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Dielectric Barrier Discharges (DBD), operated at KHz and KV range, can create athermal plasma via
collision processes and induce near wall jet. In this paper, we investigate the potential of using DBD to conduct flow
control at low Reynolds numbers, motivated by micro air vehicle (MAV) applications. A previously developed
computational methodology, based on the e™ transition model and the k-o turbulence closure is adopted. The effects
of actuators on the flow fields are represented with a body force model in the momentum equations. The flow
control over an airfoil SD7003 at the chord Reynolds number of 6x10* is the focus of the present study. Specifically,
we investigate both co-flow and counter-flow actuation strategies. The co-flow approach offers momentum
enhancement via favorable pressure gradient in the near wall region while the counter flow approach can trigger
earlier separation and transition by introducing adverse pressure gradients. The aerodynamic performance including
lift and drag coefficients over a broad range of angle of attack (4°-18) is studied, showing that improved lift and
drag characteristics can be realized with DBD concepts for low Reynolds number aerodynamics.

. Introduction
Low Reynolds number aerodynamics motivated by applications such as micro air vehicles (MAVS) has
attracted much interest in recent years. MAVs have a dimension of 15 cm or less and fly at the speed of 5-15 m/s
and fly at an attitude around 100 m. Due to their small dimension and low flight speed, MAVs operate under low

Reynolds number region (Re<10°)[1,2]. It is well known that the airfoil performance is deteriorated when the

Reynolds number drops from 10° to under 10°[3]. A main reason is that at such low Reynolds numbers, flows are
prone to separate under adverse pressure gradients. Separated flow increases the drag and decreases the lift and
therefore increases the power requirement [1]. In addition, if an airfoil stalls at modest angles of attack due to
separation, it seriously compromises the vehicle maneuverability and agility. Under modest angle-of-attack (AoA),
the separated flow experiences laminar to turbulent transition and reattaches to surface and form a laminar
separation bubble. However, the formation and burst of the bubble leads to sudden change of lift and drag and a zig-
zag pattern in the lift to drag polar, making it difficult to control the vehicle. Figure 1 illustrates the formation and
burst of laminar separation bubble at a fixed Reynolds number of 60,100 for airfoil Eppler E374:

(i) At lower AoA, for example, 3°, there is a long bubble on the airfoil surface, which leads to a large drag.

(i) Increasing the AoA (from 4° to 8°), the adverse pressure gradient on the upper surface grows, which

intensifies the Tollmien-Schlichting wave, resulting in an expedited laminar-turbulent transition
process. A shorter LSB leads to more airfoil surface covered by the attached turbulent boundary layer
flow, resulting in a lower drag. This corresponds to the lift-drag polar’s left turn.

Further increasing the AoA (beyond 8°), the separated flow quickly experiences transition; however, with a
massive separation, the turbulent diffusion can no longer make the flow reattached, resulting in the drag increasing
substantially with little changes in lift.

In order to improve the aerodynamics of MAVS, various techniques have been explored. For example, Ifju et al.
[4] have used flexible membrane wing in the MAVSs to enhance the stall angle of attack and adapt to the gusty
environment. Lian et al. [5] have used piezo-actuated actuator to prompt the flow reattachment.

Recent research [6-8] on the efficient generation of ionized fluid in a glow discharge at atmospheric pressure
using a dielectric barrier discharge (DBD) technique has attracted interest from the thermo-fluid dynamics and
control communities. The largely athermal surface plasma generation investigated in the above studies can be used
for achieving flow control by modifying the flow structure through electro-hydrodynamic (EHD) effects [7]. A
typical flow control application is illustrated in Fig. 2 where an insulator separates the electrodes powered by a radio
frequency (1-50 KHz) alternating voltage (1-20 KV) for actuation at atmospheric pressure. The collisional plasma
under such pressures can result in a significant momentum exchange with the neutral species. The effect of the
plasma generated EHD flow on a surface manifests as a wall jet-type flow. This can be used to inject momentum in
regions of adverse pressure gradients, boundary layers, and high heat flux. Compared to mechanical devices such as
synthetic jets [9], the glow discharge actuator involves no moving parts, and can offer control capabilities in
complementary fashion. In fact, Goeksel et al. [10] have experimentally investigated the potential for flow control
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using plasma discharges for typical MAV configurations operating in the range of Reynolds numbers from 20,000 to
80,000. The study looks at both corona wire discharges as well DBD-based actuators. By employing a pulsed-
actuation approach with a small duty cycle, efficient separation control (increases in lift by a factor of two) was
achieved at relatively low power consumption (1.2 mW/cm) levels.
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Figure 1. Lift-to-drag polars of Eppler E374 at different chord Reynolds numbers. (a) lift-to-drag polars at
different Reynolds number; (b) pressure coefficient distribution at different AoA for Re=60,100. Data is
computed with XFOIL [11]. (Figures adopted from [2])
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Fig. 2 Ilustration of Glow discharge Induced Fluid flow

