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An exploratory numerical study of the control of transition al and turbulent separated flows by means of
asymmetric dielectric-barrier-discharge (DBD) actuators is presented. The flow fields are simulated employ-
ing an extensively validated high-fidelity Navier-Stokes solver which is augmented with both phenomenological
and first-principles models representing the plasma-induced body forces imparted by the actuator on the fluid.
Several applications are considered, including suppression of wing stall, control of boundary layer transition
on a plate, control of laminar separation over a ramp, and turbulent separation over a wall-mounted hump.
Effective suppression of stall over a NACA 0015 airfoil at moderate Reynolds numbers is demonstrated using
either co-flow or counter-flow pulsedactuators with sufficiently high frequency. By contrast, continuous ac-
tuation (simulated by a steady body force in the phenomenological model) is found to provide little control of
separation. For continuous actuator operation, the first-priciples approach is needed in order to reproduce
the benefits of the inherently unsteady force induced by the plasma actuator. The pulsed-modulated unsteady
plasma force is found to be more effective than a monochromatic radio-frequency forcing. These results high-
light the greater importance of transition and turbulence enhancement mechanisms rather than pure wall-jet
momentum injection for the effective use of DBD devices. As aconsequence, meaningful computations require
the use of three-dimensional large-eddy simulation approaches capable of capturing the effects of unsteady
forcing on the transitional/turbulent flow structure. For a laminar boundary layer developing along a flat
plate, a counter-flow DBD actuator is shown to provide an effective on-demand tripping device . This prop-
erty is exploited for the suppression of laminar separationover a ramp. It is demonstrated that tripping of
the laminar boundary layer upstream of the adverse pressuregradient is more effective than forcing of the
separated shear layer. This behavior may be beneficial in thecontrol of laminar flow wings and low-pressure
turbines. Control of turbulent boundary-layer separation over a wall-mounted hump suggests that once the
flow is turbulent, control effectiveness is only achieved provided the actuator strength exceeds a certain thresh-
old. This finding has implications for the scalability of DBDdevices to higher freestream velocities encountered
in practical applications.

I. INTRODUCTION

Control of subsonic flows employing plasma-induced body forces is currently a topic of considerable interest. This
is motivated by several distinct advantages associated with plasma actuators, including: the absence of complicated
mechanical or pneumatic systems, their operation over a broad range of frequencies, as well as their relative low
power consumption. The specific plasma-based technique being considered here is the so-called single asymmetric�Tech. Area Leader, Associate Fellow AIAAyTech. Area Leader, Associate Fellow AIAAzAssociate Professor, Associate Fellow AIAA.
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dielectric-barrier-discharge (or DBD) actuator, which typically operates in the low radio frequency range (1-10KHz),
with voltage amplitudes of 5-10KV. A schematic of a DBD actuator is shown in Fig. 1a. Velocity measurements1

indicate that the averaged plasma-induced body forces results is the formation of a wall jet. A recent overview of the
design, optimization and application of DBD actuators has been given by Corke and Post.2 Experiments have shown
the potential of DBD actuators for the control of boundary-layer separation on both external and internal flows.1, 3–6

Computational studies on the application of these plasma actuators have also been presented.7–11

Despite significant advances in the understanding of DBD actuator effects, further work is still needed in order to
construct detailed models for the spatio-temporal distribution of the plasma-induced body forces suitable for incorpo-
ration into high-fidelity viscous flow simulations. In addition, new strategies aimed at exploiting these devices in the
control of complex three-dimensional flows should be explored.

The present work examines the control of separated flows utilizing simulated DBD actuators. Since the flow
fields of interest are typically characterized by transition and turbulence, a high-fidelity three-dimensional viscous
methodology is required. This high-end flow simulation technique is computationally intensive, and therefore, a first-
principles fully-coupled approach of the plasma effects, even if available, becomes prohibitive. For this reason, at this
stage, the plasma-induced body forces are represented using either a phenomenological model8, 11or a loosely-coupled
first-principles approach.12, 13 These methods represent respectively the averaged and instantaneous force introduced
by the actuator in a specified plasma region above the device.

This work is focused on the identification of strategies for effective flow control of transitional and turbulent sep-
arated flows using DBD devices. To this end, the critical roleof pulsed-modulated actuators in providing a source
of unsteady forcing is examined. Emphasis is placed on the greater importance of unsteady forcing rather than pure
streamwise momentum injection as the primary control mechanism. With the exception of very low freestream ve-
locities or very strong wall jet effects, transition/turbulence enhancements are shown to be the dominant mechanism.
The present emphasis also dictates the use of a high-fidelitythree-dimensional computational approach capable of
describing the impact of unsteady forcing on the spatio-temporal transition/turbulence structure.

To highlight the key mechanisms, a comprehensive set of applications is considered, including suppression of
wing stall, control of boundary layer transition on a plate,control of laminar separation over a ramp, and turbulent
separation over a wall-mounted hump. A comparison of the phenomenological and first-principles approaches for
wing stall supression using a continuously-powered actuator is also presented.

