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Introduction

T HE primary cause of aircraft stall is the separation of air� ow
over the surface of the wings, which occurs at relatively high

anglesof attack® due to a combinationof viscousforcesandadverse
pressure gradientsacting within the boundary layer. Also, unsteady
� ow environment and high external � ow turbulence encountered
over the wings’ surface during a dynamic maneuver, forces early
� ow separation, causing the aircraft to stall at an angle of attack
much lower than the calibrated stall angle. To broaden the opera-
tional � ight envelope, and to improve maneuverability of aircraft,
it is desired to enhance the performance of the wings and other
aerodynamic control surfaces.

Recent advances in microelectromechanicalsystems technology
for � uid mechanical systems has enabledactive � ow-control strate-
gies for scores of aerodynamic and hydrodynamic applications.1;2

One of the � ow-control techniques that is currently employed on
today’s aircraft utilizes passivevortex generators(VGs) for enhanc-
ing the aerodynamic performance of the wings by controlling � ow
separation, a concept pioneered by Lin et al.3 VGs energize the
boundary layer via enhanced momentum mixing that forces � ow
reattachment and delays separation. Passive VGs are highly effec-
tive in controlling separation; however, steady deployment of VGs
at cruise conditions, where no control is required, produce sizeable
parasitic drag.4

Many researchershave investigated the potential of VGs for sep-
aration control;nonetheless,most of the work has focusedprimarily
on passive VGs. This Note presents proof-of-conceptdevelopment
of an autonomous active stall control system for air vehicles, using
deployable � ow effectors (DFEs), that is, active VGs, coupled with
a system of embedded pressure sensors and a feedback controller.
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This research leads to the realization of a smart-wing concept,5

where 1) the control system deploys DFEs only when required,
lowering parasitic drag; 2) the system is transparent to the actual
� ight-control system, minimizing system complexity and overall
cost of implementing smart-wing modules; and 3) the system de-
tects actual physical stall of the wing rather than relying on the
calibrated stall angles.

DFEs
DFEs are active VGs that promote near-wall � ow mixing to en-

ergize the boundary layer, which in turn delays � ow separation,
leading to pressure recovery and an overall increase in the wing lift.
DFE con� gurationsused in this study were based on the � ndings of
previous research, which was focused on optimizing DFE param-
eters to increase maximum lift coef� cient CL ;max of the wing via
controlling � ow separation.6;7 DFEs utilized in the present study
were made from epoxy glass–fabric board in the form of small me-
chanical tabs of length l D 9 mm, width w D 0:8 mm, and height
h D 3 mm. They were � ush mounted on the surface of the wing,
nonobtrusive to the � ow, and were deployed approximately 1 mm
outside the boundary layer when triggered by the controller. Two
DFE-strips, each consisting� ve pairs of skewed DFEs that produce
counter-rotating vortices, were � ush mounted at 2.7% chord c of
the wing.

Transparent Stall Control Technique
An active transparent stall control system utilizing sensors, ac-

tuators, and a closed-loop controller was designed and tested on
a NACA 0020 wing model in a low-speed wind tunnel. The main
objective of the control system was to enable active detection and
control of local � ow separation, using a system of fast-response
(500-Hz) pressure sensors, DFEs, and a feedback controller, to de-
lay wing stall. The method of predicting � ow separation was based

Fig. 1 Underlying principle of smart-wing concept.
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Fig. 2 Typical response from a dynamic pressure sensor located near
leading edge of a pitching wing.

Fig. 3 Characteristic behavior of STDEV pressure � uctuations cap-
tured from dynamic pressure sensor located near the leading edge of a
pitching wing.