The detailed mechanism of EHD flow generation induced by the DBD is still being investigated although the
concept behind the force generation is believed to be from collision-dominated effects [6,12,13] . The coupled
plasma-fluid problem is inherently non-linear and exhibits wide ranges of time and length scales. Experimental and
analytical studies of atmospheric pressure glow discharge plasma-based flow were conducted by Roth et al.[7]; EHD
body force was modeled as an electrostatic force acting on the charged particles which impacts the neutral gas.
Parametric studies for improving actuator design [13] for separation control were studied by means of experiments
in [8,12,14,13] .

The plasma actuators typically operate on low power consumption (2-40 W/ft of wing span from [15]) with the
capability to be operated either in a steady as well as unsteady fashion. By “steady” operation, one typically refers to
the fact the actuator body force is perceived to be quasi-steady in view of the operating frequency being very large

2
American Institute of Aeronautics and Astronautics



when compared to the low-speed flow applications of interest. Unsteady actuator effects are typically achieved by
multiplying the high frequency actuator (and hence a constant body force effect) by a low frequency modulating
mechanism or by switching on and off the actuator at smaller frequencies. A big gain from the unsteady plasma
actuation mechanism is that the resultant forcing can be effective even with a 10% duty cycle which lowers the
power requirement by about 90% [15].

Typical examples of plasma-based flow control has been to enhance lift and modifying aerodynamics of wings,
exciting 3-D boundary layer instabilities [15], separation control for low-pressure turbine blades and airfoil wings,
control of dynamic stall vortex on oscillating airfoils, acoustic control on subsonic cavity flows [35] etc. For
leading-edge separation control the thin actuator strip is molded onto the leading edge so that the nose-radius is
maintained in order to retain the smooth surface on the airfoil [15]. In [15], Corke et al. study the leading edge
separation control on a NACA 0015 airfoil and delay the stall angle by up to 7 degrees using both the unsteady and
steady effects of the actuator with the maximum performance achieved at a Strouhal number (calculated based on
the convection time-scale of the flow past the wing and the duty-cycle frequency) of one. Similar plasma-based
actuation was used for the control of dynamic stall on oscillating airfoils [15].Chan [16] applied plasma-based EHD
flow control in the study of acoustic effects in subsonic cavity flows. There have also been efforts to use plasma-
based actuators in the context of turbulent boundary layer flow control [17].

Unsteady actuation mechanisms also provide with interesting possibilities of exciting fluid flow instabilities and
have the potential to impact transition. Another interesting area would be to use counter-flow actuation by
employing the actuator effects to trip the flow in the boundary layer.

Numerical modeling of plasma-based flow control has attracted interest in recent times. Gaitonde et al [18,19]
employs a coupled numerical approach to study the steady and unsteady effects of the plasma forcing mechanism on
a NACAO0015 wing. The study compares the unsteady flow field response to the time-varying force field obtained
from the first-principles based plasma dynamics model and the quasi-steady force field from our phenomenological
modeling approach [6,20]. Also, the impact of a low-frequency unsteady forcing is investigated by pulsing the
quasi-steady model with a pre-determined value of the duty cycle. It is reported that that formation of an unsteady
boundary-layer is observed even for the quasi-steady model. For the time-varying force field from the first-
principles based approach, the unsteady flow field is characterized by the development of an asymptotic periodic-
steady flow field in time.

