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Large-eddy simulations are carried out to investigate the use of plasma-based actuation for the control of flows

over a finite span wing at low Reynolds numbers. The wing section corresponds to the SD7003 airfoil, which is

representative of those employed for micro air vehicle applications. Dielectric-barrier-discharge plasma actuators

are used to modify the transitional flow and improve aerodynamic performance. Solutions are obtained to the

Navier–Stokes equations, which were augmented by source terms used to represent plasma-induced body forces

imparted by the actuators on the fluid. Simple phenomenological models provided the body forces generated by the

electric field of the plasma surrounding the actuators. The numerical method is based upon a high-fidelity time-

implicit scheme, an implicit large-eddy-simulation approach, and domain decomposition in order to perform

calculations on a parallel computing platform. Flow at a chord-basedReynolds number of 40,000 is considered in the

investigation, which is characterized by laminar separation on the suction surface of the wing at low angles of attack.

This separation then promotes transition to a more complex state, which can be modified by the use of plasma

actuation. Several aspects of control are examined, including different actuator configurations, alternative plasma-

force models, both continuous and pulsed modes of operation, and the magnitude of plasma force required for

control.

Nomenclature

A = plasma-force pulsing amplitude function
c = airfoil chord
Cd = wing integrated drag coefficient
Cf = skin friction coefficient
Cl = wing integrated lift coefficient
Cm = wing integrated moment coefficient
Cp = surface pressure coefficient
Dc = plasma scale parameter
E = total specific energy
E = nondimensional electric field vector
Ekz , E! = nondimensional turbulent-kinetic-energy wave

number and frequency spectral amplitudes
Er = reference electric field magnitude
Ex, Ey, Ez = nondimensional components of the electric

field vector
ec = electron charge, 1:6 � 10�19 C
F, G,H = inviscid vector fluxes
f = dimensional imposed actuator pulsing frequency
Fv, Gv,Hv = viscous vector fluxes
kz = nondimensional spanwise wave number
J = Jacobian of the coordinate transformation
M = Mach number
p = nondimensional static pressure
Pr = Prandtl number, 0.73 for air
Q = vector of dependent variables
Qi = components of the heat flux vector
qc = nondimensional charge density
Re = reference Reynolds number, �1u1c=�1
S = source vector

T = nondimensional static temperature
t = nondimensional time
td = portion of fundamental period over which

actuator is active
tp = nondimensional actuator fundamental period
U, V,W = contravariant velocity components
u, v, w = nondimensional Cartesian velocity components

in the x, y, and z directions
u1, u2, u3 = u, v, and w
x, y, z = nondimensional Cartesian coordinates in the

streamwise, vertical, and spanwise directions
x1, x2, x3 = x, y, and z
� = angle of attack
� = specific heat ratio, 1.4 for air
�Q = Qp�1 �Qp

�t = time-step size
�ij = Kronecker delta function
��2, ��2, ��2,
��6, ��6, ��6

= second-order and sixth-order finite difference
operators in �, �, and �

� = nondimensional molecular viscosity coefficient
�, �, � = nondimensional body-fitted computational

coordinates
�t, �x, �y,
�z, �t, �x,
�y, �z, �t,
�x, �y, �z

= metric coefficients of the coordinate
transformation

� = nondimensional fluid density
�c = electron charge number density, 1 � 1011=cm3

	ij = components of the viscous stress tensor
! = nondimensional frequency
!a = nondimensional imposed actuator pulsing

frequency, cf=u1

Subscripts

w = evaluated at the wing surface
1 = dimensional reference value

Superscripts

n = time level
p = subiteration level
^ = filtered value
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� = time-mean quantity
0 = root-mean-square fluctuating quantity

I. Introduction

B ECAUSE of their high maneuverability, unmanned micro air
vehicles (MAVs) are currently being considered for performing

a wide range of missions that cannot be carried out by more
traditional configurations. Additional advantages of MAVs include
low cost and human-factor effectiveness. Because of the small size
and low speeds associated with the aforementioned applications, the
representative Reynolds numbers involved are typically less than
60,000. At low tomoderate angles of attack, the flow is characterized
by a laminar regime over a significant portion of the airfoil, which is
unable to sustain even a mild adverse pressure gradient. As a result,
separation occurs, leading to a laminar bubble that breaks down to a
more complex structure before reattachment. When the Reynolds
number decreases for a fixed angle of attack, the laminar separation
bubble grows in vertical extent, resulting in a substantial increase in
drag and, as the angle of attack is increased (for a fixed Reynolds
number), the separation bubble moves forward toward the leading
edge and eventually bursts, thereby degrading airfoil performance.
This situation occurs for both two-dimensional airfoils and three-
dimensional wings of sufficient aspect ratios such that the flow is not
dominated by tip effects.

Vehicle weight considerations in MAV design require the use of
lightweight structures, thus making such configurations extremely
sensitive to the location of the separation bubble and the transition
process. This is particularly true in regard to maneuvering stability
and response to gust loading, as well as to general aerodynamic
performance. Active flow control offers the potential of reducing
these deficiencies by modifying the location of separation and the
process of transition.

