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The concept of a self-governing smart plasma slat for active sense and control offlow separation and incipientwing

stall is presented. The smart plasma slat design involves the use of an aerodynamic plasma actuator on the leading

edge of a two-dimensional NACA 0015 airfoil in a manner that mimics the effect of a movable leading-edge slat of a

conventional high-lift system. The self-governing system uses a single high-bandwidth pressure sensor and a

feedback controller to operate the actuator in an autonomous mode with a primary function to sense and control

incipient flow separation at the wing leading edge and to delay incipient stall. Two feedback control techniques are

investigated. Wind tunnel experiments demonstrate that the aerodynamic effects of a smart actuator are consistent

with the previously tested open-loop actuator, in that stall hysteresis is eliminated, stall angle is delayed by 7 deg, and

a significant improvement in the lift-to-drag ratio is achieved over a wide range of angles of attack. These feedback

control approaches provide a means to further reduce power requirements for an unsteady plasma actuator for

practical air vehicle applications. The smart plasma slat concept is well suited for the design of low-drag, quiet, high-

lift systems for fixed-wing aircraft and rotorcraft.

Nomenclature

CL = coefficient of lift
CL;max = maximum coefficient of lift
c = airfoil chord length
F� = nondimensional frequency of actuator
f = modulation frequency of actuator
L=D = ratio of lift to drag
Lsep = extent of flow separation
Re = Reynolds number
Re�chord� = Reynolds number based on length c
Sr = Strouhal number
t = airfoil maximum thickness
U1 = freestream velocity
x = distance measured from the leading edge
� = angle of attack, deg
�stall = stall angle, deg

Introduction

H IGH-LIFT systems play an important role in the design of air
vehicles. The wings on most modern-day air vehicles are

equipped with high-lift systems, generally in the form of leading-
edge slats and trailing-edge flaps. These devices have been shown to
enhance the aerodynamic performance of air vehicles through
increasing themaximum coefficient of lift, lift-to-drag ratio, and stall
angle. Advantages of such performance-enhancing devices include

improvements in maneuverability, turn rates, glide range and
payload, and reductions in takeoff/landing distance and field length
requirements.

Although the benefits of high-lift devices are well documented in
the open literature, it is also known that the use of movable control
surfaces increases airframe noise and vibration, especially at high
deflection angles. At these conditions, most of the noise originates
from the separated flow in the gap regions which contribute to the
form drag component of the viscous drag of the wing. At off-design
conditions, in particular, the drag penalty from these devices is very
high. By present estimates used in the wing and tail design,
eliminating the hinge gaps would result in a 10% drag decrease [1].
Another drawback of movable control surfaces is that a deploy and
retract mechanism is required, which adds volume, weight, and cost
to the high-lift system. To enhance the aerodynamic and structural
performance of the air vehicle, it is therefore desired to either fully

replace the traditional movable control surfaces with hingeless
devices that retain/improve the aerodynamic effects, or limit their
deflection angles, without compromising lift performance.

Owing to the rapid growth in instrumentation, materials, and
control technologies, the roles and capabilities of flow control and
aerostructures are evolving. The use of smart aerostructures that can
react rapidly to changing flow conditions to improve the
aerodynamic and structural efficiencies of aircraft is gaining
momentum. It is envisioned that future air vehicle designs will
involve surfaces that shelter an integrated system of sensors, flow-
control actuators, and feedback controllers that are able to adapt to
unpredictable conditions (structural damage, wind shear, stall/spin,
etc.) and reconfigure themselves in flight to regain/enhance control.
This is the theme of the present work—the design of a smart
aerostructure (slat) that can be used as an intelligent high-lift device
with no moving parts.