II. Governing equations

The flow field is assumed to be described by the full Navier-Stokes equations, augmented by terms representing
the local forcing of the DBD device.11 In non-dimensional form, the mass, momentum and energy equations are:����t� +r� � ���~U�� = 0 (1)���~U��t� +r� � h�� ��~U�~U� + p���Ii� 1Rer� � ���� = D
q�
 ~E� (2)���e��t� +r� � �(��e+ p�) ~U� � 1Re �~U� � ������ 1(
 � 1)PrM2ReQ�ht� = D
q�
 ~U� � ~E� (3)

where the superscript� denotes a non-dimensional quantity, and~U� = fu�; v�; w�g, ��, p�, e� and t� represent
the velocity vector, density, static pressure, total energy and time respectively.��� denotes the shear stress tensor,Q�ht is the heat conduction term,q�
 is the charge density and~E� = �E�x; E�y ; E�z	 is the electric field vector. The
manner in which the distributions of charge density and the electric field are obtained is described below. The non-
dimensionalization is accomplished through the followingrelations:t� = tUrefL �� = ��ref U� = UUref p� = p�refU2ref �� = ��ref T � = TTref (4)
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where the subscriptref denotes reference values. Several non-dimensional parameters appear, including the Reynolds
numberRe = �refUrefLref�ref , the Prandtl numberPr = �refCpkref = 0:72 and the Mach numberM = Urefq 
pref�ref . The

molecular viscosity,� is obtained from Sutherland’s law, and a perfect gas is assumed.
The parameterD
, representing the scaling of the electrical to inertial forces is given by:D
 = q
;refErefLref�refU2ref (5)

In the subsequent discussion, the superscript (*) is dropped and all quantities are assumed to be non-dimensional
unless stated otherwise.

The governing equations may be written in flux vector form as:�X�t + �FI�x + �GI�y + �HI�z = �FV�x + �GV�y + �HV�z + S (6)

whereX is the solution vector,X = f�, �u, �v, �w, �eg,FI ,GI , andHI represent terms relevant to inviscid, perfectly
conducting media whileFV , GV , andHV include effects due to viscosity.

The source vector,S contains the terms pertinent to the DBD forcing and may be derived either from models
incorporating various degrees of phenomenological and first-principles components.11, 12 In order to treat physically
complex domains, the above governing equations are extended to curvilinear coordinates in the standard manner14 by
introducing the transformationx = x (�; �; �), y = y (�; �; �), z = z (�; �; �). The strong conservation form is thus
obtained: �X̂�t + �F̂I�� + �ĜI�� + �ĤI�� = �F̂V�� + �ĜV�� + �ĤV�� + Ŝ (7)

whereJ represents the Jacobian of the transformation,X̂ = X=J , Ŝ = S=J and,F̂I = 1J (�xFI + �yGI + �zHI)F̂V = 1J (�xFV + �yGV + �zHV )
with similar expressions for the remaining flux vectors.

Unless otherwise noted, the effect of the plasma actuator ismodeled employing a phenomenological approach.
The body force is obtained by specifying both the charge distribution and the spatial variation of the mean electric
field. The general development follows that described by Shyy et al.8 However, to factor uncertainties in the model,
and to explore the sensitivity of the fully separated flow to different force distributions, additional parameters are
introduced to permit variations in force orientation and strength.11 Although this approach is empirical, it provides an
attractive framework to explore plasma-based control of complex three-dimensional flows. The parameters describing
the simulated body forces are the actuator strengthD
, as well as the normal and streamwise dimensions of the plasma
region (a; b in Fig. 1a). These parameters are given later for each case considered.

Although the DBD actuator is inherently an unsteady device,the body-force imposed on the fluid in thephe-
nomenological model is considered to be steady given the high frequency of the applied voltage (typically of order
5-10kHz). Therefore this situation represents an actuatorwhich is being powered continuously. In order to reduce
power consumption, the actuator may be operated in a pulsed manner, as described in Ref. 2. As it will be shown later,
even more important than actuator power considerations is the fact that a pulsed mode of operation introduces lower
forcing frequencies to which the flow is more receptive and offers the potential of improved control effectiveness. For
a simulated pulsed actuator, the force amplitude is modulated according to the duty cycle shown in Fig. 1b whereTp
denotes the fundamental period andTd the portion of the cycle over which the actuator is switched on. The duty cycle
is typically expressed as the percentageTd=Tp � 100%. It should be noted that in addition to the imposed primary
frequencyfp = 1=Tp, this waveform introduces multiple harmonics, as shown in the signal spectrum of Fig. 1c. In all
cases described below, a 50 % duty cycle is employed.
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Finally, as described in Section IV.B, a first-principles approach12, 13 is also considered for the control of stall over
a wing.
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Figure 1. (a) Schematic of DBD actuator, (b) pulsed actuatorduty cycle, and (c) spectrum of imposed forcing amplitude

III. NUMERICAL METHODOLOGY

All of the simulations described in this work are computed with the extensively validated high-order Navier-Stokes
solverFDL3DI.15, 16In this code, a finite-difference approach is employed to discretize the governing equations, and all
spatial derivatives are obtained with high-order compact-differencing schemes.17 For any scalar quantity,�, such as a
metric, flux component or flow variable, the spatial derivative�0 is obtained along a coordinate line in the transformed
plane by solving the tridiagonal system:��0i�1 + �0i + ��0i+1 = ��i+2 � �i�24 + 
 �i+1 � �i�12 (8)

where�, 
 and� determine the spatial properties of the algorithm. For all the computations reported in this paper,
a sixth-order scheme (C6) is used corresponding to� = 13 , 
 = 149 and� = 19 . At boundary points, higher-order
one-sided formulas are utilized which retain the tridiagonal form of the scheme.15, 16 Typically, Neumann boundary
conditions are implemented with third-order one-sided expressions.

