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stall control system to delay wing stall in an unsteady environment.
Pressure sensors S1 and S5, location shown in Table 1, were used
by the controller in the closed-loop flow control demonstration.
During the o sweep of the wing at 2 deg/s, it was observed that
with increasing «, flow separationsuccessively progressed from the
trailingedgetoward the leadingedge of the wing, as shownin a series
of snapshots in Fig. 10. Figure 10 shows that, as « was increased
from 13 to 23 deg, the pressure sensors, which are represented by
light emitting diodes, lit up at the trailing edge before those at the
leadingedge, confirming the STDEV-based controllaw for detection
of critical flow conditions. As can be inferred from Fig. 10, leading-
edge separationoccurredat o« = 18 deg. The controllertriggered the
actuation of DFEs at « = 18 deg, forcing flow reattachment and a
delay in stall angle up to @ =20 deg. For « > 21 deg, the wing was
completely stalled, and the DFEs had no effect on the fluid flow.

The results presented in this Note are for a low Reynolds number
incompressible flow case where the influence of three-dimensional
flow caused due to wing sweep and wing taper on the reliability of
STDEV techniqueare not fully examined. Nevertheless, it is shown
that the frequency characteristics of imminent flow separationis a
function of sensor location on the wing surface, and these character-
istics transpire into flow-separationsignature in the form of STDEV
thresholds, which are distinct for each sensor location. As this ap-
proach evolves further, advanced signal processing techniques such
as a recursively fit autoregressive moving average exogenous sys-
tem identification model or the short-time Fourier transform model
will be used to create more sophisticated stall signature definitions
for three-dimensional crossflow conditions. As for dynamic ma-
neuvers, modular arrays of colocated sensors, actuators, and lo-
cal controllers will need to be coordinated to maintain a desired
flow effect.

Conclusions

Proof-of-conceptexperiments for an active transparentstall con-
trol system were successfully conducted on a 30-deg sweep NACA
0020 wing in a low-speed wind tunnel. The control system consisted
of fast-response pressure sensors, deployable flow control devices,
and a closed-loop controller. Findings on the distinctive nature of
pressure fluctuations during prestall conditions served as the actuat-
ing signal for the controllerto trigger the leading-edge flow control
devices. Results from open-loop experiments demonstrated signif-
icant increase in the upper surface suction levels before wing stall,
causing a delay in the stall angle. Closed-loop experiments demon-
strated the ability of the controller to detect actively the onset of
wing stall and employed flow effectors to control separation and
delay stall, in real time. Successful application of such transparent
stall control systems on control surfaces will lead to improved aero-
dynamic performance of both conventional and unconventional air
vehicles.
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Navier-Stokes-Based Study
into Linearity in Transonic
Flow for Flutter Analysis
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Introduction

T has been known for quite some time! that transonic flow con-
ditions are critical for flutter, with the flutter dynamic pressure

being substantially reduced for Mach numbers near unity, in a phe-
nomenon usually termed as “transonic dip.”> The severity of flut-
ter at transonic speeds is linked to the presence of moving shock
waves over the wing surface.® From these considerationsit is clear
that accurate flutter predictions depend on the ability of predict-
ing correct shock strength and location in a time-accurate fashion.
In recent years there has been increased emphasis on the use of
computationalfluid-dynamics procedures to accomplish such task.

Most flutter computations use commercial finite element codes
with aeroelastic modeling capability such as NASTRAN™, These
codes, however, are usually based on linear aerodynamic methods
and thus limited to subsonic or supersonic analysis. Transonic flut-
ter clearance relies on experience combined with costly and time-
consuming wind tunnel and/or flight tests. More recently, compu-
tational aeroelasticity has allowed coupled aerodynamic/ktructural
dynamic computations in the transonic regime. However, the com-
putational resources needed for this coupled analysis are quite sig-
nificant, and so its industrial application is still limited.*

Efforts to provide viable alternatives to these costly analysesand
tests have been reported in the literature. These methods approxi-
mately model transonic nonlinear aerodynamics and are based on
corrections of the linear aerodynamic influence coefficient matrix.
The Transonic Equivalent Strip method (TES)? is one approach that
shows good resultsin predictingthe transonicdip phenomenon. The
TES method is based on the application of two consecutive correc-
tion steps: chordwise (mean flow) and spanwise (phase correction)
to a given steady mean pressure input from measured or computed
data. Another approach is the local equivalence concept,® which is
based in an optimization procedure using computed or wind-tunnel
results.