In this paper, we investigate the potential of using DBD to conduct flow control for low Reynolds number flows
in the MAV regime. A previously developed computational methodology, based on the e" transition model and the
k-o turbulence closure [21] is adopted. Similar to the studies of [6,20,18,19,22,23], the effects of actuators on the
flow fields are represented with a body force model in the momentum equations, based on the work of Shyy et al.
[6]. The flow control over an SD7003 airfoil at the chord Reynolds number of 6x10* is the focus of our present
study. Specifically, we investigate both co-flow and counter-flow actuation strategies. Use of both the above
mentioned approaches is also reported in the works of Visbal et al. [22] and Rizzetta et al. [23]. The former explores
the potential use of these actuators in the transitional-turbulent regime for a NACAOQ015 airfoil and wall mounted
hump using both co-flow and counter-flow flow approaches. Also, the pulsed actuation in both the modes of
operation is investigated and is shown to be more effective at causing turbulence in separation regions at low
Reynolds numbers. The latter applies the linear plasma field model [6] to control separation in a transitional highly-
loaded low-pressure turbine. The co-flow approach offers momentum enhancement via favorable pressure gradient
in the near wall region while the counter flow approach can trigger earlier separation and transition by introducing
adverse pressure gradients. The rest of the paper is organized as follows. Section |1 presents the plasma fluid model
along with the numerical techniques employed to handle multi-scale discharge dynamics and the Navier-Stokes
equations for fluid flow. In section Ill, we present representative results to probe the interplay between DBD,
separation, and transition. The outcome in aerodynamics is discussed.

I1. Numerical Methods
Reynolds-Averaged Navier-Stokes Solver

The controlled flow fields are simulated with high-fidelity Navier-Stokes equations coupled with a
phenomenological model representing the plasma induced body force incurred by the actuator. To accurately capture
the transitional flow behaviors, we coupled the Navier-Stokes equations with a transition model suitable for low
Reynolds number flows [21]. For incompressible flow, the equations are written in three-dimensional curvilinear
coordinates and are solved with a pressure-based algorithm, generalizing from the original Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) [24].
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The neutral fluid is modeled using the Navier-Stokes equations and the energy transport equation for a steady,
incompressible flow. The body force terms, which are added to the momentum equations, couple the discharge
effects to the fluid flow. As discussed earlier, the disparity in the time-scales between the low-speed flow and the
high frequency actuator operation enables the treatment of the plasma body-force in a quasi-steady manner. The
fluid is assumed to be incompressible in view of the plasma being essentially isothermal. In the following, governing
equations in the two-dimensional form are presented.
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We discretize the convection terms with the second-order upwind scheme and discretize the diffusion terms with
second-order central difference scheme. The time integration is performed with an implicit three-point backward
scheme for better handling of accuracy and strict time step constraint imposed by the extremely fine grid resolution.
We use Wilcox’s k- turbulence model [25] as the turbulence closure. For clarity, the turbulence model is written in
Cartesian coordinates as follows:
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For the preceding equations, the value of turbulence kinetic energy k at the freestream is set based on the
experimental data. Because there is no direct measurement for the dissipation rate, we assign a value of o so that the
resulting turbulence kinetic eddy viscosity vi=k/® is much smaller than the laminar kinetic viscosity. On the wall
surface, the kinetic energy is set to zero, and the dissipation rate follows:

o=uS,lv, (8)
where u, is the friction velocity, and we set Sg to 500 to simulate the smooth wall.
Transition Model

The transition prediction method employed here is based on the Orr-Sommerfeld equation, which is the essence
of the e" method [26,27]. The computation starts with laminar flow for which the RANS equations together with the
k- turbulence model are solved without the turbulent production terms. Based on the computed flow field, the
growth rate of the most unstable Tollmein-Schilitchting wave within the boundary layer is integrated. Once the
growth rate reaches a threshold value of e we assume flow becomes turbulent and the production term is switched
on. The threshold value is related to the free stream turbulence intensity with the correlation [28]
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Plasma model

The Plasma actuator effects are typically modeled as a body force effect and there are different ways of achieving
this. Numerical modeling of fluid flows along with first-principles based plasma approaches is a daunting task
purely from a computational perspective. However, for low-speed flows (most of the flow control applications of
interest in this study fall in this regime) this can be avoided as the net body force can be modeled as quasi-steady
due to the fluid time-scale being much larger than the actuator driving frequency. But this is not the case for high-
speed flows where the actuator temporal variations will interact with the fluid flow. In the following, we will
present a brief description of the modeling approaches employed by the authors over the course of the present
research.

a=1.5mm

Exp{)sedel lrade

ST SRR Teflon insulator

0 M [ Insulated electrode

Wing surface

AC-3kV @ 4kHz

Figure 3. Schematic illustrating the linear plasma field model showing representative values for the various
modeling parameters [33].