The aerodynamics of low-Reynolds-number flows over wings
and airfoils have been studied extensively for many years. Until
recently, most of these studies have focused on the designs of model
airplanes and glider configurations. While much of the literature
describing these efforts is beyond the present investigation, there is
a large body of more current work devoted specifically to the
SD7003 airfoil [1–13], which is representative of the airfoils
employed for MAVs and is the subject of the present simulations.
The SD7003 airfoil geometric shape is shown in Fig. 1, and it has a
maximum thickness-to-chord ratio of 0.085 and a maximum camber
of 1.48%. Because of the low Reynolds number involved, most of
the experiments carried out for this airfoil were conducted in water
[1–5,9–11], although some wind-tunnel results are also reported
[2,4]. Many of the measurements have been obtained via particle
image velocimetry (PIV), providing time-mean velocity compo-
nents and Reynolds stresses. Experiments performed for the same
flow conditions (Reynolds number and angle of attack) in different
facilities have found considerable variation in the locations of
separation, transition, and reattachment [3,10]. This is indicative of
the extreme sensitivity in low-Reynolds-number transitional flow
experiments to levels of freestream turbulence intensity and its
spectral content, resulting in a fairly unpredictable situation. In
addition to rigid body measurements, experimental data have also
been taken for pitching and plunging airfoils [4,9,11].

A considerable number of numerical simulations [2,4,6–9,11–13]
have also been performed in order to gain insight into various aspects

of the flow about the SD7003 airfoil. The majority of these
computations have considered the two-dimensional Reynolds-
averaged Navier–Stokes (RANS) equations, employing both
turbulence and transition modeling to represent the flowfield
[2,4,6,7,9,11]. The exceptions to this approach are the calculations of
Galbraith and Visbal [8], Qin et al. [12], and Visbal et al. [13] who
used large-eddy simulations (LESs) to directly capture the
transitional process.

The use of plasma-based actuators has been found to be an
effective means of actively controlling a variety of diverse flow
situations. As an alternative to more complex mechanical or pneu-
matic systems, such devices have no moving parts, have low power
requirements, have a fast time response, are surface adapting, can
operate over a broad range of actuation frequencies, and require no
plumbing or fluid supply. These considerations have spawned a
number of experimental explorations that include rotorcraft blade
control [14], lift enhancement for stationary and oscillating airfoils
[15–17], plasma flaps and slats [18], dynamic stall [19], tip
clearances in turbine blades [20], landing gear and bluff-body flows
[21,22], turbine-blade flowfields [23–27], and aerodynamic control
of unmanned air vehicles [28]. Several related numerical com-
putations have also been performed, where modeling was typically
used to represent plasma-induced body forces imparted by actuators
on the fluid field. Such simulations have been carried out for the
control of wall-bounded flows [29], wing sections [30], delta wings
[31], low-pressure turbine blades [32,33], cylinder flowfields [34],
and fully turbulent separations [35].

Dielectric-barrier-discharge (DBD) plasma actuators typically
operate in the low radio frequency range (1–10 kHz), with voltage
amplitudes of 5–10 kV.An overview of the design, optimization, and
application of these actuators has been given by Corke and Post [25].
Experimental measurements indicate that time-averaged body forces
generated by such DBD devices are the dominant mechanism for
exerting control. Because of this, simple models that account for
these forces may be effectively used in numerical calculations. This
approach is particularly useful in the LES of complex transitional
flows, which place severe demands upon computational resources.

The present investigation employs LES to explore the use of
plasma-based actuation to control the subsonic flow past a SD7003
airfoil section at a chord-based Reynolds number of 40,000 and a
4.0 deg angle of attack. This work compliments the RANS com-
putations of Jayaraman et al. [6], where a similar plasma model was
employed, and higher angles of incidence were considered. At these
higher angles before stall, the separation and transition locations
move toward the leading edge, and the flow is dominated by a
leading-edge vortex. For situations more representative of cruise
conditions, the laminar bubble formation, transition, reattachment,
and plasma-based control will be more accurately represented by
LES. The aforementioned flow features can adversely affect both the
lift and moment forces acting on the airfoil section, degrading
stability characteristics and the response to gust loads. Plasma
control offers the potential to mitigate these undesirable circum-
stances. In the sections to follow, the governing equations, empirical
plasma model, numerical method, and LES approach are described.
Details of the simulations are summarized, and numerical results are
reported. Comparisons aremadewith available experimental data for
the baseline flow where no control was enforced, and results of
various control simulations are presented.

II. Governing Equations

The governing fluid equations are taken as the unsteady three-
dimensional compressible unfiltered Navier–Stokes equations.
Although these computations are considered to be LESs, it will be
subsequently explained why, unlike more traditional approaches, the
unfiltered equations are solved.After introducing a generalized time-
dependent curvilinear coordinate transformation to a body-fitted
system, the equations are cast in the following nondimensional
conservative form:Fig. 1 SD7003 airfoil geometry.
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Here t is the time, �, �, and � are the computational coordinates,Q is
the vector of dependent variables, F, G, andH are the inviscid flux
vectors, Fv, Gv, and Hv are the viscous flux vectors, and S is the
source vector representing the effect of plasma-induced body forces.
The vector of dependent variables is given as
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In the preceding expressions, u, v, andw are the Cartesian velocity
components, � is the density, p is the pressure, and T is the
temperature. All length scales have been nondimensionalized by the
airfoil chord c, and dependent variables have been normalized by
reference values, except for p, which has been nondimensionalized
by �1u

2
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The Sutherland law for the molecular viscosity coefficient � and the
perfect gas relationship

p� �T

�M2
1

(11)

were also employed, and the Stokes hypothesis for the bulk viscosity
coefficient has been invoked.

