/D at Cy,,, /1.21 43 61 53
Nmax Maximum power efficiency 43 38 48
C; at Nmax 0.89 1.40 1.09
Cy + Cg at Nmax Total power coefficient 0.0206 0.0374 0.0228

three-dimensional modes, respectively). Three-dimensional effects
caused by the three-dimensionalmode of excitation were not inves-
tigated. However, examinationof spanwise pressurenonuniformity*
indicates that it persists about one device width downstream of the
actuator with no upstream three-dimensionaleffects. Because most
of the lift increment is generated upstream of the device, we expect
the pressure nonuniformity downstream of the device on the lift to
be in the specified uncertainty level. The three-dimensional nature
of the near wake is eliminated downstream at the specified wake
measurement station.

Actuator Performance

Three basic selection criteriafor a suitable separation control ac-
tuator are appropriate frequency, sufficient amplitude, and rigidity
to withstand aerodynamic and structural loading. With a resonance
frequency of 170 Hz, a midchord mounting, and a freestream ve-
locity of Uy, = 23.5 m/s, the actuators provide a reduced frequency,
F* = f(c/2)/ Uy = 1.2, which is effective for separation control.!
The mechanicalamplitude of a separationcontrolactuatorthat relies
ondirectinteractionwith the boundarylayer to generatethe vorticity
fluctuationsshouldbe comparableto the thicknessof the shearlayer,
which is its source of steady vorticity. The installed actuators were
capable of more than 6-mm ptp vibration, which was of the same
order as the turbulentboundary-layerthicknessat high «. To test for
rigidity, an actuator was mounted on the airfoil together with a cali-
brated hot wire that was located 3.5 mm downstream of it and about
1 mm above the surface. The airfoil was positioned at « =8 deg,
and U,, was altered while the actuator was operating at resonance.
Figure 1 presents the measured boundary-layer velocity perturba-
tion. It became evident that this actuator was capable of generat-
ing fluctuations at a level correspondingto 0.2U at Uy, <30 m/s.
The maximum u’/U,, was about 0.25 at somewhat larger Y. Larger
u' /Uy were notexpected becausethe actuatoracts as a mixer across
the boundarylayer, where the potentialis a velocity fluctuationrang-
ing from zero to U, or u' /U, ~0.33. The maximum velocity of
the actuator tip is estimated as wA =27 f A ~3.2 m/s or 0.136U,.

Airfoil Performance

The improvement in the airfoil performance was measured at a
single Reynolds number R. =0.55 x 10°, using a tripped boundary
layerand comparing the two modes of excitation—two dimensional
and three dimensional—to the baseline.

The lift, drag, L/D, and figure of merit (FM, defined later) of
the separation-controlledairfoil are presented in Figs. 2, 3,4, and 5,
respectively. Table 1 contains a summary of important parameters
and relevant values.

The input power coefficient is defined by
C il

E= T o

3pSU,

and the airfoil power efficiency 7 is then
G

o

where S is the airfoil planview area and W; is the power applied to
the 10 actuators across the airfoil span. The power coefficients were
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Fig.2 Lift vsangleofattack (tripped boundarylayer, R, = 0.55 X 10°,

F* =1.2).
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Fig.3 Lift vsdrag(tripped boundarylayer, R, =0.55 X 10°,F* = 1.2).
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0.0143 and 0.0035 for the two-dimensional and three-dimensional
modes, respectively. To assess the benefits possibly obtained by
operating the separation-control actuators, we define an FM as the
ratio between the power and the aerodynamic efficiencies:

n

FM =
C/Cy

This quantity can be used as a criterion for operating the separation-
control device and also to determine which mode to use at a specific
flight condition.
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Fig.4 Lift/drag ratio vs lift (tripped boundary layer, R, =0.55 X 10°,
F* =1.2).
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Fig.5 FM vs lift (tripped boundary layer, R, = 0.55 X 10°, F* = 1.2).

Observing the various aspects of the airfoil performance,one can
identify the following trends.

1) Cy,,, increasesby 20-22%, regardless of the excitation mode,
because of the delay of stall by 2-4 deg. Considering the lower
power consumption of the three-dimensional mode, it is certainly
preferred for lift enhancement at landing configuration.

2) The two-dimensionalmode generates a milder poststall behav-
ior than the three-dimensionalmode; therefore it is expected to per-
form better in hysteresis prevention and dynamic stall suppression.

3) The baseline drag divergesrapidly for C; > 0.7; the drag diver-
gence of the two-dimensional and three-dimensionalexcited modes
is milder. At C; > 1.1 the drag of the two-dimensional mode is the
smallest.

4) The two-dimensional mode generates the highest L/D at the
highest C;. The combination of high C; at the highest L/D and
mild poststall behavior makes the two-dimensional mode a suitable
candidate for takeoff configuration.

5) When power efficiency is considered, in conjunction with the
FM (Fig. 5), it becomes evident that it is expedient to operate in
the three-dimensionalmode at C; > 0.7 and in the two-dimensional
mode at C; > 1.2.

The physical mechanism describing the nature of spanwise and
streamwise vorticity generation by the two-dimensional and three-
dimensional modes and the interaction between the separating
boundary layer and these disturbances was not studied. However, it
is the first demonstration of energy-efficient active flow control.
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Introduction

ODERN computational fluid dynamics tools can be used to

predict sensitivities for flows encountered by aircraft and
missiles throughout the flight regime. In this study, we describe
one important multidisciplinary application of aerodynamic sensi-
tivity analysis,namely, the coupling of the acrodynamicsensitivities
with a structural dynamics analysis and optimization code. Cou-
pling aerodynamic and structural models provides a powerful tool
for predicting and controlling both static and dynamic aeroelastic
phenomena.

The flow is modeled using the two-dimensional Euler equations.
The flow sensitivity is calculated using the sensitivity equation or
the analytical sensitivity method. In this approach, equations for
the sensitivities are formed by differentiating the flow-governing
equations and boundary conditions and then discretizing. Refer-
ences 1 and 2 have previously applied the analytical sensitivity me-
thod to the Euler equations. Sensitivity solutions were carried out
for two-dimensional subsonic and transonic flow over an airfoil.
The sensitivity to change in geometry was incorporated into the
ASTROS structural analysis code in place of linear aerodynamic
(panel-method-based) sensitivity to calculate static aeroelastic ef-
fects in a noniterative fashion. Results are presented for a wing
section in transonic flow mounted on a torsion spring for which the
geometry variation is due to deformation as well as rotation.

Sensitivity Analysis
The sensitivity equations are obtained by differentiatingthe Euler
equations with respect to the design variables d;. Details of the
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