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The response of the flow past a stalled NACA 0015 airfoil at5 deg angle of attack and Reynolds number
of 45,000 to body forces originating from radio-frequency asymmetric dielectric-barrier-discharge actuators
is described via direct numerical simulations. The theordatal model couples a phenomenologically derived
averaged body force with a high-order 3-D compressible Naer-Stokes solver. The body force distribution is
assumed to vary linearly, diminishing away from the surfaceuntil the critical electric field limit is reached.
Various magnitudes and orientations of the force field are eplored, ranging from vertically upwards (away
from the body) to vertically downwards (towards the body). The imposed body forces couple to the non-linear
inertial terms and the pressure gradients to engender a conipx sequence of events. A significant streamwise
component assures the reduction or elimination of stall wh the formation of a stable wall-jet. When the only
component of the force vector is pointed normal to and away fom the surface, no control effect is achieved. On
the other hand, when the force vector is directed towards theurface, a shallower separation region is observed,
accompanied by unsteady boundary layer development. At thiow Mach number considered (.1), the work
done by the force has little impact on the solution, and densy variations remain less than5%. Relaxation
effects are explored by abruptly switching off the force, anl estimates of response times are noted. The lack
of a proper spanwise breakdown mechanism for the separatechear layer in 2-D simulations results in large
coherent structures, whose response in transient and unstdy asymptotic states differ significantly from those
observed in 3-D. Nonetheless, if the force is sufficiently fefctive to eliminate separation, the flowfield becomes
generally two-dimensional and steady in the vicinity of theairfoil, and the overall results from 2-D and 3-D
analyses yield similar results.

[. Introduction

Plasma-based techniques exploiting electromagnetiesdiar flow control are currently of considerable interest.
Particularly attractive properties stem from the absefficeaving parts and lack of mechanical inertia, which permits
instantaneous deployment over a broad range of frequerRexent efforts have explored various possibilities both
in high-speed? as well as low-speed applicatio?rs. The focus of this paper is on the latter speed regime, where
striking experimental observations have been obtained eélectric barrier discharge (DBD) based devices, which
typically operate in the low radio frequency range of 1-1@kdhd voltage amplitudes in the range of 5-10kV. A
number of papers, including Refs. 5-7, have reported onlifigéyaof such devices to inhibit separation over various
airfoil sections, in both static as well as oscillaffrgjtuations. Recently, in Ref. 9, experiments at velocitipgo
75 m/s have been reported on a NACA 0015 airfoil, for which stall lengas increased frorb to 21 degrees. The
approach has also been effective in improving the flow in foassure turbine blade passadfesd? In Refs. 7,11, 12,
flow visualizations are complemented by detailed PIV measents of the wall-jet structure. An overview of the
basic concepts behind this control technique, includinggot of duty cycle, may be found in Ref. 13.

Despite the significant recent progress, a clear undeiisiguod the physics of operation is presently lacking. A
framework for analysis was proposed in Ref. 3 by associdtiagphenomenology to the characteristics of the DBD,
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thus bringing to bear specific theories developed in plagnyaips disciplines in non-aerospace contexts. Further di-
agnostic efforts have been reported in Ref. 14, which, baseatoustic measurements, concluded that compressibility
effects may play a role in momentum coupling, though as niot&ef. 13 there is little or no heating of the air.

Numerical modeling of high-Reynolds number flows with purést-principles based approaches is a daunting
endeavor. Quantitative aspects of many of the fundamerdakgses remain either unknown or computationally ex-
pensive. The is especially true for air — consequently mppt@aches treat simpler gases. Additionally, situations
in which flow control is essential, such as stalled airfodee characterized by phenomena such as transition and
turbulence, which also independently require massivelsitiomn resources. These difficulties have fostered theldeve
opment of a wide spectrum of models introducing varying degrof empirical elements into the procedure. Among
the simpler methods focused specifically on discharge-flaigling, are those of Rottand Shyyet al.*> Roth asso-
ciated transfer of momentum from charged to neutral padiek effectively based on a gradient of electric pressure,
which varies as the square of the electric field magnitudés fbince varies as the product of the field and its gradient,
which depends on the charge by Gauss’ law. As pointed outfindRthis argument is strictly valid only in 1-D, where
the electric field has only one component and may be treatedsaalar. A more sophisticated model, suitable for
coupling with the fluid response was proposed by S#yal,'°> who developed separate estimates for the charge distri-
bution and the electric field by coupling known plasma phygiarameters to qualitative experimental data. Although
the charge and electric field distribution are not conststdre approach yields a simple force distribution varying
linearly in both directions. In a further advance, Voikheival® describe several 2-D simulations with a consistent
approach satisfying Gauss’ law.