III. Empirical Plasma Model

Manyquantitative aspects of the fundamental processes governing
plasma/fluid interactions remain unknown or computationally
prohibitive, particularly for transitional and turbulent flows. These
circumstances have given rise to the development of awide spectrum
of models with varying degrees of sophistication that may be
employed for more practical simulations. Among the simplified
methods focused specifically on discharge/fluid coupling is that
of Roth [36] and Roth et al. [37], who associated the transfer of
momentum from ions to neutral particles based upon the gradient of
electric pressure. Amore refined approach, suitable for couplingwith
fluid response, was an empirical model proposed by Shyy et al. [38],
using separate estimates for the charge distribution and electric field.
Known plasma physics parameters were linked to experimental data.
This representation has been successfully employed for several
previous simulations of plasma-controlled flows [29–34], and its
basic formulation was also largely adopted in the present inves-
tigation.

A schematic representation of a typical single asymmetric DBD
plasma actuator is depicted in Fig. 2. The actuator consists of two
electrodes that are separated by a dielectric insulator andmounted on
a body surface. An oscillating voltage, in the 1–10 kHz frequency
range, is applied across electrodes, developing an electric field about
the actuator. When the imposed voltage is sufficiently high, the
dielectric produces a barrier discharge that weakly ionizes the
surrounding gas. Momentum acquired by the resulting charged
particles from the electric field is transferred to the primary neutral
molecules by a combination of electrodynamic body forces and
poorly understood complex collisional interactions. Because the
bulk fluid cannot respond rapidly to the high-frequency alternating
voltage, the dominant effect of actuation is to impose a time-mean
electric field on the external flow. In the numerical simulation of
control applications, the entire process may be modeled as a body
force vector acting on the net fluid adjacent to the actuator, which
produces a flow velocity.

The model for the geometric extent of the plasma field generated
by such an actuator is indicated in Fig. 3. The triangular region
defined by line segments OA, OB, and AB constitutes the plasma
boundary. Outside of this region, the electric field is not considered
strong enough to ionize the air [38]. The electric field has its
maximum value at point O and varies linearly within OAB. The peak
value of the electric field can be estimated from the applied voltage
and the spacing between the electrodes. Along segment AB, the
electric field diminishes to its threshold value, which was taken as
30 kV=cm [38]. The electric body force is equal to qcE and provides
coupling from the plasma to thefluid, resulting in the source vectorS,
appearing in Eq. (1). Some uncertainty exists regarding the direction
of the force vector, which was related to the ratio OA=OB in the
original work of Shyy et al. [38]. Within the region OAB, the charge
density qc is taken to be constant. The plasma scale parameter Dc

arises from nondimensionalization of the governing equations and
represents the ratio of the electrical force of the plasma to the inertial
force of the fluid.

RIZZETTA AND VISBAL 413



Some specific details of the plasma model incorporated in the
present simulations were specified corresponding to the original
experiment of Shyy et al. [38]. The ratio of the threshold electric field
magnitude to its peak value was set to 0.133, OA=OB was taken as
0.5, and OB� 0:025 (normalized by the airfoil chord). For the
purposes of the present computations, it is assumed that actuator was
mountedflushwith the dielectric (wing) surface, and did not protrude
above it, and that the direction of the force is tangential to the actuator
surface. Because of empiricism of the formulation, there is ambiguity
regarding the value of the scale parameterDc, which could be varied
during the investigation to producemore or less control. As indicated

in Figs. 2 and 3, the orientation of the actuators for all simulations
reported here was such that the plasma body force opposed the
primary flow direction (counterflow actuation).

DBD actuators are inherently unsteady devices. As mentioned
previously, within the context of the empirical model, the body force
imposed on the fluid is assumed to be steady owing to the high
frequency of the applied voltage. In addition to a continuousmode of
actuation, these devices may also be operated in a pulsed manner, as
described by Corke and Post [25], thereby reducing total power
consumption. The pulsed mode of operation also introduces low-
frequency forcing to theflow,whichmay bemore receptive to control
and offers the potential of improved effectiveness. For simulation of
pulsed actuation, the forcing amplitude is modulated according to a
duty cycle, which is illustrated in Fig. 4. Here, td is the portion of the
fundamental period tp over which the device is active. The ratio
td=tp � 100, expressed as a percentage, is commonly referred to as
the duty cycle, which is 50% in the present case. The amplitude time
history for one cycle appearing in the figure consists of a series of
piecewise continuous cubic and linear functions that were used to
represent the pulsing duration. The amplitude function was then
appended as a factor to the plasma-force magnitude in order to
establish pulsed control. This description is identical to that used by
the authors in previous flow control simulations [32,35,39]. It should
be noted that the applied waveform introducesmultiple harmonics of
the primary frequency, as was demonstrated in [29,40].

IV. Numerical Method

Time-accurate solutions to Eq. (1) were obtained numerically by
the implicit approximately-factored finite difference algorithm of
Beam andWarming [41], employingNewton-like subiterations [42],
which has evolved as an efficient tool for generating solutions to a
wide variety of complex fluid flow problems and may be written as
follows:
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In this expression, which is employed to advance the solution in time,
Qp�1 is the p� 1 approximation toQ at the n� 1 time levelQn�1,
and �Q�Qp�1 �Qp. For p� 1, Qp �Qn. Second-order-
accurate backward-implicit time differencing was used to obtain
temporal derivatives.

The implicit segment of the algorithm [left-hand side of Eq. (12)]
incorporates second-order-accurate centered differencing for all
spatial derivatives and uses nonlinear artificial dissipation [43] to
augment stability. For simplicity, the dissipation terms are not shown
in Eq. (12). Efficiency is enhanced by solving this implicit portion of
the factorized equations in diagonalized form [44]. Temporal
accuracy, which can be degraded by use of the diagonal form, is
maintained by using subiterations within a time step. This technique
has been commonly invoked in order to reduce errors due to
factorization, linearization, diagonalization, and explicit application
of boundary conditions. It is useful for achieving temporal accuracy
on overset zonal mesh systems and for a domain decomposition
implementation on parallel computing platforms. Any deterioration
of the solution caused by use of artificial dissipation and by lower-
order spatial resolution of implicit operators is also reduced by the
procedure. Three subiterations per time step have been applied in the
current simulations to preserve second-order temporal accuracy.