The effect of the plasma-on the fluid can be modeled as a localized body force on the neutral fluid. While high
fidelity plasma models are being developed [29-30,31-32], so far, virtually all investigations have been based on
experimental observations and phenomenological arguments using simplified models [6-8]. Shyy et al. [6] proposed
that the asymmetries introduced through the electrode arrangement and consequently the discharge structure has a
significant role to play in the generation of glow-discharge-induced flow and developed a phenomenological model
based on a linear field approximation of a first-principles based approach. A schematic representation of the plasma
region with the various parametric values is presented in Figure 3. The triangular region OAB represents the plasma
formation zone and does not include the strong electric field curvature near the electrode edge regions. This
approximation is not a huge simplification as long as the lengths OB, OA etc. are much larger than the electrode
thickness which is ~0.1 mm. This model essentially assumes prior knowledge garnered from the discharge
visualization studies [33] such as the discharge duty-cycle, assumed specie-density distributions and employs it to
close the empirical parameters. The objective of such a body force formulation is to develop modeling concepts to
account for the plasma-induced momentum which can be coupled to high-fidelity fluid flow solution without
computing the detailed plasma dynamics. The variation of E in the linear field model can be mathematically written
as

|E| =E, —kx—k,y (10)
where Ej is the electric field in the darkened region on OB in Figure 3. This linear distribution satisfies the Poisson
equation with a constant charge density distribution as employed here. In general, the constant E, is large and, k;

and k; are two positive constants which represent the gradient of electric field intensity along the two mutually
perpendicular directions, namely x (OA) and y (OB). The sign of these two constants ensures that the electric field
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intensity decreases as one move along the positive directions of the axes. In the above equation, E, can be
approximated as
¢
E =2 11
0= (1)
where d is the distance of separation between the two electrodes in the x direction and ¢ is the applied voltage

potential. In this work, we use an applied voltage source of 3 kV sinusoidal waveform at 5 kHz. The constants k;
and k, are evaluated by using the condition that the field strength is the breakdown value (E,;) at the plasma fluid
boundary.

The components of the electric field are given by

Ek,k
E =_—27_ (12)

JkZ +Kk?

EkK,
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Here, k, , k. are the multipliers introduced to define the force orientation from the actuator. For the co-flow

configuration as shown in Figure 3, the combination of k, =1, k., = —1is employed. In the case of the counter-flow
operation the mirror image (x"-y) of the local x-y system is used by rotating about the y axis and k, =-1, k, =-1.

In the model of Shyy et al. [6], no attempt is made to establish a criterion for the plasma-induced fluid flow. Such a
criterion requires a more detailed modeling of the plasma dynamics as discussed in [30]. However, to identify the
plasma region, a delta function () is chosen such that it has a value of unity inside the region OAB and zero outside
it. The above mentioned analytical-empirical model represents a time-averaged body force component acting on the
fluid given as

=

tave
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where E is a linearized electric field, p.€, is the charge density and At/T is the discharge duty cycle. In the

present simulation we use v=3 kHz and At=60us. A detailed discussion of the above is presented in [6,20]. This
modeling is based on the observation that the discharge operation time-scale is much larger than that for the fluid
flow and is primarily a steady forcing model. The above linearized body force model was also adopted by Gaitonde
et al. [18] for modeling plasma-based separation control in a NACA 0015 wing section. This steady forcing model
can be made unsteady by using a low frequency varying duty cycle.