The derivatives of the inviscid fluxes are obtained by forming the fluxes at the nodes and differentiating each
component with the above formula. Viscous terms are obtained by first computing the derivatives of the primitive
variables. The components of the viscous flux are then constructed at each node and differentiated by a second
application of the same scheme. In curvilinear coordinates, this approach is significantly cheaper to implement than
that in which a Pade-type scheme is employed directly for thesecond-order derivatives.15

In order to eliminate spurious components, a high-order low-pass spatial filtering technique15, 18 is incorporated.
If a typical component of the solution vector is denoted by�, filtered valueŝ� at interior points in transformed space
satisfy, �f �̂i�1 + �̂i + �f �̂i+1 = �Nn=0 an2 (�i+n + �i�n) (9)

Equation (9) is based on templates proposed in Refs. 17 and 19and with proper choice of coefficients, provides a2N th-order formula on a2N+1 point stencil. TheN +1 coefficients,a0; a1; : : : aN , are derived in terms of�f using
Taylor- and Fourier-series analyses. These coefficients, along with representative filter transfer functions, can be found
in Refs. 20 and 16. The filter is applied to the conserved variables along each transformed coordinate direction once
after each time step or sub-iteration. For the near-boundary points, the filtering strategies described in Refs. 15 and 20
are used. For the present study, a minimum eighth-order filter operator is applied with�f � 0:3. For transitional and
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turbulent flows, the previous high-fidelity spatial algorithmic components provide an effective implicit LES (ILES)
approach in lieu of traditional sub-grid-scale models, as demonstrated in Refs. 21 and 22. Finally, time-marching is
accomplished by incorporating an iterative, implicit approximately-factored procedure.21, 22

IV. RESULTS

A. Control of Wing Stall

Control of the stalled flow past a NACA 0015 airfoil has been investigated. The Mach number, chord Reynolds number
and angle of attack are chosen asM1 = 0:1, Re
 = 45; 000 and� = 15o, respectively. This particular case was
previously considered in Ref. 11. In the present work, both pulsed co-flow and counter-flow actuators located near
the separation point are used. In addition, much smaller plasma forces are prescribed in order to demonstrate control
effectiveness by promoting transition and turbulence.

The airfoil flows were simulated on a308�145�75O-grid. The flow was assumed to be periodic in the spanwise
direction, with a span equal to0:2
. The time step was chosen as�tU1=
 = 0:00025 which provided 500 time steps
per cycle for the highest duty-cycle frequency considered.

The global structure of the baseline and controlled flow fields is shown in Fig. 2 in terms of streamwise velocity
and spanwise vorticity contours. At this high incidence, the baseline flow is observed to be fully stalled. Laminar
boundary layer separation takes place very close to the airfoil leading edge (Fig. 2a). This process results in the
formation of a free shear layer which, for this moderate Reynolds number and high angle of attack, fails to transition
rapidly in order to provide re-attachment. The time-averaged velocity contours (Fig. 2b) display a separation zone
which extends significantly in the direction normal to the wing section. The extent of separation can be seen more
clearly in Fig. 3c which shows the mean streamwise velocity profile at a station near mid-chord (x=
 = 0:42). As a
result of this massive separation zone, the mean surface pressure (Fig. 3b), displays a flat distribution along the upper
surface, typical of a fully stalled flow.

Control of the stalled airfoil flow was investigated employing both steady and pulsed, as well as co-flow and
counter-flow DBD actuators. For all cases, the actuator origin was placed atx=
 = 0:024, just downstream of the
mean boundary-layer separation location for the baseline flow. The geometric parameters of the simulated plasma
region were taken to bea=
 = 0:005 and b=
 = 0:03. A summary of all the cases considered, as well as the
corresponding actuator strength (D
), orientation and duty-cycle primary frequency are provided in Table 1.

Control D
 Stp = fp
=U1 CLmean (L=D)mean
baseline 0.0 0.0 0.79 2.87

co-flow 75.0 0.0 0.7 3.15

co-flow 150.0 0.0 0.71 3.13

co-flow 75.0 4.0 1.12 12.10

co-flow 150.0 4.0 1.20 14.02

counter-flow 75.0 0.0 0.56 2.15

counter-flow 75.0 4.0 0.96 10.47

counter-flow 150.0 1.0 0.92 5.53

counter-flow 150.0 2.0 0.93 8.92

counter-flow 150.0 4.0 1.02 11.05

counter-flow 150.0 8.0 1.05 11.80

Table 1. Summary of airfoil cases and actuator parameters

The use of a steady (i.e. continuous) co-flow actuator withD
 = 75:0 and150:0 was considered first. The
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corresponding overall flow structure forD
 = 150:0 is shown in Fig. 2. Examination of the transient response of the
flow following the onset of actuation indicated that, initially, a significant downstream diplacement of the separation
point takes place due to the actuator-induced streamwise wall jet. The nature of this transient response is illustrated
in Fig. 3a which shows the history of the streamwise velocitycomponent near the surface at a station just upstream
of the actuator (x=
 = 0:007). During the early stages of actuation, the velocity is observed to increase significantly,
as the flow reattaches in the front part of the airfoil. However, despite this beneficial transient effect of the wall jet
entrainment, the flow eventually returns to a completely stalled condition (Fig. 2a,b). After a time-asymptotic state is
reached, the mean separation location near the leading edgehas shifted downstream (fromx=
 � 0:02 tox=
 � 0:046)
and consequently there is a small decrease in the initial angle formed by the free shear relative to the airfoil (Fig. 2c).
However, near mid-chord the normal extent of the reversed flow region remains effectively unchanged (see Fig. 3c).
The airfoil mean surface pressure (Fig. 3b) also displays little improvement relative to the baseline case, with the
exception of a small localized suction peak in the vicinity of the actuator. Comparison of theCp-distributions and
velocity profiles (Fig. 3b,c) forD
 = 75:0 andD
150:0 shows no significant improvement with increasing actuator
strength below a certain threshold. Therefore, steady actuation (modeled with the phenomenological approach) is
found to be ineffective for the actuator strength parameters considered. It should be noted that for a value ofD
 an
order-of-magnitude larger, the simulated steady actuatorwas found11 previously to fully attach the flow due to the
presence of a very strong wall jet. The present results suggest that a steady actuator force of limited magnitude is
not an effective means of flow control, and attempts to attachthe boundary layer through pure streamwise momentum
injection are therefore of limited applicability. In orderto exploit the receptivity of the flow to unsteady disturbances,
we turn our attention to the case of a pulsed actuator.