Fig. 3 Geometry for the Shyy et al. [38] empirical plasma-force model.

Fig. 4 Plasma actuator amplitude function time history.

Fig. 2 Schematic representation of plasma actuator.
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The compact difference scheme employed on the right-hand side
of Eq. (12) is based upon the pentadiagonal system of Lele [45] and is
capable of attaining spectral-like resolution. This is achieved through
the use of a centered implicit difference operator with a compact
stencil, thereby reducing the associated discretization error. For the
present computations, a sixth-order tridiagonal subset of Lele’s
system is used, which is illustrated here in one spatial dimension as
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with �d � 1=3, a� 14=9, and b� 1=9. The scheme has been
adapted by Visbal and Gaitonde [46] as an implicit iterative time-
marching technique, applicable for unsteady vortical flows, and has
been used to obtain the spatial derivative of any scalar, flow variable,
metric coefficient, or flux component. It is employed in conjunction
with a low-pass Pade-type nondispersive spatial filter developed by
Gaitonde et al. [47],which has been shown to be superior to the use of
explicitly added artificial dissipation for maintaining both stability
and accuracy on stretched curvilinear meshes [46]. The filter is
applied to the solution vector sequentially in each of the three
computational directions following each subiteration, and it is
implemented in one dimension as

�fQ̂i�1 � Q̂i � �fQ̂i�1 �
X4
n�0

an
2
�Qi�n �Qi�n� (14)

where Q̂ designates thefiltered value ofQ. It is noted that the filtering
operation is a postprocessing technique, applied to the evolving
solution in order to regularize features that are captured but poorly
resolved. Equation (14) represents a one-parameter family of eighth-
orderfilters, where numerical values for theansmay be found in [48].
The filter coefficient �f is a free adjustable parameter that may be
selected for specific applications, and it has been set to 0.30 for the
present simulations.

The aforementioned features of the numerical algorithm are
embodied in a parallel version of the time-accurate three-
dimensional computer code FDL3DI [48], which has proven to be
reliable for steady and unsteady fluid flow problems, including
vortex breakdown [49,50], transitional wall jets [51], synthetic jet
actuators [52], roughness elements [53], plasma flows [29–34], and
direct numerical and LESs of subsonic [54,55] and supersonic
flowfields [56,57].

V. Large-Eddy Simulation Approach

In the LES approach, physical dissipation at theKolmogorov scale
is not represented, thereby allowing for less spatial resolution and a
savings in computational resources. For nondissipative numerical
schemes, without use of subgrid-scale (SGS) models, this leads to an
accumulation of energy at high mesh wave numbers and, ultimately,
to numerical instability. Traditionally, explicitly added SGS models
are then used as a means to dissipate this energy. In the present
methodology, the effect of the smallest fluid structures is accounted
for by an implicit LES (ILES) technique, which has been suc-
cessfully employed for a number of turbulent and transitional
computations. The present ILES approach was first introduced by
Visbal and Rizzetta [58] and Visbal et al. [59] as a formal alternative
to conventional methodologies, and it is predicated upon the high-
order compact differencing and low-pass spatial filtering schemes,
without the inclusion of additional SGS modeling. This technique is
similar tomonotonically integrated LES (MILES) [60] in that it relies
upon the numerical solving procedure to provide the dissipation that
is typically supplied by conventional SGS models. Unlike MILES,
however, dissipation is contributed by the aforementioned high-
order Pade-type low-pass filter only at high spatial wave numbers
where the solution is poorly resolved. This provides amechanism for
the turbulence energy to be dissipated at scales that cannot be

accurately resolved on a given mesh system, in a fashion similar to
subgrid modeling. For purely laminar flows, filtering may be
required to maintain numerical stability and preclude a transfer of
energy to high-frequency spatial modes due to spurious numerical
events. The ILESmethodology thereby permits a seamless transition
from LES to direct numerical simulation as the resolution is
increased. In the ILES approach, the unfiltered governing equations
may be employed, and the computational expense of evaluating
subgrid models, which can be substantial, is avoided. This procedure
also enables the unified simulation of flowfields where laminar,
transitional, and turbulent regions simultaneously coexist.

It should also be noted that the ILES technique may be interpreted
as an approximate deconvolution SGS model [61], which is based
upon a truncated series expansion of the inverse filter operator for the
unfiltered flowfield equations. Mathew et al. [62] have shown that
filtering provides a mathematically consistent approximation of
unresolved terms arising from any type of nonlinearity. Filtering
regularizes the solution and generates virtual subgrid model terms
that are equivalent to those of approximate deconvolution.

VI. Details of the Computations

A. Computational Meshes

An O-grid topology about the airfoil was used to represent the
grid-point distribution of the numerical flowfield. A planar section of
the computational mesh at a fixed spanwise location appears in
Fig. 5. Only a fraction of the total grid points are seen in the figure.
The entire mesh consisted of 651 � 395 � 151 points in the
circumferential, surface-normal, and spanwise directions, respec-
tively. Automated software [63] was used to generate the planar
section, which had a minimum normal spacing at the wall of 5:0 �
10�5 and extended to an outer boundary that was located approx-
imately 100 chord from the airfoil surface. The 651 circumferential
grid lines included a five-point overlap at the leading edge, where
periodic conditions were applied. Planar O grids were distributed
uniformly across the span of the wing so that the z spacing was
constant. The extent of the spanwise domainwas set to 0.2, a distance
shown to be optimal for the previous similar computation of
Galbraith and Visbal [8]. Periodic conditions were also enforced in

Fig. 5 Computational mesh for the SD7003 airfoil.
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the spanwise direction, again employing a five-point overlap for this
purpose.