Pitt and Goodman’ developedmodifications of doublet-latticein-
fluence coefficientsusingresults from a transonic-small-distubance
code. That method was capable of simulating the transonicdip phe-
nomenon with small differences with respect to wind-tunnel data.
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These discrepancies were attributed by the authors to viscous ef-
fects. Indeed, viscouseffects alter the strength and location of shock
waves over the wing surface, which in turn can have a significant
effect on the flutter computations. To take viscous effects into ac-
count, Silva et al.® used results from viscous simulations to modify
the doublet-latticeinfluence coefficients.

Approximate flutter analyses in transonic flow typically employ
a linear flutter package with the inclusion of the nonlinear transonic
effects, by applying corrections to the aerodynamic influence co-
efficient matrices. However, such analyses implicitly require that
transonic aerodynamic loads are “locally” linear with respect to
structural deformation abouta given geometry. This linear behavior
has been shown’ in two-dimensional flow for small dynamic an-
gles of attack with a transonic small-disturbance code. The results
from that work allowed a “linear boundary” to be established and
appeared to justify using the approximate flutter analyses.

In the present work a numerical Navier-Stokes code is used in or-
der to verify the locally linear behavior of aerodynamic loads with
respect to the dynamic angle of attack. With the present numeri-
cal technique viscous and three-dimensional effects are taken into
account and shown to be significant.

Numerical Method

The Navier—Stokes solver used in the present work is a modified
version of a code developed by Sankar and Kwon.!” Such modified
methodology has been published elsewhere!! and is not described
here.

The numerical method has been previously validated against ex-
perimental data'? for the case of a model of the F-5 wing at several
Mach numbers up to 0.95 oscillating at frequenciesof 20 and 40 Hz.
Good agreementin unsteadypressurecoefficients was observedover
all wing stations, although a few discrepancies were noted for sta-
tions near the wing tip, as aresultof difficultiesin obtaininga smooth
grid around the wing tip within reasonably economical grid sizes.
For consistency, the same boundary conditions were employed in
the present work, namely, no slip at the solid surface, approximate
nonreflective conditions at the far field, and no-slip wall boundary
conditions at the wing root because the validation was for a wind-
tunnel model.

Test Cases and Data Treatment

The numerical procedure has been applied to the F-5 wing oscil-
lating in rigid pitch around an axis perpendicular to the root mid-
chord. Pitch amplitudes, also denoted here as dynamic angles of
attack, were 0.125 to 1.5 deg, in equal steps of 0.125 deg. Oscilla-
tions were simulated around a steady-state angle «p = 0.0 deg. For
all test cases presented here the Mach number was 0.95, and the
Reynolds number Re = poo Uoso €/ fhoo Was 11 X 10°, scaled by the
root chord ¢, =0.6396 ms.

The reduced frequency k is defined as the ratio of the circular
frequency w times a reference chord ¢ by the speed of the sound
ds. Inthis work simulations were conductedfor reducedfrequencies
0f 0.10,0.150.20, 0.25, and 0.30. After the unsteady pressures are
acquired, a discrete Fourier transformation is used to obtain the
frequency-domain components (real and imaginary parts). Similar
transformations are applied to the lift coefficient C;, and moment
coefficient Cj, about the quarter-chord.

The shock position along the wing section chord is determined
by using the criterion of maximum pressure coefficient gradient
over the chord. The grid resolutionin the region around the shock is
coarse;thus,a polynomialinterpolationis neededin order to find the
maximum gradientposition. A polynomial interpolationof third de-
gree was chosen in order to yield a linear expression for the second
derivative with respect to the nondimenstional chordwise coordi-
nate, from which the maximum gradient position can be found. The
points employed in the interpolation are chosen to be nearby the
shock location, taking into account its displacement.

After the shock location history with time is determined, Fourier
transformations are applied to shock displacement in the time
domain.
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During the presentinvestigation, it was found that obtaining fre-
quency content for the aerodynamic coefficients C,,, Cr, and Cy
gave more consistent results than the ones for the shock position,
which depends on how good the polynomial interpolation is. Inad-
equate polynomials would easily resultin spurious shock positions.