Fig. 4 NACA 0020 wing model with 71.12-cm wing span, 48.26-cm
root, and 35.96-cm tip.

on the identi� cation of characteristic shifts in the power spectrum
of the pressure � uctuations in the vicinity of � ow separation. The
underlyingprinciple of a smart-wing concept that utilizes the trans-
parent stall control technique is shown in Fig. 1. Abrupt shifts in
the pressuredata, capturedas spikes in standarddeviation(STDEV)
of surface pressures, created a characteristic signature of imminent
� ow separation,which served as the trigger for activation of DFEs.
Pressure � uctuations captured from a fast-response (sampling rate

Fig. 5 Pressure coef� cient ¡Cp vs ® on NACA 0020 wing: – – –, with-
out DFEs; ——, with DFEs; ¤ and ¥, x/c = 0.06; ¦ and ¨, x/c = 0.14;
and ², x/c = 0.22; M and N, x/c = 0.33; x, x/c = 0.46; ¤, x/c = 0.58; +,
x/c = 0.7 and ¥, x=c = 0.82.

Fig. 6 Pressure coef� cient ¡Cp vs ® at x/c = 0.06 on NACA 0020 wing
with DFEs and without DFEs.

Fig. 7 Pressure coef� cient ¡Cp vs x/c at 21 deg ® on NACA 0020 wing
with DFEs and without DFEs.
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500-Hz) pressure sensor located at 10%c of a PE 1423 pitching
airfoil (pitch rate of 2 deg/s) are plotted vs time in Fig. 2 and the
corresponding STDEV plot is shown in Fig. 3. Based on these ob-
servations, the controllerarchitecturefor this study was extended to
include a memory unit that stored, for a variety of � ow conditions,
threshold values of the tracking parameter, STDEV, from differ-
ent pressure sensors located on the wing’s surface. The controller
detected characteristic shifts of the pressure data by monitoring
STDEV values and deployed DFEs in a preassigned con� guration,

Fig. 8 Control-law � owchart for closed-loop experiments.

a)

b)

c)

d)

e)

f)

Fig. 9 STDEV pressure � uctuations captured from sensors ¡S1, S2, S3, S4, S6, and S7 for varying ® of the NACA 0020 wing model, with and
without DFEs.

when the current STDEV values crossed the threshold values. In
summary, detection of incipient stall was achieved solely through
mathematical analysis of pressure � uctuations recorded from pres-
sure sensors that were embedded � ush to the surface of the wing.
Consequently, only a single fast-response pressure sensor located
optimally on the surface of the wing can be used for stall detection.

Wing Model
A NACA 0020 wing with a chord length c-48.26 cm at the root

and 35.96 cm at the tip, resultingin a taper ratio of 1.3, span of 71.12
cm, and a 30-deg sweep, with a constant 20% maximum thickness
in the streamwise direction was fabricated (Fig. 4). The model was
integrated with 1) 10 pairs of DFEs located spanwise at 2.7%c; 2)
two spanwise rows at 33.3% and 66.6% span from the wing root,
consisting four fast-responsepressure sensors at 33.3, 50, 66.6, and
83.3%c from the leading edge; and 3) static pressure ports on the
top and bottom surfaces of the wing.

Wind-Tunnel Tests and Experimental Uncertainty
Tests were performedat the Universityof Toledo, Fluids Dynam-

ics Laboratory in a 0.9 £ 0.9 m closed-loop,low-speedwind tunnel.
The � ow in the test section was uniform with a turbulence level of
0.2% outside of wall boundary layers. All experiments were per-
formed at Reynolds number Re D 0.6 £ 106 for ® ranging from 0 to
23 deg with incrementsof 2 deg. Static tests were conductedon both
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clean-wing (no DFEs) and smart-wing (DFEs deployed at 2.7%c/
con� gurations, to demonstrate the effectivenessof DFEs in control-
ling leading-edge � ow separation and also to capture the required
unsteady pressure � uctuationsusing fast-responsepressure sensors
for the development of closed-loop control system. Dynamic tests
were conductedby pitching the wing from® D 0 to 23 deg at the rate
of 2 deg/s. The purpose of dynamic-pitching tests was to demon-
strate the ability of the active stall control system in delaying wing
stall during a dynamic environment.