In addition to the aforementioned 651 � 395 � 151-point grid,
two auxiliary mesh systems were developed for the purpose of
assessing the effect of spatial resolution on the resulting simulations.
Each of these grids maintained the identical regions of clustering and
mesh stretching ratios as those of the finer mesh distribution. Sizes
for all three grids are given in Table 1.

B. Boundary Conditions

On the wing surface, the no slip condition was enforced, along
with an isothermal wall and a third-order-accurate implementation of
a zero normal pressure gradient. Along the outer far-field boundary,
freestream conditions were specified for all dependent variables.
Grid stretching was employed in the far-field region to transfer
information to high spatial wave numbers, and it was then dissipated

by the low-pass numerical filter [64]. This technique prevents any
spurious reflections, particularly in the outflow area of the
computational domain.

C. Temporal Considerations

The time step for all calculations was prescribed as�t� 0:0001.
Once a baseline solution was obtained for the case without control,
flowfields for all subsequent computations were initialized with that
result. For coarser grids, interpolation was required. Solutions were
then temporally evolved for 100,000 time steps in order to remove
transients and attain and equilibrium state. Statistical information
and time-mean values were then collected for an additional
100,000 steps, corresponding to 10 characteristic time units based
upon the airfoil chord and freestream velocity. The nondimensional
actuator pulsing frequency !a � 5:0 was described by 2000 time
steps per cycle. As will be shown later, this frequency was selected
because it is representative of the shear-layer instability associated
with the transitional flow over the wing.

D. Actuator Configurations

Two different actuator configurations were considered in this
investigation, which are exhibited in Fig. 6. Figure 6a is a standard
configuration with no spanwise variation, corresponding to the
geometry in Fig. 3. Figure 6b displays the novel serpentine actuator,
which has been examined by Roy andWang [65]. The purpose of the
serpentine arrangement is to generate nonzero spanwise forces. The
dark areas on the wing surfaces in the figures denote the regions
between the exposed and covered electrodes and represent the
footprint of the volumes containing the plasma force. There are no
forces outside of these volumes.

E. Plasma-Force Models

For the standard actuator configuration, the two-dimensional
model of Shyy et al. [38] could be applied by distributing the force
uniformly along the span of the wing. The model was also employed
with the serpentine geometry by requiring the triangular regionOAB
of Fig. 3 to be perpendicular to the upstream and downstream extents
of the actuator, shown in Fig. 6b. This specification also allows for a
nonzero spanwise force. An alternative force model for the
serpentine actuator has also been developed by Roy and Wang [65].
The distribution is a generalization of the model for a horseshoe-
shaped configuration, whichmay be used for each of the semicircular
portions of the serpentine arrangement. Unlike the Shyy et al. [38]
model, which has its maximum force contribution at the exposed
electrode (point O in Fig. 3), the corresponding maximum for the
model of Roy and Wang [65] occurs at the midpoint between the
electrodes. In addition, the model also has a nonzero wall-normal
force component. A schematic representation of the force vectors for
each of the models is found in Fig. 7.

As implemented in the simulations, force vectors were normalized
by the maximum force magnitude for each model. The total force for
each case was then determined by integrating the vectors over the
volume of the forcefield. Because the plasma scale parameter Dc

appears as a factor on the body force, its value was chosen in each

Table 1 Computational mesh parameters

Grid designation Grid size

Fine (651 � 395 � 151)
Medium (494 � 297 � 114)
Coarse (396 � 198 � 76)

Fig. 6 Actuator configurations: a) standard actuator and b) serpentine

actuator.

Fig. 7 Actuator force vectors: a) standard actuator/Shyy et al. [38]model, b) serpentine actuator/Shyy et al. [38]model, and c) serpentine actuator/Roy

and Wang [65] model.
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case such that the total integrated forces were identical for the three
situations seen in Fig. 7.

F. Description of Cases

All simulations were carried out at a freestream Mach number of
M1 � 0:1. Computations of the baseline flow without control were
performed at a Reynolds number of 40,000 and an angle of attack of

4.0 deg. Baseline solutions on all mesh systems were also obtained
for Re� 41; 700 and �� 3:5 deg, which match the experimental
conditions of Katz [66], for which the results are available for
comparison. In the control cases, Re� 40; 000 and �� 4:0 deg. A
description of all cases is found in Table 2. Referring to the Table,
some designations have been provided to more easily distinguish
between various cases in the results to follow. The designation of
Base will stand for baseline cases, Std will stand for the standard
actuator with no spanwise variation, and Ser will stand for the
serpentine configuration. The designations Ser-S and Ser-R will
serve to differentiate between the serpentine actuator with the Shyy
et al. [38] force model (Ser-S) and the serpentine actuator with the
Roy and Wang [65] force model (Ser-R). As previously noted,
cases 5, 8, 11, cases 6, 9, 12, and cases 7, 10, 13 have identical total
integrated forces, respectively. Computed time-mean aerodynamic
coefficients for all cases are given in Table 3.