The quest for more sophisticated tools utilizing plasmakiprocesses for first-principles simulations is being
pursued on several fronts by various groups of researcfidrs.problem requires self-consistent solution of multi-
dimensional multi-fluid equations, which implicitly cowpthe Maxwell and Navier-Stokes equations and incorporate
various inter-molecular and electronic phenomena. Algotine difficulty is evident, progress has been reported by
various groups. Early efforts are reported by Boewwdl'’ who developed a model for reactors. Aerospace related
analyses solving variants of the mass and momentum egsatidhe drift-diffusion regime together with a Poisson
equation are described by Surzhikeval,'® Poggi€® and Hilbunet al.?® The research effort of which the present
paper forms a part is also attempting to utilize a separgbecagh developed by Rost al, who have developed a
finite-element approach for RF excited discharges, itytiar 1-D phenomen& with subsequent extensions reported
for 2-D configurationg??® Key attributes of the method are simultaneous treatmenveits in both the fluid as
well as the dielectric, an integrated approach to couplivggRoisson equation and versatile methods of specifying
boundary conditions.

The present effort explores the sensitivity of the flow palsivaspeed stalled NACA 0015 wing section to body
forces of plasma origin. Since the flow is transitional, ahkiiglelity 3-D direct numerical simulation procedure is
utilized with dense spatio-temporal resolution to captheebreakdown process. The sensitivity of the flow field is
then examined under the impact of body forces of various fadgs and orientation. The response arising from
the complex interaction between the force, non-linear seamd the pressure gradient, is characterized in terms of
separation control effectiveness.

[I.  Governing equations — Fluid dynamics

The fluid dynamics is assumed to be described by the full M&iekes equations, augmented by terms repre-
senting the local forcing of the DBD device. In non-dimemsibform, the mass, momentum and energy equations
are:

ap* * *TTR\
%+V~(pU)—O )

ap*ﬁ* * * A:H* *T 1 * T * Ik
o +v-[pUU +p1]—ﬁv-7 — D.g*E )
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L+ V(e ) 0" = = (07 7) (7_1)P7,M2R6th}—ﬁDCqU E @3)

where the superscriptdenotes a non-dimensional quantlﬁi‘f = {u*,v*, w*} is the velocity vectory* is the density,
p* is the pressurd,” is time, T is the shear stress tens@);, is the heat conduction term} is the total energyg

is the charge density anki* = {E*, E;, E:} is the electric field vector. The manner in which the disttidns of
charge density and the electric field vector are obtaine@seribed later,5, which is either) or 1, is a parameter
employed to explore the impact of work done by the force. Tére-dimensionalization is accomplished through the
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following relations:

x _ tUpes * _ P * _ U * p * M * _ T
v = L T Pref Ur = Ures b= prerfef H= Href T = Tref (4)
where the subscripte f denotes reference values. Several non-dimensional pteeagpear, including the Reynolds
numberRe = £eeileelfecl, the Prandtl numbePr = 42 — 0.72 and the Mach numbe¥/ = —2<—. The
re re ref
Pref

molecular viscosity: is obtained from Sutherland’s law and a perfect gas is assume
The parameteb,, represents the scaling of the electrical to inertial ferisegiven by:

— Pc,ref ecEref Lref
¢ Pref U2

ref

(®)

wherep, is the charge number density aadis the electronic charge. In the subsequent discussiorsuperscript
(*) will be dropped and all quantities will be assumed to be{gimensional unless otherwise explicitly stated.
The governing equations may be written in flux vector form as:
0X O0F; 0G;y O0H; 0Fy, O0Gy OHy

W—i_@—x—’— 3y+8z:8x+3y+ 0z +5 ©)

whereX is the solution vectorX = {p, pu, pv, pw, pe}, Fr, Gy, andH; contain terms relevant to inviscid, perfectly
conducting media whilé,, Gy, andHy include effects due to viscosity. For examplg,andFy are:

pU
pu® +p
Fr = pUY (7)
puw
(pe+p)u

0

1
Re Tea

1
Re Tzy (8)
1
E'Tmz
1 1 aT
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By

The source vectol§ contains the terms pertinent to the DBD forcing and are @draither from phenomenological

or first-principles models. In order to treat physically gdex domains, the above governing equations are extended
to curvilinear coordinates in the standard maghby introducing the transformation= z (¢,7,¢), y = y (£, 1, (),

z =z (&,m,¢). The strong conservation form is employed to obtain:

0X OFr 98Gr 0H; 9y 0Gv O0Hy
I U T T M T ©

where, with.J represents the Jacobian of the transformatiér; X/J, S = S/.J and,
- 1
Fro= 5 Fr +&G1 +&.Hy)

. 1
Fy = j(ﬁva-f-fva-i-ﬁsz)

with similar expressions for the remaining flux vectors.