The above analytical-empirical model has the major limitation because it dependents on parameters which need
to be experimentally measured. An improvement to the above is the self-consistent force field model developed
from fundamental plasma dynamics principles [29]. Computational modeling of discharge plasmas can be classified
into three types, namely, kinetic/particle models, fluid models, and hybrid approaches [29]. Kinetic models involve
the solution of the Boltzmann equation [34] for the specie velocity or energy distribution function in both space and
time or particle simulations, often using Monte Carlo methods and are generally computationally more expensive
than the fluid models. The fluid models consist of a few moments of the Boltzmann equation. However, the choice
of the model is also dependent on the regime of modeling interest. Particle techniques such as Monte-Carlo methods
are used to model the collision term. Particle-in-cell (PIC) techniques have been used for discharge modeling in
[35]. However, for the simulation of higher pressure discharges (~ 100 torr or higher), the velocity probability
distribution function can be assumed to be close to equilibrium and, therefore, fluid models can adequately capture
the relevant physics [35] and is has been used by the authors for this research.

I1l. Results and Discussions

We use the SD7003 airfoil to demonstrate the capability of plasma-based flow control. The chosen airfoil has
a maximum thickness of 8.5% and a maximum camber of 1.48%. The SD7003 airfoil has received substantial
experimental and numerical investigations due to its attribute of exhibiting a stable LSB over a broad range of
angles of attack at Reynolds numbers below 10°. The studied airfoil has a chord length of 20 cm. Based on the free
stream velocity of 4.39 m/s and air density of 1.23, the Reynolds number is 60,000. The computational grid follows
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the earlier work of Lian and Shyy [21], i.e., the outer boundary is 25 chords away from the airfoil, close to the wall
before separation there are at least 30 grid points within the boundary layer, and in the turbulent region make the y*
of the first grid point is less than 0.2. The grid size is 330x190, among which 250 points are located on the airfoil.
The airfoil and the computational grid are shown in Figure 4. In all of the results presented in this paper, we assume
an inlet turbulence intensity (Ti=0.1%) and correspondingly the value of N=8 is chosen based on the correlation
presented in [26].

yic

Figure 4. SD7003 airfoil with 8.5% thickness and 1.4% camber.

1. Baseline computation

Here we present representative baseline computations for both modest and high angles of attack cases. For
the whole range of angles of attack considered, the baseline simulations attained a steady state condition for the
numerical model considered although in some cases an unsteady treatment was needed to resolve the initial
transients. Figure 5 and Figure 6 show the sample baseline steady solution with the streamlines and the Reynolds
stress contours. In Figure 5, we zoom in to the region of the upper airfoil surface where the laminar separation
bubble forms and the flow quickly re-attaches to the wing. Figure 5a indicates that the separation actually happens at
around 6% percent of the chord and that transition to turbulence occurs at 13%. This is the position at which the
most unstable Tollmien-Schlitchting wave amplifies by a factor of e" based on the transition model and the RANS
model with the k-o closure is switched on. This is indicated in the plot by an arrow to show the onset of the
Reynolds stresses in the flow-field.
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Figure 5. SD7003 Baseline case solution for 8 and 10 degrees angle of attack.
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(a) 15 degree angle of attack (b) 18 degree angle of attack

Figure 6.Streamline and Reynolds stress contours for a 15 and 18-degrees angles of attack case after the
initial transient behavior stabilizes to a steady state.

By increasing the angle of attack to 10 degrees (Figure 5b), the separation and the transition positions move
upstream to 3% and 7% respectively although the flow is still re-attached. To contrast these modest angles of attack
where one gets a re-attached flow, two higher angles of attack in 15 and 18 degrees (beyond stall) are also studied in
this paper. The transition and separation positions for various angles of attack are summarized in Table 1. As can be
seen from Figure 6a & b, the flow separates at both 15° and 18° angle of attack. The separation point for both these
cases occurs at around 1% (Table 1) of the chord which is very close to the leading edge while the transition to
turbulence occurs at around 5-6%.

Table 1 Transition and separation points for Re=60,000

Angle of Separation point (% | Transition point (% of
attack of chord length) chord length)
4° 24 55
g’ 6 13
10° 3 7
15° 15 6
18° 1 5

2. Flow control

To study the flow control flow control using the linear plasma field model for the DBD actuator, we
explore two different approaches in co-flow and counter-flow control. Similar exploratory studies have been carried
out in [18-19] and can also in experimental efforts as reported in [15,16].