VII. Baseline Case Without Control

This section describes results for cases with Re� 41; 700 and
�� 3:5 deg. As noted earlier, these conditions correspond to those
of an experiment for which measurements are available.

Table 2 Designation of cases

Case Designation Re � Grid Actuator configuration Force model Mode of operation Dc

1 Base 40,000 4.0 Fine N/A N/A None N/A
2 Base 41,700 3.5 Coarse N/A N/A None N/A
3 Base 41,700 3.5 Medium N/A N/A None N/A
4 Base 41,700 3.5 Fine N/A N/A None N/A
5 Std 40,000 4.0 Fine Standard Shyy et al. [38] Continuous 39.27
6 Std 40,000 4.0 Fine Standard Shyy et al. [38] Pulsed 39.27
7 Std 40,000 4.0 Fine Standard Shyy et al. [38] Pulsed 9.82
8 Ser-S 40,000 4.0 Fine Serpentine Shyy et al. [38] Continuous 25.00
9 Ser-S 40,000 4.0 Fine Serpentine Shyy et al. [38] Pulsed 25.00
10 Ser-S 40,000 4.0 Fine Serpentine Shyy et al. [38] Pulsed 6.25
11 Ser-R 40,000 4.0 Fine Serpentine Roy and Wang [65] Continuous 161.62
12 Ser-R 40,000 4.0 Fine Serpentine Roy and Wang [65] Pulsed 161.62
13 Ser-R 40,000 4.0 Fine Serpentine Roy and Wang [65] Pulsed 40.41

Table 3 Time-mean results

Case Cl Cd Cm Cl=Cd

1 0.601 0.0276 �0:0433 21.7
2 0.576 0.0240 �0:0466 24.0
3 0.563 0.0250 �0:0467 22.5
4 0.563 0.0250 �0:0467 22.5
5 0.573 0.0228 �0:0294 25.2
6 0.560 0.0222 �0:0258 25.3
7 0.583 0.0225 �0:0309 25.9
8 0.553 0.0240 �0:0228 23.1
9 0.558 0.0227 �0:0250 24.6
10 0.559 0.0226 �0:0249 24.8
11 0.555 0.0233 �0:0235 23.8
12 0.561 0.0230 �0:0250 24.4
13 0.564 0.0221 �0:0256 25.5

Fig. 8 Time-mean results for baseline case 4: a) u velocity contours, b) spanwise vorticity contours, c) Cp contours, and d) streamlines.
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A. Time-Mean Flowfields

Presented in Fig. 8 are time-mean planar contours of the
streamwise velocity component u, the spanwise vorticity, pressure
coefficient, and streamlines. In these and all other time-mean results
to follow, variables have been averaged in the spanwise direction as
well as temporally. The time-mean flow is characterized by a shallow
separated region, which begins slightly downstream of x� 0:2.
Reattachment occurs near x� 0:8. The zone of separated flow is
apparent in the streamlines. Corresponding time-mean surface
pressure and skin friction coefficient distributions are seen in Fig. 9.

The plateau in pressure, where Cp��0:5, is representative of
separation. Solutions on all three grid systems are shown in the
figure, where little variation among them is observed.

PIV measurements were taken in water by Katz [66] at the
specified flow conditions, and they are compared with the LES in
Fig. 10. Contours of the u velocity component are displayed in the
figure. It is apparent that the simulation has a somewhat larger extent
of the separated flow region than that of the experiment. This is also
demonstrated in time-mean profiles of the u velocity, appearing in
Fig. 11. Profiles are indicated at the midchord location (x� 0:5) and
in the trailing-edge region (x� 0:9). Because of the low Reynolds
number, the disparity between the computation and the experiment is
not necessarily surprising. It is noted that, for the even higher
Reynolds number ofRe� 60; 000, the experimental investigation of
Ol et al. [3], conducted in three different test facilities, produced
widely varying results with regard to locations of separation,
reattachment, and transition. A possible explanation for the
differences seen in Figs. 10 and 11 is that some disturbance present in
the experiment precipitated early transition to a more turbulent state,
thereby mitigating the extent of separation.

Time-mean turbulent-kinetic-energy spanwise wave-number
spectra are found in Fig. 12. These, and frequency spectra to be
described later, were collected at a normal distance from the wing
surface of y � yw 	 0:005. At the midchord location (x� 0:5), the
energy is low because the flow is transitional. Closer to the trailing
edge (x� 0:9), a more fully turbulent situation exists, and an inertial
range is evident in the spectra. As expected, the finer grids can
provide resolution to higher wave numbers.

B. Instantaneous Flowfields

Features of the instantaneous flowfield are illustrated in Fig. 13.
Planar contours of the u velocity component and vorticity magnitude
are given in Figs. 13a and 13b, respectively. Here it can be observed
that a highly unsteady wake forms following transition. Figure 13c
exhibits contours of the streamwise vorticity in the near-wall region.
These contours reveal the transitional process that is occurring
downstream of midchord. An isosurface of the Q criterion is
represented in Fig. 13d . The Q criterion is defined as the difference
between the vorticity magnitude and the rate-of-strain magnitude,
and it is commonly used for vortex-core identification [67]. The Q
criterion demonstrates that, following separation, the shear layer rolls
up to form a series of coherent vortical structures. These eventually
break down due to spanwise instabilities, forming a complex and
chaotic situation in the trailing-edge region and downstream wake.

Figure 14 compares planar contours of the fluctuating velocity u0

from the LES to the PIVof the experiment. Because the simulation
produced a greater time-mean area of separation than that of the
experiment, it also has a more pronounced region of large u0. This is
also apparent in the u0 profiles, shown in Fig. 15. Although the
computed magnitudes of u0 differ from those of the experiment, the
shapes of the profiles are quite similar. It is also noted that onlyminor

Fig. 9 Time-mean surface pressure and skin friction coefficient

distributions for baseline cases 2–4.