The case of a pulsed co-flow actuator withD
 = 75:0 and a primary duty-cycle non-dimensional frequencyStp = fp
=U1 = 4:0 was considered. As shown in Figs. 2a,b, the pulsed actuationreattaches the separated flow,
and much higher streamwise mean velocities are observed above the airfoil upper surface as the flow turns completely
around the leading edge. The meanCp distribution (Fig. 3b) for this streamlined flow exhibits a well-defined suction
peak which reflects in a significant increase in lift coefficient and lift-to-drag ratio (see Table 1). The velocity profile
near mid-chord (Fig. 3c) displays also a fully-attached character. Examination of the instantaneous spanwise vorticity
contours in Figs. 2c,d indicates that the pulsed force engenders a rapid transition to turbulence of the initially laminar
shear layer which promotes a mean attached flow.

In order to contrast the relative importance of transition and turbulence enhacement mechanisms relative to simple
wall-jet momentum injection arguments, the impact of a counter-flow actuator was also explored. A steady counter-
flow actuator resulted, as expected, in further degradationof the baseline stalled flow. This can be observed in terms
of the surface presssure distribution and velocity profile (Fig. 4), as well as in the mean aerodynamic loads (Table 1).
By contrast, the use of a pulsed counter-flow actuator (withD
 = 75:0 andStp = 4:0) was found to be very effective
in eliminating stall, as clearly seen in Figs. 2a,b. This control is again achieved by the rapid transition of the shear
layer downstream of a small separation bubble generated by the counter-flow actuator.23 The pulsed counter-flow
actuator was found to be slightly more effective when doubling the strength parameter toD
 = 150:0 (see Table 1).
This further emphasizes the importance of unsteady forcingrather than momentum injection as the primary control
mechanism.

The effect of pulsing frequency was considered for the counter-flow actuator with a strength parameterD
 =150:0. The duty-cycle frequency was varied over the range1:0 � Stp � 8:0. A comparison of the instantaneous
flow fields obtained with the lowest and highest pulsing frequency is shown in Fig. 5. Also, the time-averaged surface
pressure and velocity profiles atx=
 = 0:42 are displayed for all values ofStp in Fig. 6. Although withStp = 1:0 the
flow begins to transition downstream of the actuator (Figs. 5b,c), the process is not as effective as for the case of high-
frequency pulsing. WithStp = 8:0, the shear layer quickly breakdowns due to spanwise instabilities, and much higher
values of vorticity are observed near the wing surface. The mean surfaceCp (Fig. 6a) exhibits the development of a
stronger suction peak with increasing frequency, however this effect seems to saturate afterStp = 4:0. Comparison
of the velocity profiles (Fig. 6b) shows a reduction of the boundary layer displacement with increasingStp. The
beneficial effects of high-frequency pulsing are also evident in the improvements of mean lift coefficient andL=D
seen in Table 1.

The control mechanism of the pulsed counter-flow actuator isfurther examined in reference to the instantaneous
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vortical structure shown in Fig. 5a. In each cycle of the pulsing, a dynamic-stall-like vortex24 is generated near the
leading edge downstream of the actuator. For the higher duty-cycle frequency (Stp = 8:0), this leading-edge vortex
forms closer to the actuator and to the airfoil surface. The actuator-induced vortex is observed to be initially coherent
but quickly breakdowns due to spanwise instabilities, as itconvects along the airfoil upper surface. It therefore appears
that the increased control effectiveness of the pulsed actuator derives from the process of modulated vorticity injection.
This behavior is in some respects similar to that observed inflow control experiments employing high-frequency
synthetic jets (see Ref. 25 and references therein).

Although additional computations are required in order to provide guidance for optimal control effectiveness,
the previous exploratory results serve to highlight the greater importance of unsteady forcing versus pure wall jet
momentun injection in the effective use of DBD actuators forflow control.

As noted earlier, even for a continuous actuator the imposedplasma forces are inherently unsteady. Given the
importance of unsteady forcing on the flow evolution, and thefact that for a continuous actuator this effect cannot be
accounted for with a phenomenological model, we consider next the use a first-principles approach.

Figure 2. Effect of DBD actuator on stalled flow above a NACA 0015 wing section (Re
 = 4:5� 104; � = 15o): (a) instantaneous and (b)
mean streamwise velocity; spanwise vorticity on (c) vertical plane, and (d) on plane parallel to airfoil surface
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Figure 3. Effect ofco-flowactuator on NACA 0015 airfoil flow (Re
 = 4:5�104 ; � = 15o) : (a) history of streamwise velocity near leading
edge, (b) mean surface pressure, and (c) time-averaged velocity profile near mid-chord
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Figure 4. Effect of counter-flow actuator on NACA 0015 airfoil flow (Re
 = 4:5 � 104; � = 15o): (a) mean surface pressure, and (b)
time-averaged velocity profile near mid-chord
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Figure 5. Effect of pulsing frequency of counter-flow DBD actuator on stalled flow above a NACA 0015 wing section (Re
 = 4:5�104; � =15o): instantaneous vorticity magnitude on (a) vertical planeand (b) plane parallel to airfoil surface; (c) iso-surface of vorticity magnitude
colored by streamwise velocity
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Figure 6. Effect of pulsing frequency of counter-flow DBD actuator on NACA 0015 airfoil flow (Re
 = 4:5� 104; � = 15o; D
 = 150:0):
(a) mean surface pressure and (b) mean streamwise velocity profile near mid-chord
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B. Control of Wing Stall Using a First-Principles Approach

As previously noted, in addition to the duty-cycle forcing,there is also unsteadiness associated with the radio frequency
excitation itself. This very high-frequency forcing (typically in the range1�10kHz) may have the potential to activate
complex flow dynamics even without an imposed duty cycle. A simulation reproducing the unsteadiness of the cycle
is therefore essential in order to distinguish the different forcing mechanisms.