Results

Three representative spanwise stations at 35.5, 72.1, and 97.7%
were chosen for the presentinvestigation.Figure 1 presentsa sample
time history for the pressure coefficient differentialat the three cho-
sen spanwise stations for a dynamic angle of attack Ao =1.0 deg
and reduced frequency k£ =0.10. It can be observed that the pres-
sure coefficient time response is not in a single harmonic of the
movement frequency, especially near the wing tip. This indicates a
nonlinear, hysteresis-like behavior. Also, three-dimensional effects
are clearly present, as a one-harmonicsinusoidalbehavioris evident
at the inboard station.

The frequency contents corresponding to that pressure coeffi-
cient time history are presentedin Figs. 2 (amplitudes)and 3 (phase
angles) for the three spanwise stations under consideration. Even
though the first harmonic is dominant for all stations, the ones near
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Fig. 1 Differential pressure coefficient time history over F-5 wing
(M=0.95, Aa=1.0deg, k=0.1).
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Fig. 2 Frequency contents (amplitudes) of differential pressure coef-
ficient over F-5 wing (M =0.95, Aa=1.0deg, k=0.1).
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Fig. 3 Frequency contents (phase angles) of differential pressure co-
efficient over F-5 wing (M =0.95, Aa=1.0 deg, k=0.1).
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the tip have significant componentsin the second and third harmon-
ics. Also, these higher harmonics are out of phase with respect to
the wing motion.

These higher harmonic effects are not included in linear methods
such as the doublet-lattice method, and correction methods based
on modification of the aerodynamicinfluence coefficient matrices!?
would not be readily adaptable to incorporate higher-harmoniccor-
rections. However, there are situations where a second mode is close
to a multiple of a first mode. In such case the presence of a second
harmonic in the lower-mode aerodynamic response can facilitate
the exchange of energy between the modes and be a contributing
factor to coalescence.

As mentioned in the preceding section, several test cases were
simulated. The aim was to establish the limit for linear behavior
with dynamic angle of attack for the range of reduced frequencies
tested and at each spanwise station, so that three-dimensionaleffects
could be identified.

For example, at reduced frequency 0.2 the first harmonic of the
response in lift and moment coefficients, upper- and lower-surface
shock motion were computed for the various dynamic angles of
attack.

The results for station 35.5% span are shown in Figs. 4 and 5
for the amplitudes and phase angles, respectively, of aerodynamic
coefficients and shock motion. Linear trend lines are placed in the
amplitude plot to illustrate deviations from linear behavior. Those
are not drawn in the phase plot because during the analysis of the
phase-lag variationa basic linear behavior could not be established,
and thus a deviation from linearity could not be characterized.

To identify the limit for each case, a linear equation was estimated
so that it would start at the origin and pass through the first and
second points, which corresponded to a dynamic angles of attack
of 0.125 and 0.250 deg. A linear equation was then reduced for
these first values, at which the linear behavior would be expected.
Then these linear relationshipis used to extrapolateto the following
points, and a percent deviation of the actual unsteady coefficient or
shock displacement to the extrapolated value was computed. The
first point in which the deviation exceeded 5% and the point before
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Fig. 4 Effect of dynamic angle of attack on unsteady aerodynamic
coefficients and shock motion (amplitudes; station 35.5%; k=0.2).
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Fig. 5 Effect of dynamic angle of attack on unsteady aerodynamic
coefficients and shock motion (phase angles; station 35.5%; k =0.2).
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that were used in an interpolationto find the dynamic angle of attack
where the linear limit was.

Two criteria were used to establish the linear boundary: 5% de-
viation in pitching-moment amplitude and 5% deviation in shock
motion amplitude. The latter criterionis used only for the upper sur-
face. The lower-surface shock is weaker than the upper-surfaceone
because the wing profile is asymmetric. The shock movement then
presentsa significant dispersion probably promoted by the turbulent
boundary layer.

Using the preceding criteria, the linear limits for the test cases
corresponding to Figs. 4 and 5, that is, reduced frequency 0.2 and
station 35.5%, were found to be Aa =0.61 deg for the pitching-
moment criterion and Ao =0.58 deg for the shock-displacement
criterion.

Plots similar to Figs. 4 and 5 were prepared for stations 72.1 and
97.7%. These plots are not shown here because of space constraints.
At 72.1% it was observed that deviation from linear behavior has
occurred at smaller dynamic angles.Indeed, using the procedurejust
described yielded linear limits of A« =0.34 deg for the pitching-
moment criterion and Ao =0.50 deg for the shock-displacement
criterion.