Co-flow actuation typically represents a momentum-injection in the boundary layer or in regions of adverse
pressure gradients and is a feasible strategy to energize low Reynolds number flows. In the counter-flow approach,
the actuator generated momentum is employed to trip the oncoming flow to generate vortices/disturbances that can
trigger other mechanisms such as transition to turbulence [17,22] or in some cases enhance the role of preferred
time-scales in the fluid flow [16]. In Table 2, we summarize the various flow control approaches employed for both
the moderate and high angles of attack. Specifically, we look at both single and multiple actuator configurations in
the co-flow set-up for the whole range of angles of attack. For modest angles of attack (< 10°) we place the actuator
at about 5% of the chord which is before separation occurs. For the high angles of attack, actuator is placed at the 1%
of the chord to handle the fully separated flow when the actuator is off.

In the multi-actuator set-up we chose to place 4 actuators at 5%, 25%, 50% and 75% of the chord
respectively. The counter-flow set-up is explored for the 18°angle of attack case with the actuator placed very close
to the leading edge at 1% chord to act as a tripping device.

Table 2 List of flow control cases

Type of control\Angle of attack Moderate (4°,8°,10°) High (15°,18°)
Co-flow (1 actuator) 5% chord 1% chord
Co-flow (4 actuators) 5,25,50,75 % of the chord 5,25,50,75 % of the chord

Counter-flow ( 1 actuator) - 1% chord

A. Co-Flow actuation

Single-actuator Control

Figure 7 compares the streamlines and shear stress contours for the plasma-off and plasma-on at three
different angles of attack. It should be noted here, that the actuator is flush mounted on the wing surface and hence
does not alter the wing surface. Since the co-flow actuation is based on momentum injection in regions of adverse
pressure gradients and the effect of the actuator is typically a delay of the separation point or in some cases total
elimination. At an angle of attack of 4 degrees, flow separates at around 20% of the chord from the leading edge and
reattaches at 60% of the chord, resulting a long separation bubble. Flow experiences laminar-to-turbulent transition
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at 50% of the chord. With the actuator on, the flow a remains fully attached and does not undergo transition to
turbulence. The wall-jet generated by the actuator is sufficient to overcome the adverse pressure gradient and keep
the flow attached. At angle of attack of 4 degrees, those energized fluids can overcome the adverse pressure gradient
to avoid separation. At an angle of attack of 8 degrees, the separation is delayed until to the trailing edge. After
separation, flow quickly undergoes transition. But flow does not reattach within such a short distance. At angle of
attack of 10 degrees, the separation is delayed from the 8% to 28% of the chord and the transition point is pushed
from 7% to 52%. In this case, flow reattaches after separation. A summary of the transition and separation positions
for the plasma-on and plasma-off cases is given in Table 3. In Figure 8, we look at the effectiveness of the single co-
flow actuation at high angles of attack. At 15 degrees, flow separates at around 1-2% of chord and immediately
undergoes transition (6%) to become turbulent for the plasma-off case. The adverse pressure gradient is so strong
that flow does not get reattached resulting in massive separation. With the plasma-on, the flow reattaches at around
25% of the chord and forms a separation bubble with comparable size as the case of 8 degrees without control.
When the angle of attack is increased to 18 degrees, the single actuator cannot make the flow re-attach and only
succeeds as far as reducing the size of the re-circulation zone.
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Figure 7 Streamlines and Reynolds stress contours indicating impact on transition
for a single actuator control for modest angles of attack
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Figure 8 Streamlines and Reynolds stress contours indicating impact on transition for a single actuator
control for high angles of attack

To further understand the interaction between the fluid dynamic and the DBD actuator, we present the
surface pressure distribution on the airfoil at representative ‘modest’ (10%) and ‘high’ (15°) angles of attack in Figure
9. It can be easily seen from the figure that the actuator position being different for the 10° (5%) and 15° (1%) cases
based on the pressure jump in its vicinity. Specifically, the jump in the pressure is caused by the body force term
manifesting itself in terms of the local fluid dynamic pressure. A separate spike is not observed in the 15° plot as the
actuator is placed at 1% chord which almost coincides with the leading edge. It should be noted here that
immediately upstream of the actuator the flow is accelerated due to the wall-jet generation which causes the pressure

to drop.