A completelyfully-coupled self-consistent solution of both plasma and fluid phenomena, while attractive, is not
currently feasible. The two main reasons are the overwhelming computer resource requirements of 3-D turbulent
simulations at plasma time scales, as well as gaps in currentunderstanding of the molecular processes that dominate
charged particle generation and behavior. For these reasons, in the present work aloosely-coupled approach is em-
ployed to accomplish this objective.12, 13 Specifically, the force field is obtained from a separate calculation modeling
the near-wall flow in a quiescent medium and then scaled and transferred to the wing section. The implicit assump-
tion is therefore that the intermolecular near-wall processes are not sensitive to the outer flow. This requires that the
fluid density and pressure, or collisionality, are relatively high. This is a reasonable expectation for the low-speed
atmospheric pressure incompressible flows of interest.

The space charge and electric field distributions, which provide the body force, are obtained in a self-consistent
fashion following the procedure described in Refs.10, 26 Briefly, a two-dimensional three-species collisional plasma-
sheath model which includes the charge and momentum continuity equations, and Gauss’ law for electric potential is
employed. Since air chemistry for the pertinent processes in the discharge remain poorly understood, the charge and
electric field distributions are obtained under the assumption that the working gas is helium. The governing equations
are solved with the multiscale ionized gas (MIG) flow code, developed at the Computational Plasma Dynamics Lab-
oratory at Kettering University. The method is based on a versatile finite-element (FE) procedure adapted from fluid
dynamics to overcome the stiffness of the equations generated by multi-species charge-separation phenomena. Further
details may be found in Refs. 26–28.

The instantaneous force field distribution obtained from the ionized gas code is stored at several phases during
the cycle. This force is then transferred onto the wing mesh employing an area-weighted interpolation procedure,
as decribed in Refs. 12 and 13. Linear interpolation is also used in time between the adjacent stored phase angles.
A detailed description of the instantaneous force field overa cycle is provided in Ref. 12. The time-averaged body
force is predominantly directed downstream and towards theairfoil surface. In order to permit a comparison with the
phenomenological approach, the instantaneous force is normalized by its peak value during the cycle, and re-scaled
using the actuator strength parameterD
 previously introduced.

In the case described below, the computational mesh employed for the phenomenological approach is retained.
However, the non-dimensional time-step is reduced significantly (to5� 10�5) in order to resolve with approximately95 time steps the radio-frequency oscillation period. The prescribed actuator5kHz signal corresponds to a non-
dimensional frequencySt = frf
=U1 = 213 in terms of flow scales. This value is approximately27 times larger that
the highest pulsing frequency considered in Section IV.A with the phenomenological model.

Results computed with the first-principles approach for a co-flow actuator with a strength parameterD
 = 240:0
are shown in Figs. 7 and 8. Comparison of the overall flow field structure with the baseline case shows that the
high-frequency forcing associated with continuous actuator operation also promotes transition to turbulence (Fig. 7e).
Although separation is not completely eliminated, a significant reduction in the size of the separated region above the
airfoil is observed (Fig. 7c). The corresponding mean surface pressure developes a suction peak (Fig. 8a), and a much
fuller velocity profile is seen near mid-chord (Fig. 8b).

For the case of continuous operation, it is apparent that thephenomenological approach, which assumes a time-
invariant force, cannot reproduce the transition/turbulence enhancements associated with unsteady forcing in the
continuously-powered actuator. This is evident in Fig. 8 which shows significantly improved control effectiveness
for the first-principles computation relative to the empirical model.

Comparison of the results obtained with the first-principles high-frequency (monochromatic) forcing with the
pulsed cases of Section IV.A indicates that the duty cycle (with sufficiently high pulsing frequencyStp) provides a
significant improvement in control effectiveness, even forsmaller values ofD
. This may be due to the fact that the
flow is more receptive to the intermediate forcing frequencies (2:0 � Stp � 8:0) rather that the extremely high radio
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frequency itself (St = 213). Future computations with a duty cycle using the first-principles approach are required
to validate this conclusion and to further assess the meritsof the phenomenological model for the case of pulsed
actuators.

Figure 7. Simulation of continuously-powered co-flow DBD actuator using first-principles approach (NACA 0015,Re
 = 4:5 � 104 ; � =15o; D
 = 240:0): (a) instantaneous streamwise velocity, (b) instantaneous spanwise vorticity, (c) mean streamwise velocity; and iso-
surface of vorticity magnitude for (d) baseline and (e) controlled cases

C. Tripping of a Laminar Boundary Layer Using a Counter-Flow Actuator

The next case studied corresponds to a flat-plate laminar boundary layer with a steady DBD actuator oriented against
the incoming flow. This case is considered since as it will be shown in the following section, tripping of a laminar
boundary layer upstream of a region of adverse pressure gradient is of potential utility in the control of unsteady
separation.

Implicit Large-Eddy simulations (ILES) were performed for a boundary layer developing over a flat plate. The
specified Mach number and Reynolds number areM1 = 0:1 andReÆo = 1:2� 104, whereÆo denotes the incoming
nominal laminar boundary layer thickness. The following counter-flow DBD actuator parameters were prescribed:
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Figure 8. Comparison of phenomenological and first-principles approaches for continuously-powered co-flow DBD actuator on a NACA
0015 wing section (Re
 = 4:5� 104; � = 15o): (a) mean surface pressure and (b) mean streamwise velocity profile near mid-chorda=Æo = 0:025; b=Æo = 0:125, andD
 = 20:0. The actuator origin is located atx=Æo = 2:6. Computations were
performed on a non-uniform Cartesian grid with625�93�76points in the streamwise, normal and spanwise directions
respectively. The flow was assumed to be periodic in the spanwise direction over a width equal to0:71Æo. In the region
downstream of transition, typical values of the grid spacing in terms of wall units are�x+ � 40:0;�yw+ � 0:9 and�z+ � 26:0.