Fig. 10 Comparison of time-mean u velocity contours for baseline

case 4.

Fig. 11 Time-mean u velocity profiles for baseline cases 2–4.

Fig. 12 Time-mean turbulent-kinetic-energy spanwise wave-number

spectra for baseline cases 2–4.
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variations are indicated between solutions on respective grids,
particularly those on the medium and fine meshes.

Displayed in Fig. 16 are spanwise-averaged turbulent-kinetic-
energy frequency spectra. As in the wave-number spectra (Fig. 12),
these also illustrate growth of turbulence in the trailing-edge region.

The portion of high amplitudes in the spectra, denoted in the figure,
correspond to the inherent instability of the separating shear layer.
The plasma actuator forcing frequency!a � 5:0 is seen to fall in this
range, and was selected to amplify the natural shear-layer instability
and expedite the transitional process.

VIII. Control Cases

All of the results reported in this section, including the baseline
case without control, were obtained for Re� 40; 000 and
�� 4:0 deg. Because of the number of cases considered in the
investigation, features of the flowfields will focus primarily on
cases 1, 6, 9, and 12, which are considered to be representative of the
flows. This selection constitutes the baseline flow, the control cases
for both actuator configurations, and both force models for the
serpentine arrangement. Pulsed operation of the actuator is employed
for these control cases, and thevalues ofDC represent the largest ones
specified.

Fig. 13 Instantaneous results for baseline case 4: a) u velocity contours, b) vorticitymagnitude contours, c) contours of streamwise vorticity in the near-

wall region, and d) isosurface of the Q criterion.

Fig. 14 Comparison of u0 contours for baseline case 4.

Fig. 15 Profiles of u0 for baseline cases 2–4.

Fig. 16 Spanwise-averaged turbulent-kinetic-energy frequency spec-

tra for baseline case 4.
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A. Time-Mean Flowfields

Found in Fig. 17 are time-mean planar contours of the u velocity
component for the four cases. It is evident that plasma control has
reduced the extent of the boundary layer by precluding separation in
the time-mean flowfield. This can also be seen in the streamlines of
Fig. 18,where theflowhas been fully attached in all the control cases.
Corresponding surface pressure and skin friction coefficient dis-
tributions appear in Fig. 19. Because plasma actuation has eliminated

separation (Cf > 0), the pressure plateau is no longer present when
control is enforced. This results in a loss of lift, but it is accompanied
by a more appreciable loss in drag, such that the lift-to-drag ratio
increases (see Table 3).

Figure 20 presents surface pressure and skin friction results for
control cases employing continuous actuation. The values of Dc for
these solutions are identical to those shown in Fig. 19. It is observed
in thefigure that separation is still present to an extent. The serpentine
actuators are somewhatmore effective, having eliminatedmost of the
pressure plateau. Upon comparing Figs. 19 and 20, it can be
concluded that continuous actuation is less effective than pulsed
control. This conclusion was also made for plasma control of a low-
pressure turbine blade [32].

The preceding conclusion is significant, because pulsed operation
of the actuator lowers the power required for operation yet works
more effectively. The magnitude of the plasma scale parameter Dc

also directly relates to power requirements. Because of this, lower
values ofDcwere considered in the investigation. Provided in Fig. 21
are the surface pressure and skin friction distributions for pulsed
operation when the values of Dc were reduced by a factor of 4.0.
These results are quite similar to those of the higher Dc values in
Fig. 19. This shows that pulsed operation of plasma actuators can be
effective at low values of the total integrated forces and, corre-
spondingly, low values of the required power.

Time-mean u velocity profiles for the control cases are given in
Fig. 22. At the midchord station (x� 0:5), all the separated flow has
been removed by plasma actuation, and near the trailing edge
(x� 0:9), the control profiles have reached a more fully turbulent
state.

B. Instantaneous Flowfields

Presented in Fig. 23 are time histories of the lift, drag, andmoment
coefficients (moment taken about x� 0:25). For each of these

Fig. 17 Time-mean planar contours of u velocity for baseline and control cases with pulsed actuation: a) case 1, Base; b) case 6, Std; c) case 9, Ser-S; and

d) case 12, Ser-R.

Fig. 18 Time-mean streamlines for baseline and control caseswith pulsed actuation: a) case 1, Base; b) case 6, Std; c) case 9, Ser-S; andd) case 12, Ser-R.
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coefficients, the large excursions exhibited in the figure are from the
baseline simulation (case 1) and are due to the transitional, separated,
and highly unstable nature of the boundary layer at a low Reynolds
number. All of the control histories (cases 6, 9, 12) are grouped

closely together, and there is little dependence upon either the
actuator configuration or plasma-force model. As was noted earlier,
the effect of control is to lower both the lift and drag while increasing
the lift-to-drag ratio. The most significant percentage change relative
to the baseline case, however, occurs in the moment coefficient.
Because of this, it is thought that plasma-based control may be
employed to improve stability and handling characteristics ofMAVs,
as well as for gust alleviation. In this regard, elimination of high-
amplitude fluctuations in the aerodynamic coefficients for the
baseline case is beneficial.

Figure 24 displays instantaneous planar contours of vorticity
magnitude for the baseline and control cases. It is noted in the figure
that the long laminar separated region before transition, which occurs
in the baseline case, is absent for the control situations.When plasma
actuation is employed, transition takes place further upstream,
thereby precluding the formation of large vortical structures that
convect downstream. This results in a decrease of the vertical extent
of the wake when control is employed.