Table 3 Impact of a single co-flow actuation on separation and transition

Angle of Xsep (%0 chord) Xira(%6 chord)
attack Plasma-off Plasma-on Plasma-off Plasma-on
4° 24 - 55 -
8° 6 46 13 72
10° 3 26 7 52
15° 15 3 6 15
18° 1 15 5 16
Plasma-off
________ Plasma-on
|
Act. At 5% : Act. At 1%
10 101,
10° Angle of attack \ 15° Angle of attack
i
o Original o I| New
(8] 5l separation New ($) L1 separ.ation
region separation ! / region Fully
region ! : separated for
/ - plasma off
0 L = —- -
|L4"--|_-__—T . 1 TR l
0 02 04 06 08 1
x/c

(&) 10 degrees. (b) 15 degrees

Figure 9. Pressure distribution with and without actuator (single, co-flow), (a) 10 degrees; (b) 15 degrees.

Multi-actuator control

We also assess the impact of the multiple actuators operating as an array using a 4-actuator set-up as given
in Table 2. Specifically, at higher angles of attack, such as 18 degrees, our result shows that a single actuator could
not make the flow reattach. The streamlines and shear stress contours are shown in Figure 10 for three different
angles of attack of 8°, 10° and 15°. At angles of attack of 8 and 10 degrees, the plasma-on situation totally eliminates
the separation resulting in a fully attached flow and laminar on the upper surface. However, as we will see later in
Figure 12, such a configuration might not necessarily increase the lift coefficient. At 15°(Figure 10), the plasma-on
case shows an almost fully attached flow, although there is a small separation bubble very close to the leading edge.
As one can see from Table 2, the first actuator is placed only at 5% chord whereas the separation happens at around
1% of the airfoil. This region of separation immediately causes the flow undergo transition to turbulence and re-
attaches soon after resulting in a very small bubble. It should be noted that steady state solutions are reached until
we reach the angle of attack 18° and beyond. It is worth noting that unsteady periodic behavior observed here is
absent when employing a single-actuator at 1% chord.
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Figure 11a, shows the unsteady evolution of lift and drag over two cycles of periodic behavior. The lift
coefficient for the plasma-off case (Figure 8b) for this angle of attack is 0.97 while the time-averaged lift coefficient
in the multi-actuator set-up is 1.37 (Figure 12) which is greater than the 1.25 obtained from the single-actuator co-
flow control. Figure 11b shows the streamlines and the Reynolds stress contours at the various stations marked in
Figure 11a. In all the snapshots on can see that the flow separates and transition occurs very close to the leading
edge. At instant A, the massive separation cannot be controlled by the array of actuators but the localized
momentum injection causes smaller recirculation zones in the regions between two controllers. These smaller eddies
interact and destabilize the massive separation bubble causing it to be shed and results in an almost re-attached flow
(instants B and C). The separation here is never fully removed, but the flow immediately transitions from laminar to
turbulent very close to the leading edge. Subsequently the adverse pressure gradient grows large enough to
overcome the actuator and form another separation bubble (instant D), that grows in size (instant E) before being
destabilized by the smaller vortices (instant F). Interestingly what we observe here is an instability causing
mechanism even by using a co-flow approach which might be more efficient in the present case.

uv

2
U, -0.04 -0.04 -0.03 -0.03 -0.02 -0.02 -0.01 -0.01 -0.00
PLASMA-OFF PLASMA-ON

[ . n n I
0.2 0 0.2 0.4 0.6 0.8 -0.2 0 0.2 0.4 06 0.8 1

(a) 8 degrees

— 0 0 0.2 0. 0.6 0.8 1

0.8 .2
(b) 10 degrees

uv T B
Ui -0.04 -0.03 -0.02 -0.01 0 0.01 002 003 004 0.05
PLASMA-OFF PLASMA-ON

12

(c) 1‘5—degree§

Figure 10 Streamlines and Reynolds stress contours indicating impact on transition for a multi-actuator
control.

To assess the overall effectiveness of the two different (single- and multi-) co-flow approaches, we compare the
aerodynamic coefficients between the cases with and without actuator in Figure 12. We have the following
observations. First, the lift coefficient with actuator is higher while the drag is lower than their counterpart without
actuator for all the test cases. Second, the change in lift and drag is more evident at high anglers of attack. Third, the
stall angle is delay by 2 degrees with the actuator. All these observations show that the DBD actuator can be used to
increase the lift-to-drag ratio of the airfoil, therefore the airfoil efficiency and flight range. They also show that the
airfoil with actuator can have more agility due to the delayed stall.