The instantaneous flow structure is shown in Fig. 9. Contoursof streamwise velocity on a horizontal plane aty+ � 10:0 (Fig. 9a) show that a small region of separation is created bythe focused upstream-pointed wall jet
generated by the counter-flow actuator. Although no unsteady forcing is applied, this separation region is subject to
spanwise instabilities which quickly promote transition to turbulence. Therefore in this application, the DBD actuator
may be viewed as a controllable (on-demand) boundary-layertripping device. The abrupt onset of transition can be
clearly observed in the contours and iso-surface of vorticity magnitude shown in Figs. 9c,d.

The streamwise evolution of the boundary layer along the plate is presented in Fig. 10 in terms of the distribution of
spanwise-averaged mean skin-friction coefficient and momentum thickness. Following the small region of separation,Cf rises sharply and reaches its new turbulent levels in an approximate distance of12Æo downstream of the actuator.
The momentum thickness (�) drops sharply over the actuator and begins to display a fairly linear growth starting at
approximatelyx=Æo = 7:5. At x=Æo = 35:0, the computed Reynolds number based on� is approximately 3300, and
the corresponding boundary layer shape factor is 1.35.

The spanwise-averaged mean velocity profile and rms velocity fluctuations are shown in Fig. 11. The mean ve-
locity in terms of wall coordinates appears to be approaching the case of an equilibrium zero-presssure-gradient tur-
bulent boundary layer, although some discrepancies still exist in the log-region. The relaxation of the boundary layer
towards equilibrium following bypass transition is more apparent in the evolution of the streamwise velocity fluctu-
ations (Fig. 11b). Closer to the DBD actuator, the rms fluctuations exhibit a double peak which is also observed in
experiments of bypass transition (e.g., Ref. 29). This second peak diminishes as an equilibrium state is approached.

The present results indicate that even with small values forthe actuator strength parameter, a steady counter-flow
DBD actuator can be an effective on-demand tripping device for a laminar boundary layer. This property is exploited
in the control of laminar boundary layer separation described in the following section.
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Figure 9. Instantaneous flow structure for a steady counter-flow actuator in a laminar boundary layer: (a) streamwise velocity and (b)
spanwise vorticity on a horizontal plane (y+ � 10:0); (c) vorticity magnitude on a vertical plane and (d) iso-surface of vorticity magnitude
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Figure 10. Streamwise evolution of (a) the mean skin-friction coefficient and (b) mean boundary-layer momentum thickness dowstream of
steady counter-flow actuator on a flat plate
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Figure 11. Effect of steady counter-flow actuator on a transitional flat-plate boundary layer: (a) Mean streamwise velocity profile atx=Æo = 35:0, (b) evolution of streamwise velocity fluctuations, and (c)turbulent fluctations at x=Æo = 35:0
D. Control of Laminar Separation Over a Ramp

This case considers the control of laminar boundary-layer separation over a generic ramp configuration (Fig. 12).
This simple geometry is taken as a model problem of separation near the trailing edge of a natural laminar flow
wing section. The flow conditions are Mach numberM1 = 0:1 and Reynolds number (based on the ramp length
) Re
 = 6:0 � 104. The incoming boundary layer is assumed to be laminar upstream of the ramp, with nominal
thicknessÆo=
 = 0:0625. To facilitate grid generation, the ramp shape was specifiedanalytically using a simple
half-cosine function with a heighth=
 = 0:325. Computations were performed on a grid containing416� 131� 79
points in the streamwise, normal and spanwise directions respectively. The flow was assumed to be periodic in the
spanwise direction with a width equal to0:25
. A non-dimensional time step�tU1=
 = 6:25� 10�4 was specified
corresponding to approximately500 steps per duty cycle.

The baseline instantaneous and time-averaged flow field structure is shown in Figs. 12 and 13 respectively. The
incoming steady laminar boundary layer is observed to separate immediately upon encountering the ramp (Fig. 12a),
and a large time-averaged re-circulation region of approximate streamwise extent2:2
 is formed (Figs. 13b,d). The
mean surface pressure distribution is characterized by an extensive plateau region (Fig. 14a). Examination of the
countours of vorticity magnitude (Fig. 12b) shows that after separation, a laminar free shear layer is formed. Sub-
sequently, this shear layer begins to roll-up into coherentspanwise vortices which abruptly breakdown just upstream
of re-attachment. This process is reflected in a sharp rise insurface pressure and skin-friction coefficient (Fig. 14).
Reynolds stress (u0v0) contours, shown in Fig. 13c, display high negative values in the re-attachment region associated
with transition to turbulence.