[1l. Numerical Procedure

A high-order compact-difference method is employed toetive governing equations. Derivatives;’, of each
required quantityg, are obtained in the uniformly discretized transformeahplé, n, ¢) with the formula:
¢i+2 - ¢i72 a¢i+1 - Qbifl

Lg; +¢; +T¢ =b 1 + 5

(10)
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wherel’, a andb determine the spatial properties of the algorithm. All dmtions described in this work employ the
sixth-orderCé method, for whichl' = 1/3, a = 14/9 andb = 1/9. Details of the spectral characteristics of these
schemes, and others obtainable from Eqn. 10, may be founefs B5, 26.

The derivatives of the inviscid fluxes are obtained by firgtrfimg these fluxes at the nodes and subsequently
differentiating each component. To form terms containimg tolecular viscosity:, the primitive variables:, v,

w, T are first differentiated to form the requisite combinatiafidirst derivative terms. These gradients are then
differentiated again. In order to reduce the error on dedameshes, the required metrics are computed in the same
manner as the fluxeé®. An extensive discussion of the metric evaluation procesitoehigher-order techniques may

be found in Ref. 27.

Additional components are required in the method to enfaroeerical stability, which can be compromised by
mesh stretching, boundary condition implementation andlir@ar phenomena. Spurious frequencies in the solution
are systematically removed with a filter designed usingtsakgnalysis. For any component of the conserved vector,
o,

an

apdii1+ ¢+ apdiy = 27]2;07 (Pitn + Gi—n) (11)

whereg is the filtered value. TheV + 2 unknowns,a ¢, ao, a1, ... ay, are derived from Fourier and Taylor-series
analyses and determine the order of accuracy and spectnaataristics of the filter. The free parametgr —0.5 <

ay < 0.5, is employed to control numerical instabilities. For eaghwithin the above bounds, the odd-even mode
is completely suppressed and@sg is reduced, a wider range of frequencies is partially suggme as described in
Ref. 26. The solutions reported in this paper utilize a mimmeighth-order filter withhy = 0.2. Boundary filter
expressions have also been derived, both for physical lavieshs well as for artificial interfaces arising from domai
decomposition techniques. These formulas and relevantrspanalyses may be found in Ref. 28.

IV. Results

The problem considered is the flow past a NACA 0015 airfoiliadeg angle of attack and a Reynolds number of
45,000 (see Fig. 1a). All simulations are assumed to be compressilith the Mach number set atl. In order to
capture the breakdown process of the stalled flow at this ®8dgmumber, a three-dimensional domain is considered,
with a spanwise extent of2¢

A. Mesh resolution and boundary conditions

As noted earlier, the baseline flow is transitional, and eviginthe high order scheme, requires a relatively large.grid
A O-type mesh is employed, comprised3d8 x 75 x 145 points in thex (streamwise)y (spanwise) and (body-
normal) directions respectively. The grid is generatedtbglsng planes in the manner shown in Fig. 1b. A view of
each section is shown in Fig.1c, with an enlarged view in Eily.The mesh is stretched rapidly in the far-field towards
the outer boundary, which is locat8tc from the surface of the airfoil. The boundary conditionsstraightforward.
No-slip, zero body-normal pressure-gradient and isotaémall conditions are enforced at the solid-wall. The far
field is assumed to be far enough away for free-stream condito be valid while periodic conditions are applied in
the spanwise direction as well as at the branch cut arisiegatheO-type mesh.

B. Baseline flow - no control

In order to set the framework for discussion, the baseliise gdthout flow control is described first. As noted earlier,
the separated flow field has a complex structure and is unstesad the nature of transitional flows. Figure 2a exhibits
instantaneous vorticity magnitude iso-levels coloredhi® gpanwise component of vorticity. The breakdown of the
shear layer very shortly after separation is clearly evidgenerating smaller structures through the developnfent o
spanwise instabilities. Although the process is highlg#idimensional, and requires a direct numerical simuidtio
complete representation, in order to describe the flow satgj instantanous quantities will be plotted in spanwise
central plane. Figures 2b and ¢ show the instantaneouslocity and the vorticity magnitude. The shear layer
emanates from the separation point, which occurs at appiairily 2% chord and the flow may be considered to
be fully stalled. Proceeding downstream, the layer losegsdherence as the three-dimensional break-up process
progresses. The flow beneath the shear layer is transitamdlis characterized by very low velocities.