There were two sources of uncertainty in the experiments. One
from the turntable used for positioning the wing at a given ® and
second from the pressure readings.The ®-positioningturntablewas
incorporatedwith an opticalencoder feedbackthat offeredaccuracy
up to 1 arc-s, axis wobble of less than 2 arc-s, and a repeatability
of 0.2 arc-s. Accuracy of pressure data was veri� ed by repeated
measurements, for both static and dynamic tests, that showed good
repeatability.

Results and Discussion
Results are presented in the form of pressurecoef� cientC p varia-

tion on the upper surface of the wing for both clean-wingand smart-
wing con� gurations, to demonstrate the effect of DFEs. Results
from incipient stall control experiments are presented by plotting
STDEV of raw pressure data for both clean and smart con� gura-
tions. Figure 5 shows the effect of DFEs on the pressure coef� cient
C p along the upper surface of the wing for different ® states. Be-
cause of the characteristicnature of the NACA 0020 tapered wing,
the � ow was attached over the large portion of upper surface of the
wing, that is, for ® up to 18 deg. It was observed that, as ® was
increasedfrom 0 to 23 deg, the effectivenessof DFEs progressively
increased. This was because, as ® increased, � ow separation suc-
cessively progressed from the trailing edge toward the leading edge
of the wing, within the proximity of DFE’s zone of in� uence. For
the case with clean wing, where no DFEs were deployed, incipient
stall as indicated by the decrease in the Cp slope was observed at
® D 18 deg, and complete stall of the wing was observed between
® D 19 and 20 deg. For the smart-wing con� guration, that is, DFEs
deployed at 2.7%c, the DFEs were highly effective in controlling
leading-edge� ow separationand, therefore, delaying wing stall for
conditions beyond ® D 18 deg, shown in Fig. 5. The surface pres-
suresnear the leading edge at 0.06c, as shown in Fig. 6, indicate that
DFEs were most effectivenear ® D 21 deg, where they increased lo-
cal suction by over 50%. Figure 7 shows C p variation at different
chord locations at ® D 21 deg for both clean- and smart-wing con-
� gurations.As shown in Fig. 7, at ® D 21 deg, DFEs demonstrate a
large � ow effect between regions from the leading edge to 0.2c of
the wing. In summary, results from DFE-characterizationtests pro-
vided valuable informationabout the level of effectivenessof DFEs
in controlling leading-edge � ow separation and its subsequent ef-
fect in delaying wing stall at low speeds. During these tests, data
from dynamic (fast-response, 500-Hz) pressure sensors were also
recorded to obtainSTDEV thresholdsfor the stall control system, to
be used for the dynamic-pitchingexperiments,which are discussed
in the following section.

A simple schematic of the control law used in the feedback con-
troller for active stall control system is shown in Fig. 8. Threshold
valuesof the incipientstall trackingparameter,STDEV, for different
® and all pressure sensors were determined from static experiments
conducted on the clean-wing con� guration. Figure 9 shows com-
parison of STDEV of pressure data from six different fast-response
pressuresensors for both clean-andsmart-wingcon� gurationsfrom
® D 0 to 24 deg in incrementsof 2 deg.The locationsof pressuresen-
sorsarepresentedin Table1. Plots show that,as® increased,STDEV
of the pressuredata also increasedsteadily, until prestall conditions,
that is, ® D 18 deg, where a characteristic spike in STDEV values
was observed. For all cases, the DFEs were successfully able to
control � ow separationas indicated by a delay in the SDTEV spike
as shown in Fig. 9, which correlates to the high vales of ¡Cp in
Figs. 5 and 6.