In order to control this massive separation region, we first consider a pulsed co-flow DBD actuator located just
upstream of the ramp (x=
 = �0:13). The following actuator parameters are prescribed:a=
 = 0:0125; b=
 = 0:125,D
 = 150:0, andStp = 3:2. In terms of the mean baseline separation length, this non-dimensional duty-cycle primary
frequency isF+ � 7:0. The pulsed actuator has a significant effect on the development of the shear-layer, as seen
in Fig. 12. The breakdown process of the shear layer is observed to move closer to the separation point due to the
unsteady forcing. As a result of this turbulence enhancement, a significant reduction is achieved in the size of the
separation region. The mean re-attachemnt location moves from x=
 = 2:2 to x=
 = 1:65. The surface pressure
also exhibits a more rapid recovery and a much shorter pressure plateau. The reduction of the vertical extent of the
reversed-flow region can also be seen in the mean streamwise velocity profiles shown in Figs. 15b,c. The effect of the
pulsed actuator on the turbulent flow structure is examined in terms of the Reynolds stress (Fig. 13c). There is actually
a reduction in the magnitude of the Reynolds stress relativeto the baseline flow situation. In addition, the region of
significant values ofu0v0 is displaced downward and upstream tracking the development of the forced shear layer.
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As was shown in the previous section, a low-power counter-flow DBD actuator can be used as an effective
boundary-layer tripping device. Therefore, we now consider the use of this strategy for the control of the separated
flow over the ramp since as it is well known a turbulent incoming boundary layer is capable of sustaining a higher
adverse pressure gradient. For this purpose, instead of employing a pulsed actuator near the separated laminar shear
layer, we use a steady counter-flow actuator to promote boundary-layer transition to turbulenceupstream of the ramp.
The actuator is located atx=
 = �0:75 and the paremetersa=
 = 0:0125; b=
 = 0:125,D
 = 25:0 are prescribed. As
observed in Figs. 12b,c, the laminar boundary layer begins to transition downstream of the counter-flow actuator. At
the stationx=
 = �0:17, the mean streamwise velocity profile (Fig. 15a) exhibits, as expected, a much fuller profile
near the wall. This allows the flow to turns downward upon encountering the ramp without significant boundary-
layer separation (Fig. 13d). The time-averaged surface pressure (Fig. 14a) displays a pronounced suction peak nearx=
 = 0:0 corresponding to the well-defined expansion region at the bend (Fig. 13a). Following this expansion,
the surface pressure exhibits a sharp recovery without a noticeable plateau. The mean streamwise velocity profiles
(Figs. 15b,c) demonstrate a dramatic improvement in the flowdownstream of the ramp. The flow is now practically
re-attached, with the exception of a much smaller time-averaged separation bubble at the end of the ramp. Contours
of Reynolds stress (Fig. 13c) show the tripping of the boundary layer by the counter-flow actuator. In the region above
the ramp, the Reynolds stress decreases relative to the baseline and pulsed actuator cases.

These exploratory results clearly demonstrate that for separated laminar flows (encountered in off-design operation
of laminar flow wings and low-pressure turbines) improved control may be achieved through modification of the
boundary layer sufficiently upstream of the adverse pressure gradient region. In this manner, supression of massive
separation can be obtained with a significant reduction in the actuator power requirements. This may also provide
scalability to higher freestream velocities encountered in practical applications. Although unsteady forcing of the
separated shear layer provides control of the reversed flow region, the required actuator strength parameter has to be
an order of magnitude larger than that needed for tripping the boundary layer.

Figure 12. Effect of DBD actuator on instantaneous flow structure over a separation ramp: (a) streamwise velocity, and vorticity magnitude
on (b) vertical plane and on (c) computational grid surface above the wall
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Figure 13. Effect of DBD actuator on time-averaged flow structure over a separation ramp: (a) static pressure, (b) streamwise velocity, (c)
Reynolds stress, and (d) streamlines in separation region
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Figure 14. Effect of DBD actuator on separated flow over ramp:(a) mean surface pressure and (b) skin-friction coefficient
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Figure 15. Mean streamwise velocity profiles for flow over a separation ramp: (a) x=
 = �0:17, (b) x=
 = 0:43, and (c)x=
 = 1:43
E. Control of Turbulent Separation Over a Wall-Mounted Hump

The last case considered is that of turbulent separation over a wall-mounted hump (Fig. 16). This geometry is selected
for two main reasons. First, this configuration has been the subject of several experimental and computational studies
of flow control employing both steady suction and oscillatory blowing.30–32 Second, it permits and exploration of the
use of DBD actuators for the control ofturbulent rather thanlaminar/transitional boundary-layerseparation considered
earlier.

The hump geometry simulates the upper surface of a 20%-thickGlauert-Goldschmied airfoil section. The flow
conditions were prescribed asM1 = 0:1 and chord Reynolds number1:5 � 105. The computational mesh was
generated by redistributing the grid lines of an existing mesh employed previously in a computational flow control
study.32 The grid has dimensions654 � 131 � 79 in the streamwise, vertical and spanwise directions respectively.
The flow was assumed to be periodic in the spanwise direction with an extent of0:1
. A non-dimensional time step�tU1=
 = 0:00025 was used which provided500 steps per duty-cycle.

At inflow (see Fig. 16), an incoming laminar boundary layer isprescribed with nominal thicknessÆo = 0:05
. In
order to study turbulent separation, the boundary layer wastripped ahead of the hump leading edge using a steady
counter-flow DBD actuator, as described earlier. The actuator was located atx=
 = �1:0 with parametersa=
 =0:005; b=
 = 0:05 andD
 = 25:0. As shown in Fig. 16, this actuator induces transition of theinitially laminar
boundary layer upstream of the hump and provides more realistic inflow conditions for all subsequent simulations.