Aspects of the unsteady pressure distribution are predémtéig. 3. Instantaneous contours, Fig. 3a show rela-
tively smooth behavior near the leading edge, but the spaminstabilities yield coherent structures which propagat
downstream. The variation of the pressure in time is inédah Fig. 3b, which plots the pressure coefficiéijtat
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Figure 2. Aspects of instantaneous flowfield without control

the leading and trailing edges. The former location liegngjasn of separation and subsequent breakdown of the shear
layer, and pressure undulations are observed to be ofugiatow frequency. On the trailing edge however, pressure
fluctuations are considerably larger, with higher freqyecmntent, and significant negative excursions are evident.
Distributions of surface pressure on the airfoil at varipasits in the time history are plotted in Fig. 3c, togethethwi
the mean, which is shown as a solid line. The spatial profilesmooth on the windward surface, where the flow is
attached, but significant deviations are evident on the ugyoéace, where the flow is highly unsteady.

The mean flow is obtained by averaging the instantaneous@adlover several characteristic times. The structure
of the mean flow field is shown in Fig. 4, with contours of thealecity, vorticity and the coefficient of pressurg,.
The separated flow structure is clearly visible. Mean véilegiexceed the freestream value at the outer edge of the
shear layer by up t0.2U,.. Significant reversed flow, with velocities reaching up-6.6U, are evident in the
recirculating zones underneath. Figure 4b exhibjjsthe spanwise and predominant component of vorticity. The
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Figure 3. Aspects of unsteady pressure distribution

principal coherent features are those associated withnibardayers emanating from the leading and trailing edges,
which exhibit positive and negative values respectivelye Tluctuations associated with the features obtained in the
breakdown process beneath the separated shear layerjFge2averaged out. The pressure contours, Fig. 4c show a
large region of low pressure on the upper surface. Lift amagd doefficients of the mean viscous solution are computed
to be0.71 and0.23, and will be employed to normalize subsequent values. Therale of a spanwise breakdown
mechanism in an equivalent 2-D computation at the same floanpaters yields vastly different instantaneous and
mean patterns, whose description is deferreflto
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Figure 4. Mean structure of 3-D flowfield without control

C. Body force specification

The body force is effectively established by specifyinghbiite charge distribution and the spatial variation of the
electric field, from which the Lorentz force is readily deddc The general development follows that described by
Shyyet al.1®> However, to factor uncertainties in the model, and to exptbe sensitivity of the fully separated flow to
different force distributions, additional parametersiateoduced to permit variations in actuator orientatidreisgth
and spatial extent. Although the approach is empiricalydtvisies an attractive framework for a parametric study,
greatly facilitating exploratory studies of plasma flow treheffectiveness.
The force is obtained from the relation
F = D.0Atap.ES (12)

wheref is the frequency of the applied voltage,is an effective duty cycle to recover an effective mean fpsicis a
factor for collision efficiencyp.. is the charge density arfd is the electric field vector. The charge density is assumed
to be uniform in the region of interest. The variation in éfiecfield is approximated through several assumptions.
The magnitude is assumed to vary linearlyriandy, |E| = E, + k12 + koy. Thus, it diminishes from peak value
(= V/d, where V is the applied voltage adds the streamwise distance between the two electrodesg atitjin to
zero beyond a specified distance from the wall. A further mggion, that the field value is at or above breakdown
level in the plasma region, is made to evaluat@ndk,, and to determine the spatial extent of the force distrdvuti
This constraint yields the quantitywhich is 1 when the field is above critical, and zero otherwise. In tiaenk of
reference of the devicé, is then obtained from:

. E . .
E = # {H£k2§ =+ I{nkln} (13)

vk + k2
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Figure 5. Body force field configurations for phenomenologial approach

Here,é and7 are unit vectors respectively along and normal to the expetertrode, which is assumed to lie flush
on the surface of the body. For the airfoil, this coordingstem is located at the tangent to the surface at the leading
edge of the electrode. The orientation is adjusted by chgasiandx,,. In all cases, a single DBD device is assumed,
though its location and strength are varied. Four oriemiatiare considered, corresponding:tg«,, pairs of Case