At station 97.7% the deviation from linear behavior seems
to occur even earlier than before in terms of dynamic angles.
For this case the computed linear limits are Aa=0.32 deg for
the pitching-moment criterion and A« =0.27 deg for the shock-
displacementcriterion. Even though the results at the outboard sta-
tion should be regarded with caution, the results just described show
that the linear boundary is more restrictive for outboard stations.
Three-dimensional effects are therefore significant, and using two-
dimensional linear boundaries in a general problem would seem
to be questionable. Shock strength increases with the proximity to
the wing tip. Then, the linear boundary could be affected by the
upper-surface shock strength.

Simulations for the several reduced frequencies with the corre-
sponding determination of linear limits allow for a comparison of
these limits at different spanwise stations using both linearity cri-
teria. This is illustrated in Fig. 6, where the linear boundaries are
plotted against reduced frequency for the three spanwise stations
(35.5,72.1, and 97.7%) for the pitching moment and Fig. 7 for the
upper-surface shock displacement criteria.

The results shown in Figs. 6 and 7 indicate that the shock-
displacement criterion is more conservative than the pitching-
moment criterion, as found by Dowell et al.’ In addition, the linear
boundariesbased on both pitching-momentand shock-displacement
criteriaclearly depend on the spanwise station. For the first criterion,
at the inner station the behavior is similar to the two—dimensional,
inviscid case as presented by Dowell et al.” For outer spanwise sta-
tions the shock is stronger, and three-dimensional effects are more
pronounced. Consequently, the linear behavior is affected, as can
be noted in Fig. 6. A somewhat surprising result is that the shock
movement-basedlinearlimit does not seemto increase with reduced
frequency for the inner stationsand even decreases with reduced fre-
quency for the outer station.
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Fig. 6 Boundaries for linear behavior based on the Cy, criteria.
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Fig. 7 Boundaries for linear behavior based on the shock-
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Conclusions

Simulations of unsteady transonic flow over the F-5 wing model
were performed in order to study the linearity of unsteady loads and
shock displacement with dynamic angle-of-attack amplitude and
frequency. The aerodynamicresponseand shock displacementwere
foundto include higherharmonics, which are usually not considered
in correction procedures applied to linear aeroelastic methods.

In flutter analysis there are situations in which a second mode
is close to a multiple of a first mode. In such case the presence of
a second harmonic in the lower-mode aerodynamic response can
facilitate the exchange of energy between the modes and be a con-
tributing factor to coalescence. For this reason the present results
seem to indicate the need for considering such harmonics in future
correction methods.

Linear boundaries were computed for a few reduced frequencies
and spanwise stations along the wing, using two criteria, based on
moment coefficient and shock displacement. These boundaries were
found to be more conservativefor the shock-displacementcriterion.
The linear limits calculated using the moment coefficient criterion
were found to depend significantly on the spanwise station. This
indicates that simply using two-dimensionallinear limits would not
be appropriate when dealing with correction methods.

Notwithstanding the dependence of the linear limits on reduced
frequency and spanwise station, it is clear that some degree of linear
behavior can be assumed for aeroelastic methods that employ cor-
rected coefficients. However, this assumption of linearity should be
used with caution and would not apply to problems such as aeroe-
lasticresponse or limit cycle, unless the amplitude of deformationis
kept below previously identified linear limits that take into account
reduced frequency and spanwise station.
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Advantages of a Bristled Wing
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S. Sunada*
Osaka Prefecture University, Osaka 599-8531, Japan
K. Kawachi®
University of Tokyo, Tokyo 113-8656, Japan
and
K. Yasuda*
Nihon University, Chiba 274-8501, Japan

Introduction

ECENTLY, the Defense Advanced Research Projects Agency

in the United States proposed developing a centimeter-sized
insect-like flying machine.! =3 In the future millimeter-sized flying
machineswill be indispensablefor obtaininginformationin environ-
ments notreadily accessibleto people,such as hazardousor confined
areas. Sunada et al.* recently studied the flight of the thrips, which
is a millimeter-sized insect. They investigated the fluid-dynamic
characteristics of a model bristled wing whose planform is propor-
tional to that of a real thrips’ fore wing and where cylinders are used
to simulate actual bristles. The characteristics were then compared
with those of a solid wing whose planformincluded the addition of
membranes between the cylinders of the wing. Their results reveal
that the fluid-dynamic forces acting on the bristled wing are smaller
than those on the solid wing during constant-velocity translation,
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