Dynamic pitching tests from ® D 0 to 23 deg at a pitching rate
of 2 deg/s were conducted to demonstrate the ability of the active

Table 1 Location of dynamic
pressure sensors

Sensors x /c Wing span

S1 0.33 33%
S2 0.50 33%
S3 0.66 33%
S4 0.33 66%
S5 0.50 66%
S6 0.66 66%
S7 0.83 0.83

a) ® = 13 deg b) ® = 14 deg

c) ® = 15 deg d) ® = 16 deg

e) ® = 17 deg f) ® = 18 deg

g) ® = 19 deg h) ® = 20 deg

i) ® = 21 deg j) ® = 22 deg

Fig. 10 Snapshots from the closed-loop � ow control demonstration on
NACA 0020 wing model.
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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 � ow control demonstration.
During the ® sweep of the wing at 2 deg/s, it was observed that
with increasing®, � ow separationsuccessivelyprogressedfrom the
trailingedgetoward the leadingedgeof thewing, as shownin aseries
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,con� rming theSTDEV-basedcontrollaw fordetection
of critical � ow conditions.As can be inferred from Fig. 10, leading-
edge separationoccurredat ® D 18 deg. The controller triggered the
actuation of DFEs at ® D 18 deg, forcing � ow reattachment and a
delay in stall angle up to ® D 20 deg. For ® ¸ 21 deg, the wing was
completely stalled, and the DFEs had no effect on the � uid � ow.

The results presented in this Note are for a low Reynolds number
incompressible � ow case where the in� uence of three-dimensional
� ow 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 � ow separation is a
functionof sensor locationon the wing surface,and these character-
istics transpire into � ow-separationsignature in the form of STDEV
thresholds, which are distinct for each sensor location. As this ap-
proach evolves further, advancedsignal processingtechniquessuch
as a recursively � t autoregressive moving average exogenous sys-
tem identi� cation model or the short-time Fourier transform model
will be used to create more sophisticated stall signature de� nitions
for three-dimensional cross� ow 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
� ow effect.

Conclusions
Proof-of-conceptexperiments for an active transparent stall con-

trol system were successfullyconductedon a 30-deg sweep NACA
0020wing in a low-speedwind tunnel.The control systemconsisted
of fast-response pressure sensors, deployable � ow control devices,
and a closed-loop controller. Findings on the distinctive nature of
pressure � uctuationsduring prestall conditionsserved as the actuat-
ing signal for the controller to trigger the leading-edge � ow 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 � ow effectors to control separation and
delay stall, in real time. Successful application of such transparent
stall control systems on control surfaceswill lead to improved aero-
dynamic performance of both conventional and unconventionalair
vehicles.
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Introduction

I T has been known for quite some time1 that transonic � ow con-
ditions are critical for � utter, with the � utter dynamic pressure

being substantially reduced for Mach numbers near unity, in a phe-
nomenon usually termed as “transonic dip.”2 The severity of � ut-
ter at transonic speeds is linked to the presence of moving shock
waves over the wing surface.3 From these considerations it is clear
that accurate � utter 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
computational-� uid-dynamicsprocedures to accomplish such task.

Most � utter computations use commercial � nite element codes
with aeroelastic modeling capability such as NASTRANTM . These
codes, however, are usually based on linear aerodynamic methods
and thus limited to subsonic or supersonic analysis. Transonic � ut-
ter clearance relies on experience combined with costly and time-
consuming wind tunnel and/or � ight tests. More recently, compu-
tational aeroelasticity has allowed coupled aerodynamic/structural
dynamic computations in the transonic regime. However, the com-
putational resources needed for this coupled analysis are quite sig-
ni� cant, and so its industrial application is still limited.4

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 in� uence coef� cient matrix.
The TransonicEquivalentStrip method (TES)5 is one approach that
shows good results in predictingthe transonicdip phenomenon.The
TES method is based on the application of two consecutive correc-
tion steps: chordwise (mean � ow) and spanwise (phase correction)
to a given steady mean pressure input from measured or computed
data. Another approach is the local equivalence concept,6 which is
based in an optimizationprocedureusing computed or wind-tunnel
results.

Pitt and Goodman7 developedmodi� cationsof doublet-latticein-
� uencecoef� cientsusingresults froma transonic-small-disturbance
code. That method was capable of simulating the transonicdip phe-
nomenon with small differences with respect to wind-tunnel data.
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