1: {1, 1} (the original formulation of Shygt al®), Case 2:{1, —1} (vertical force component reversed so it points
towards the surface), Case 80, 1} (normal to body and away from it), and Case{#, —1} (normal to body and
towards it. Unless otherwise noted, the force is appliedl at 2.8%c, i.e., slightly downstream of the initiation of
separation. The values 6f= 3000, At = 67us, a = 1, p. = 10'! are taken from Ref. 15. The nominal values
chosen for the parameters describing strength and exteri? ai= 2400, a = 0.018 areb = 0.024, wherea and

b are normalized by chord length. The effect of these paraetethe solution is described §nH. Note that for

a given plasma parameters suchlasandd, the force magnitude is a function et andx,. As an example, the
force obtained for Case 11, 1} is shown in Fig. 5a and b, which superposes force vectorsessure contours
and instantaneous streamlines of the no-control case. &seewas also examined with the actuator placed near the
trailing edge, Fig. 5c¢, results for which are described @. The force vector is oriented to be generally tangential
to the surface, and displays large magnitude near the waliuglly diminishing to zero in a triangular manner away
from the surface, similar to observation of the glow in theerxment. In the present work, as a first step, the force
was assumed to be a steady average, and no duty cycle waseidnpos

D. Impact of body force on asymptotic response

Figures 6, 7 and 8 exhibit the impact of the each force digtidim on instantaneous streamwise velocity, vorticity
magnitude and pressure after the solution has been marcladstsymptotic state. The results obtained with Cases 1
and 2 indicate that separation is substantially eliminaidt flow becomes nearly steady, but modest low frequency
oscillations are observed in the wake downstream of thiingeedge. In this region, the mesh is relatively coarse, and
potential instabilities in the wake may be constrained leyfthiteness of the spanwise extent of the domain. Cases 3
and 4 do not yield quasi-steady asymptotes. The ineffentisg of Case 3, in which the force is pointed normal to and
away from the body is not unanticipated, since a parallel begrawn to the case of wall-normal blowing. When
the force is directed vertically downward, the size of thetulibed region above the region is diminished (compare
Fig. 6¢ with 2b), but the solution remains unsteady as catistauctures are triggered and then convected downstream.
Although as noted earlier, the magnitude of the force wasioonalized in the various cases, the magnitudes of peak
velocities provide an indication of the strength and effectess of the force distribution. For cases with a streaawi
component of force, localized peak velocity magnitudeser8 times that of the freestream. On the other hand,
vertical upward force has relatively little impact on peakocity, while values of about.5 are observed for Case 4.
Vorticity magnitude contours for Cases 1 and 2, , Figs. 7akaimdlicate an ordered near wall layer on the upper
side of the airfoil. Vorticity values are higher, and thedays thicker, than the boundary layer developing on the
windward side. The shear layer leaves the surface sligpdiraam of the trailing edge. The detachment angle relative
to the freestream is smaller for Case 1 than for Case 2, fochwihie shear layer detaches along a nearly horizontal
line aligning with the freestream only after several chagths downstream. In Case 4, which is characterized by
a shallow separation region and unsteady boundary layel@@went, peak values of vorticity are rapidly damped
on proceeding downstream of the body force. The absence afierent wall-jet (except in initial transients) in this
simulation inhibits the generation of vorticity near thelttarough the viscous mechanism. Similar conclusions en th
overall flowfield may be drawn from pressure contours for 84se2 and 4 depicted in Fig. 8a through c (Case 3 is not
shown because of the ineffectiveness of this force configura In contrast to the baseline simulation (Fig.3a) heac
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Figure 6. Instantaneous u-velocity contours obtained withdifferent force configurations

of these controlled flows displays a strong suction peak thegpoint of application of the force. Figure 8d exhibits
C, on the surface for all four cases with control. For Cases 34amwehich remain highly unsteady, a representative
instantaneous value has been plotted. Lowest pressurke apper surface(, < 0) are observed with Cases 1 and 2.
Both Cases 2 and 4, which have a significant component of tardg towards the wall also show a sharp local peak
in pressure where the force is applied. Comparison with tetamflow results of Fig.3c indicate that flow attachment
observed for Cases 1 and 2 are accompanied by reduction suthien surface pressure, and thus an increase in lift
coefficient. Representative values arg and2.8 respectively (normalized by values obtained for the basalase).
Analysis shows that for these two cases, thrust is also g&trconsistent with a jet velocity profile in the wake of
the airfoil, as discussed below. Case 4 with the body foroectkd towards the wall continues to exhibit drag but it is
far smaller than that obtained without control.
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Figure 7. Instantaneous contours of vorticity magnitude olained with different body force configurations
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Figure 8. Instantaneous pressure contours obtained with dierent force configurations