This work presents the concept and experimental evaluation of a
smart plasma slat: a low-drag, hingeless, high-lift device which uses
a sensor, an aerodynamic plasma actuator, and a feedback controller
for autonomous sense and control of leading-edge flow separation
and wing stall. This paper reports follow on work towards the
application of a (single-dielectric-barrier discharge) plasma actuator
as a performance-enhancing device for a high-lift system.
Previously, the effects of an “open-loop” plasma slat and plasma
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flap (plasma actuators applied on the wing leading edge and trailing
edge, respectively) on the aerodynamic performance of a
NACA 0015 were discussed [2]. The present work is focused on
formulating self-governing methods to enable “closed-loop”
operation of a plasma slat. Much of this work is focused on reducing
the power levels of the plasma actuator for practical air vehicle
applications, hence due consideration was given to the design of
feedback control approaches that enable a continuous self-governing
plasma actuator using a simple commercial off-the-shelf (COTS)
pressure sensor. Wind tunnel experiments were conducted on a
slowly pitching 2-D NACA 0015 airfoil to validate two different
feedback control techniques designed for autonomous control. The
designs are generic enough to be applied to any flow-control
application where smart sensing and control of incipient flow
separation is desired. The following sections provide a brief
discussion of the different types of wing stall, plasma actuators,
feedback control, and results from wind tunnel experiments.

Wing Stall and Control

Wing Stall

The stall of a wing is a very complex problem and still remains one
of the most important phenomena in aerodynamics. It occurs when
the wing is unable to generate sufficient lift to keep the air vehicle in
the air which can happen if the vehicle speed is too slow and/or if the
angle of attack is too sharp, causing the flow to separate at the leading
edge. Flow separation occurs when the boundary layer lifts off or
separates from the surface of the wing under the influence of viscous
forces and adverse pressure gradients acting within the boundary
layer or due to geometrical aberrations [3,4]. Such low velocity and
high � conditions are usually encountered during takeoff and
landing. Because of the large energy losses associated with
boundary-layer separation, the performance of lifting surfaces is
often deteriorated; hence the use of effective high-lift systems is
crucial during such conditions.

One way of delaying wing stall is by using a high-lift device such
as a leading-edge slat. It consists of a moving surface on the lower
side of the wing that extends out ahead of the wing leading edge. Its
primary effect is to increase �stall andCL;max by allowing air from the
high-pressure lower surface to circulate over the upper surface,
which energizes the boundary layer and prevents flow separation,
and therefore stall. Other examples of mechanical high-lift devices
include a droop nose, Krueger flap, slottedKruegerflap, and a slotted
slat. These hinged high-lift devices are effective, to varying degrees,
in extending the�stall andCL;max of the airfoil, however, they also add
parasitic drag, weight, cost, and mechanical complexity to the high-
lift system.

Flow control offers alternative methods of separation control
using low-power hingeless devices. Some of the previously
demonstrated flow-control methods for controlling flow separation
include periodic excitation [5,6], passive and active vortex
generators [7,8], and pulsed jet actuators [9]. In thiswork, a relatively
new type of flow-control device, an aerodynamic plasma actuator
[10], is used for controlling leading-edge flow separation and wing
stall using feedback control. Because the present work deals with
formulation based on the detection of flow characteristics (bubble
formation, adverse pressure gradient, etc.) associated with separated
flows, it seems relevant to first touch on the subject of wing stall.

Types of Stall

Decades of research in understanding the different stalling
characteristics and their relation to the state of the boundary layer has
led to a generalization of three types of stall that are widely accepted
today for low-speed flows, albeit their demarcation calls for a more
careful examination. These include 1) the thin-airfoil stall, where
there is a gradual loss of lift at low lift coefficients as the turbulent
reattachment point moves rearward; 2) the leading-edge stall, where
there is an abrupt loss of lift, as the angle of attack formaximum lift is
exceeded, with little to no rounding over the lift curves; and 3) the
trailing-edge stall, where there is a gradual loss of lift at highCL as the

turbulent separation point moves forward from the trailing edge.
Figure 1, adopted from [11], shows a typical pressure distribution for
a single-component airfoil exhibiting either laminar stall (short and
long bubble stall) or turbulent stall (trailing-edge stall) on the left, and
the typical lift curves for the airfoils exhibiting laminar short bubble
stall, laminar long bubble stall, and turbulent or trailing-edge stall for
single-element airfoils on the right [11]. In Fig. 1, P1 � pressure
distribution for incipient laminar stall (short bubble and long
bubble); P2 � pressure distribution for incipient turbulent stall
(trailing-edge stall); S1 � point of incipient laminar separation and
reattachment or laminar separation only; and S2 � point of incipient
turbulent separation. Figure 1a shows the laminar short bubble at S1

Fig. 1 Shape of the pressure distribution and typical airfoil stall

patterns for single-element airfoil [11].
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