The unsteady and time-averaged flow structure for the baseline case are presented in Figs. 17 and 18 respectively.
The baseline flow is characterized by unsteady separation and by the formation of a mean recirculation zone over
the aft-portion of the hump. The mean surface pressure distribution (Fig. 19a) displays a well-defined suction peak
and a pressure plateau associated with the separated region. These overall features are in qualitative agreement with
previous experiments and computations obtained at higher Reynolds numbers and for a different turbulent boundary-
layer thickness upstream of the hump.30, 32

In order to control the extent of separation, a second DBD actuator is employed located atx=
 = 0:6, just upstream
of the detachment point (Fig. 16). This simulated pulsed co-flow actuator is prescribed using the following parameters:a=
 = 0:005; b=
 = 0:05, andStp = 8:0. Computations with an actuator strengthD
 = 500:0 (not shown) essentially
eliminated the separation region. However, of more interest in the present study, are results achievable with smaller
values ofD
. ForD
 = 250:0, a significant reduction in the separation zone is observed (Figs. 18b,d). The mean
re-attachment point is shifted fromx=
 = 1:19 to x=
 = 0:93. Also, the normal extent of the reversed flow region is
reduced considerably. This process is accompanied by the development of a more pronounced expansion region over
the hump, as seen in the mean pressure countours (Fig. 18a) and in the correspondingCp distribution (Fig. 19a). A
plateau in theCp curve is no longer evident and a rapid recovery in surface pressure is observed. A comparison of the
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time-averaged streamwise velocity profiles at select locations is shown in Fig. 20. The control case clearly exhibits a
fuller profile upstream of separation and a better recovery downstream of re-attachment. The impact of actuation on
the turbulent stress is shown in Fig. 18c. Forcing results ina reduced overall region of high negative Reynolds stress
due to the smaller separation zone. However, just downstream of the actuator, a significant increase in the magnitudes
of u0v0 is observed.

Lowering the actuator strength parameter further toD
 = 150:0 still provided some reduction of the separation
zone (Fig. 18d). However, control effectiveness is diminished significantly. The surface pressure still displays a higher
suction peak and a less pronounced plateau relative to the baseline flow. A fuller mean velocity profile is also observed
downstream of re-attachment (Fig. 20c).

These results seem to suggest that in order to achieve sufficient control when the boundary layer is already in a
turbulent state, the actuator amplitude must be above a certain threshold level. This is in contrast with the control of
separation over the airfoil described previously in Section IV.A, wherein control effectiveness could be achieved with
much lower values ofD
. This behavior is expected since the laminar/transitionalboundary layer is very receptive to
the imposed small-amplitude disturbances. These findings are in qualitative agreement with other control techniques
for separated turbulent flows (e.g. control of weapon bay cavities using high-frequency pulsedblowing33) where
sufficiently high levels of actuation must be employed in order to achieve effective control. Furthermore, the higher
actuator strength requirements have implications for the scalability of these devices to flight situations.

Figure 16. Control of turbulent separation over a wall-mounted hump

V. CONCLUDING REMARKS

A computational exploration has been conducted of the effects of radio-frequency dielectric barrier discharge
(DBD) actuators on transitional and turbulent separated flows. A high-order Navier-Stokes solver, augmented with
either a phenomenological or a loosely-coupled first-principles model representing the plasma-induced body forces is
employed. Several applications are considered, includingwing stall suppression, control of boundary layer transition
on a plate, control of laminar separation over a ramp, and turbulent separation over a wall-mounted hump.

Suppression of wing stall was demonstrated using either a co-flow or a counter-flow pulsed actuator located near
the airfoil leading edge. With the phenomenological approach, control effectiveness was achieved with high pulsing
frequencies for moderate values of the actuator strength parameter. For the Reynolds number considered, suitable
control is achieved for relatively low values of actuator strength since the separated laminar/transitional shear layer is
highly receptive to such imposed disturbances. By contrast, a steady actuator force of the same magnitude provided
little control of separation. These results highlight the greater importance of transition/turbulence enhancement versus
pure streamwise momentum injection as the primary control mechanism. From a computational standpoint, this also
mandates the use of full three-dimensional large-eddy simulations capable of capturing the interaction of the unsteady
plasma forces with the turbulent structure.
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Figure 17. Effect of pulsed co-flow DBD actuator on instantaneous flow structure over a wall-mounted hump: (a) streamwisevelocity, (b)
vorticity magnitude, and (c) spanwise vorticity component
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Figure 18. Effect of pulsed co-flow DBD actuator on time-averaged flow structure over a wall-mounted hump: (a) static pressure, (b)
streamwise velocity, (c) Reynolds stress, and (d) streamlines in separation region
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Figure 19. Effect of pulsed co-flow DBD actuator on separatedflow over a wall-mounted hump: (a) mean surface pressure and (b) skin-
friction coefficient
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Figure 20. Mean streamwise velocity profiles for flow over a wall-mounted hump: (a) x=
 = 0:65, (b) x=
 = 0:9, and (c)x=
 = 1:15
The first-principles approach was employed for the case of wing stall suppression using a continuously-powered

co-flow actuator. For continuous actuator operation, the first-priciples model is needed in order to reproduce the effects
of the inherently unsteady radio-frequency force induced by the plasma actuator. The pulsed-modulated unsteady
plasma force used in the phenomenological model is found to be more effective than the first-principles monochromatic
radio-frequency forcing. This may be due to the fact that theflow is more receptive to intermediate forcing frequencies
rather that the extremely high radio frequency itself. Future computations with a duty cycle using the first-principles
approach are planned to validate this conclusion and to further assess the merits of the phenomenological model for
the important case of pulsed actuators.

The use of a counter-flow DBD actuator with relatively low strength was shown to provide an effective on-demand
tripping device for a laminar boundary layer developing along a flat plate. This property is exploited for the suppres-
sion of laminar separation over a ramp. In this case, tripping the boundary layer just upstream of the adverse pressure
gradient region provides a very effective means of reducingseparation. This strategy is found to be more effective
than the use of a pulsed actuator of higher strength placed near the separation point. These results may be of poten-
tial application in the control of separation for natural laminar flow airfoils and low-pressure turbines in off-design
operation.

Finally, control of turbulent boundary-layer separation over a wall-mounted hump suggests that once the flow
is turbulent, control effectiveness is only achieved provided the actuator strength exceeds a certain threshold. This
finding has implications for the scalability of DBD devices to higher freestream velocities encountered in practical
applications.
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