Instantaneous velocity profiles at mid-chord and mid-sgaheupper surface are shown in Fig. 9a. Both Casel
and Case 2 depict the anticipated development of a wall g&t Ref. 11) extending aboQtlc above the wall. In
contrast, the no-control and Case 3 perturbation both éddgative velocities in the separated region, while the
effect of a purely downward force, Case 4, yields somewhailemreversed flow region. Mid-chord profiles of the
spanwise component of vorticity are depicted in Fig. 9b. ibkeontrol mean profile indicates a negative component,
since the mean flow is separated at this location. Both CaseslR2, for which the solution is relatively steady,
show positive values very near the wall, but also exhibitwereal of vorticity in the region beyond ~ 0.07. The
reversal reflects the wall-jet nature of the near wall flowtHa interior of the region of applied force, the curl of the
distribution, Fig. 5, possesses a negative spanwise coempowhich is overcome by the viscous stresses generated
near the wall because of the no-slip condition and the reduialance with the pressure gradient.
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Figure 9. Effect of control on flow field surveys

E. Transient response following control onset

The transient process by which flow control is establishaticavn in Fig. 10 for Case 2 usingvelocity. The wall jet
structure is initiated at the point of application of theder The front propagates downstream in a relatively mornoton
fashion until the flow is completely attached, which occurateout0.857., whereT, = ¢/U is the characteristic
time. The fluctuations diminish while the flow on the lowerfage remains relatively unaffected by the control. When
the quasi-steady state is reached, the shear layer forntieel imake by the merging of flows from the lower and upper
surfaces retains its jet like structure for a significantatise downstream of the trailing edge. The peak velocity,
whose value near the trailing edge is ab®t decreases to abo8itand2 one and two chords downstream.

The characteristic time with which the flow responds to thdybforce depends on the nature of the force with
Case 2 displaying slightly shorter transients than Casehg.|dtter case in fact exhibits a more pronounced impulse
effect where the flow first attaches to the surface and rensairfer nearly2 characteristic times. A representative
flow field for this case, at = 27 is shown in Fig. 10g. During this period, lift and drag valuemain relatively
stable, but a mild unsteadiness is observed in the wake &haarregion. A small reversed flow bubble attached to
the trailing edge persists, as shown in Fig. 10h. A similgiae exists for Case 2 as shown, but the orientation of this
bubble is parallel to the upper surface, while it is more ramtal for Case 1. Subsequently, for Case 1, the bubble
increases in size in a very gradual fashion, and separatamvesnupstream — in the final solution plotted in Fig.6a,
separation is located at~ 0.8c.

| - J _23 h - | -
b) T=0.50, Case 2 €) T=0.75, Case 2

s 1.08
€)T=1.25, Case 2 f) T=6.5, Case 2 g)T=2, Case 1 h) u = 0 contour

Figure 10. Evolution of flowfield after control is switched on Frames a through f areu-velocity contours for Case 2, frame g is for Case 1.

F. Transient response following control cessation

Further insight into relaxation timescales is derived baraining the response of the flow when the force is abruptly

switched off after the asymptotic state was reached: thisilsition is denoted Case 5. Results are shown in Fig. 11 in
terms ofu-velocity contours at various time instants, designatedims of characteristic times, measured subsequent
to the switch-off. Immediately following control switchfpthe overshoot characteristic of the wall-jet due to la¢k
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body-force ceases and this effect is observed to progregsaiieam In the immediate aftermath of the switch-off,
a thinning process is observed to propagate through ther lpmpmdary layer in time with a convective speed. This
progression moves downstream at a phase velocity corrdsgpio a non-dimensional velocity of abou6, reaching

the trailing edge after abo0t67,, whereT, is the characteristic time. At abo0irT,, indications of flow separation
are evident near the leading edge. This unsteady sepaptEmomenon is characterized by the onset of reversed
flow and formation of vortices similar to those observed mithitiation of dynamic stall. Figure 11i exhibits velocity
contours after a several characteristic times and indichte the solution features resemble the no-control Stétes,

in this case, no tendency towards hysteresis is observed.