Isosurfaces of the Q criterion are seen in Fig. 25, which illustrate
the physical mechanisms by which control is achieved. For this
purpose, the pulsed actuation solutions in Figs. 25b–25d may be
compared with the baseline flow of Fig. 25a. In the baseline
isosurface, the coherent vortices generated by the laminar separated
shear layer begin to break up at x	 0:7. When the standard actuator
configuration is pulsed (Fig. 25b, case 6, Std), it creates a series of
small coherent spanwise vortices that convect downstream and
precipitate transition upstream of midchord. These vortices prevent

Fig. 19 Time-mean surface pressure and skin friction coefficient

distributions for baseline (case 1) and control cases with pulsed actuation
(cases 6, 9, and 12).

Fig. 20 Time-mean surface pressure and skin friction coefficient
distributions for baseline (case 1) and control cases with continuous

actuation (cases 5, 8, and 11).

Fig. 21 Time-mean surface pressure and skin friction coefficient

distributions for baseline (case 1) and control cases with pulsed actuation

using minimum force contributions (cases 7, 10, and 13).

Fig. 22 Time-mean u velocity profiles for baseline (case 1) and control

cases with pulsed actuation (cases 6, 9, and 12).

Fig. 23 Timehistories of lift, drag, andmoment coefficients for baseline

(case 1) and control cases with pulsed actuation (cases 6, 9, and 12).
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laminar separation by bringing higher momentum fluid from the
outer portion of the boundary layer toward the surface while, at the
same time, removing lower momentum fluid from near the near-
surface region. Thus, as transition occurs, the time-mean flow has
always remained attached. Because of the nonuniform plasma-force
distribution for the serpentine actuator (Figs. 25c and 25d), no
coherent vortical structures are formed, but a rapid breakdown of the
flow and transition to turbulence occurs just downstream of the

actuator location. In this situation, there appears to be little
dependence upon the force model employed.

Found in Fig. 26 are profiles of the u0 fluctuating velocity
component. At the midchord location (x� 0:5), the magnitude of u0

for the control cases is higher than that of the baseline because of the
pulsed energy that has been added to the flow. In the trailing-edge
region (x� 0:9), however, the baseline flow has developed large
energy-containing structures. Since all the control cases prevented

Fig. 24 Instantaneous planar contours of vorticity magnitude for baseline and control cases with pulsed actuation: a) case 1, Base; b) case 6, Std;

c) case 9, Ser-S; and d) case 12, Ser-R.

Fig. 25 Instantaneous isosurfaces of theQ criterion for baseline and control cases with pulsed actuation: a) case 1, Base; b) case 6, Std; c) case 9, Ser-S;

and d) case 12, Ser-R.
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development of these structures,u0 is smaller than the baseline case at
x� 0:9.

Turbulent-kinetic-energy frequency spectra appear in Fig. 27.
Unlike the result indicated in Fig. 26, the energy of the baseline case
at x� 0:5 is higher than that of the control solutions. The reasons for
this are that the spectra were collected very near to the wing surface
(y � yw 	 0:005), which is not clearly visible in Fig. 26, and that the
turbulent energy is composed of other components in addition to u0.
At x� 0:9, control cases contain less energy than the baseline, due to
a lack of large-scale structures. Harmonics of the pulsing frequency
are obvious in the control spectra. It is noted that the fundamental
frequency lies in the unstable range of the baseline case, as it was
selected to be.

IX. Conclusions

LESs were carried out in order to explore the use of plasma-based
control for flow over a finite span wing at a low Reynolds number,
which is representative of MAVoperations. A high-order numerical
method was employed to simulate both conventional and serpentine
actuator configurations, where simple phenomenological models
provided body forces generated by the electric field of the plasma. A
grid sensitivity study indicated that the spatial resolution was
sufficient to accurately capture physical details of the computed
flowfields. Both continuous and pulsed operations of the actuator
were simulated, and alternate force models for the serpentine
arrangement were considered. Actuators were positioned near the

wing leading edge, and pulsing was applied at the frequency
associated with the unstable shear layer in order to facilitate
transition. The magnitude of the applied body force was varied in
order to determine the most efficient control situation.

It was found that the pulsed mode of operation was far superior to
that of continuous actuation. Although the continuousmodewas able
to achieve some control, pulsing attained better performance and
decreased power requirements. This result had also been seen in
previous plasma actuator applications. When magnitudes of the
plasma forces were decreased, efficiency increased. This is because
the drag associated with the counterflow actuation was reduced.
Lower force magnitudes were still able to expedite transition, which
is the fundamental basis for the control.

Both the standard and serpentine actuators performed equally
well, although the physical mechanisms governing the control were
different for each. With the standard actuator, a series of small
coherent spanwise vortices were generated by the pulsing and
maintained time-mean attached flow before transition. For the
serpentine configuration, the nonuniform spanwise force distribution
suppressed the appearance of coherent two-dimensional modes and
rapidly accelerated transition. There appeared to be little dependence
on the specific details of the plasma-force model for the serpentine
cases.

It should be noted that control strategies other than the ones
considered here may be equally useful. In the present study, only
counterflow plasma control has been investigated, where the actuator
was positioned near the wing leading edge. Other locations are
certainly possible. Previous works have demonstrated, for other
applications, that coflow control that creates a wall jet near a solid
boundary can also be used, and it has been shown in some cases that
duty cycles as low as 10% can afford asmuch control effectiveness as
those of higher values.
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