Figure 11j exhibits surface pressurggi~.) at various time instants. The initial indication of bodyde cessation
manifests first in the pressure field as a clearly discermiéd#@aear the actuator location in less tiiail characteristic
time. Profiles of static pressure at the leading edge, madebfsuction surface) and trailing edge are shown in Fig. 11k
Near the leading edge, the pressure increases after tleei$ommoved. At mid-chord and near the trailing edge, major
oscillations are observed afte37,. at mid chord and aboutl. respectively, indicating a reduction in phase velocity
as the initial perturbation progresses downstream.
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Figure 11. Case 5: Evolution of flow field after body force is tuned off

G. Effect of locating actuator near trailing edge

The effect of placing the device at the trailing edge, as ¢ b¢, is shown in Fig. 12, which shows results aliilit
after initiation of the force. It is evident that the flow ndbe leading edge, in the vicinity of the separating shear
layer is not significantly influenced in a manner indicatitigehment (see.g., Fig. 2b). However, near the trailing
edge, the initiation of a large scale event comprised ofitirigavortex system is evident. Instantaneous pressucesra
at the leading, mid-chord and trailing edges are depictdedgn12d. Although the simulation was halted before an
asymptotic state was reached, the figures indicate cldzgliotalized nature of the effect.

H. Effect of actuator strength and scale

The effect of force strength and scale is explored by haltegsize of the devicea(andb) and the strengthlj,.)
compared to those of Case 1. Features of the flow after an dstimgtate is reached are exhibited in Fig. 13 in
terms of instantaneous velocity, vorticity magnitude anespure. It is evident that although the massive separation
region observed in Fig. 3 is considerably diminished andstiear layer is at a smaller incline to the surface of the
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Figure 12. Effect of actuator near trailing edge

airfoil. However, the wall-jet layer experiences unsteadgaration a short distance downstream of the point of force
application. Pressure contours show that an adverse gtasliencountered at this point. Peak values of velocity are
much lower with the smaller forcing. Vorticity is also notrdimed to a thin region as with Case 1 (Fig.7a) but rather
exhibits an unsteady three-dimensional distribution ati@ristic of a shear layer instability.
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Figure 13. Effect of force strength and scale

I. Impact of work done by body force

The impact of work done by the force was also explored for Qdsesettingd = 1, thus adding the term.q*U - E*

to the energy equation (see Eq. 3). Results are comparedjinl&a and b with simulations in which the work
term is not considerd. Figure 14a, which depigtgelocity contours indicates that there is no qualitatiifeedence

in the obtained flow structure. The prominent wall-jet on tipger surface has similar properties in terms of peak
velocities and downstream development. Figure 14b, in lvkigface pressure is plotted for the two cases, shows
that quantitative effects of the work term on pressure ase alinor. Figure 14c, showing density contours when
the work term is on, indicates that the maximum density cbkaraar the point of application is limited to abQ(k.
Clearly compressibility effects are not necessary foratiffe control. The Mach number in this case directly reflects
the increase in velocity.

With work term

P

06 0 06 1.2 18 24 3

1.3 5 7 9 1
092 0.940.96 098 1 1.02

Without work term

L ——
0 sty

&
Without work term S
— A - With work term

06 0 06 12 18 24 3

a) u-velocity contours b) Cp C) Density - Case 1
Figure 14. Effect of work term in governing equations
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J. 2-D Simulations

The absence of a spanwise breakdown mechanism in a 2-D catigouat the same flow parameters yields a vastly
different pattern in both instantaneous and mean flowfighdstours of select instantaneous and mean quantities are
plotted in Fig. 15 for the baseline no-control case. In tlEse; shed vortices maintain their form in an unphysical
fashion, giving rise to a sequence of large structures irfdira of vortex pairs that are shed downstream at various
intervals. Peak instantaneous velocities, Fig. 15a, ansiderably larger, reaching almost twice those observélikin

3-D simulations in localized regions. In a consistent fashinstantaneous pressure contours exhibit coherentrésat

in which extrema which are much higher than in the full simiola The mean profile, Fig. 15¢c, exhibits striking
qualitative and quantitative differences from both insiaeous 2-D and mean 3-D counterparts, with a lower incline
of the separated shear layer relative to the surface of tfalai
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Figure 15. Structure obtained with 2-D simulations withoutcontrol

Pointwise pressures obtained with a 2-D calculation aregmed in Fig. 16a, and may be compared with the
3-D results of Fig. 3b. In this case, leading edge presswtlgs are generally lower than at the trailing edge, in
contrast to the 3-D situation, and the impact of the rel&tilerger structures of the 2-D simulation is evident. Both
traces also exhibit higher frequency content. Lift and dragfficients, normalized relative to the mean 3-D values,
are shown versus time in Fig 16b. The 2-D simulation yieldmi§icantly higher lift values and moderately lower
drag values than the 3-D case, the combined effect givirggtdsa higherC,/Cp ratio. Mean surface pressure
distributions are depicted in Fig. 16c. Whereas the 3-Ditstows a relatively flat mean profile on the upper surface
as is characteristic of stall, while by contrast, the 2-Dulssshows a unphysical large region of low pressure under
the shed vortex system, consistent with the observed hidgher
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Figure 16. Pointwise and surface values of pressure and meaomparison with 3-D results

Several conclusions may be derived from simulations in wile effect of the applied body force is examined
on these 2-D solutions. The results suggest that when taehatient process is complete, as in Case 2 above, both
approaches yield similar results. This is exhibited in Biga which showg”, values from 2-D and 3-D results when
an asymptotic state is reached. Indeed, when separatiomigletely inhibited, the 3-D simulation is essentially 2-D
near the airfoil, with negligible computed spanwise vdiesiin the vicinity of the airfoil, except downstream of the
trailing edge. Furthermore, with the exception of mild @agtiness in the wake, the solution is also fairly steady in
the region near the wing.

On the other hand, when the flow is unsteady, different resrk obtained from the 2-D and 3-D approaches.
Unsteadiness may be associated either with the initialtaisensients after the application or cessation of thedpr

12 of 14

American Institute of Aeronautics and Astronautics Paj@525302



or when the asymptotic state itself is unsteady. The foritgation is illustrated in Fig. 17b which depicts the stafte o
the flow at0.25T, following control onset. The attachment front has penettétirther downstream and exhibits more
eruptive deviation from the wall in the 2-D case than in the 8ase. The velocities inside the wall-jet are also seen to
be larger in the 2-D case. Some of these variations partlgatedlifferences in the initial conditions between the two
simulations. Nonetheless, these results suggest thatagions seeking to optimize duty cycle considerations clvhi
depend fundamentally on transient response, may requi@ Bianalyses. The situation when the asymptotic state is
itself unsteady typically arises when reattachment isimgiete. In such situations, a separated shear layer oradyste
boundary layer exists, whose dynamics in 2-D and 3-D aredifft, in much the same fashion as observed without
flow conrol. An example is the low forcing case described abéar which the 3-D simulation exhibits only partial
reattachment. Corresponding instantaneous snapshbtdwitwo simulation approaches when an asymptotic state is
reached are shown in Fig. 17c. Key differences are evidethigrextent of the shear layer before unsteady processes
are generated, and the manner in which coherent featuresiagpwnstream. Another interesting situation in which
2-D and 3-D simulations differ is observed for Case 1. As shearlier in Fig.6, in the 3-D simulation separation
is observed close to the trailing edge, and yields a relgtstable solution in the region of interest. However, in the
corresponding 2-D simulation, an instantaneous pattemhath shown in Fig. 17c (bottom) together with the 3-D
pattern (top), the solution is unsteady and is characttizeshedding associated with the complex merging of the
wall-jet and the boundary layer from the lower surface ofulireg section.

a) Fully attached case asymptote b) Transient comparison for c)Low forcing case asymptote  d) Trailing edge asymptote for

Case 1 Case 1
Figure 17. Effect of forcing on 2-D simulations

V. Conclusion

The response of a separated flow field to body forces arisimg uitably placed radio frequency dielectric barrier
discharge actuator is explored. A separated flow past a NATIA @irfoil at15 deg angle of attack and Reynolds num-
ber45, 000 is considered. Various force configurations are specified tlae response of the flow field is characterized
with 3-D direct numerical simulations utilizing a high-@mdmethod comprised of sixth-order compact differencing
and 10th order filtering. Itis observed that the responsbkeflowfield is determined by a complex interplay between
the properties of the body force, inertial terms and thequnessfield. In general, a significant downstream component
of the body force is beneficial to reduce stall, and compliteiation is observed at adequate force magnitude even
though the spatial extent of actuation is small relativehi® size of the chord. Attachment is characterized by the
formation of a stable wall-jet on the upper surface. Whenathlg force component is normal and towards the wall,
the viscous layer developing downstream is susceptibiestability and asymptotically unsteady flow is obtained. In
an effort to characterize the transient response pertioahity cycle considerations, relaxation effects are sty
suddenly switching off actuation and tracking the reappeee of separation. The absence of spanwise breakdown of
vortices in the 2-D flow simulation results in large coherstntictures which respond differently to the applied per-
turbation. Nonetheless, if and when stall is eliminated,ftowfield becomes generally 2-D, and the overall features
of 2-D and 3-D analyses are similar. Several avenues fordutlork may be identified, including the impact of duty
cycles, multiple actuators, scaling effects with Reyneldsiber and angle of attack as well as more effective coupling
approaches with advanced first-principles based simulgtio
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