B. Counter-flow control
Besides the co-flow control, we also test the counter-flow control. The idea here is to trigger earlier
separation by applying body force in the opposite flow direction and in the process make the flow unstable, possibly
inducing earlier transition to turbulence which can overcome the adverse pressure gradient. Such an approach has
been studied in by Visbal and his coworkers [22] in the context of stall delay in an airfoil. The outcome indicated
that when the actuator is operated in a steady counter-flow mode, one can trigger earlier separation which can be
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unstable resulting in earlier transition to turbulence. However, it was observed that if the actuation is not sufficiently
strong then the transition may not happen which led to the exploration of unsteady actuation mechanisms to trigger
the transition. However, in this effort a purely steady counter-flow operation appears sufficient to trigger transition
to turbulence. Specifically, we employ a single actuator oriented to counter the incoming flow direction and is
placed very close to the leading edge at 1% chord. The angle of attack is chosen to be 18° as in the previous
discussion. Figure 13 shows the unsteady evolution of lift and drag over two time period (approximately 110 non-
dimensional time units as against 20 in the co-flow multi-actuator case). The time-averaged lift coefficient for this
case is 1.46 which is greater than any observed for the co-flow actuation. Figure 14 shows streamlines and pressure
contour shapshots at the various instances (Figure 13) during one period of the time-cycle. The counter-flow
momentum injection into the flow near the leading edge causes a large separation region to form which in turn
results in a secondary separation bubble (instant A). This secondary re-circulation region appears to be unstable and
is shed (instant B) at which time the leading edge bubble grows in size and moves across the upper surface of the
airfoil (instants C and D) and attains peak value of lift when the separation region covers the entire upper surface
(instant E). The eddy is subsequently shed (instant F) resulting in a drastic fall in the lift only for the process to start
all over again with another leading separation bubble forming and aiding the recovery of the lift. The evolution of
the drag indicates that a major contribution is from the form drag as observed by its peak values at instants C,D and
E.
Table 4 Comparison of actuation outcomes (angle of attack of 18°).

Plasma-off | Single (co-flow) | Multi (co-flow) | Single (counter-flow)
CL 0.97 1.25 1.37 1.46

To help summarize the findings we have compared the outcome of the different actuation approaches with respect to
the baseline computation in Table 4. It should be noted here that the time-averaged numbers have been used for
comparison. Overall, the most lift is generated by the counter-flow actuation at this high angle of attack followed by
the co-flow approaches. Specifically, if one considers the power consumption for operating multiple actuators, the
counter-flow approach seems attractive.

IV. Summary and Conclusion

We couple high-fidelity Navier-Stokes equations with a phenomenological DBD model to study the plasma-based
actuator flow control in the transitional flow region and to probe their interaction. The transitional flow is modeled
with a e transition model. Our purpose is to explore the possibilities to use such actuators for low Reynolds number
separation flow control with applications to UAVs and MAVs. Specifically, we attempt two types of control in co-
flow (momentum injection) and counter-flow (tripping mechanism) actuation strategies. In co-flow, we attempt both
single as well as multi-actuator set-ups. The following findings can be summarized.

e The co-flow approach offers momentum enhancement via favorable pressure gradient in the near wall
region while the counter flow approach can trigger earlier separation and transition by introducing adverse
pressure gradients.

e Consistent increase in lift and decrease in drag for all the test cases, especially with higher angles of attack
when flow separation significantly affects the overall aerodynamics characteristics.

e At high angles of attack, the actuators may not have enough influence to suppress the separation. However,
with multi-actuator arrangements, the separation zone can be broken up into multiple smaller separating
regions. Counter-flow actuation can effectively increase lift and be more effective than co-flow approaches
at high angles of attack.
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Figure 11 Streamlines and Reynolds stress contours indicating impact on transition for a multi-actuator
control at 18° angle of attack.
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Figure 12 Lift and drag indicating stall delay for the single- and multi-actuator co-flow control.
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Figure 13 Unsteady evolution of lift and drag over two time periods for an 18° angle of attack with a
counter-flow actuator.
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Figure 14 Flow-field evolution over one period of the unsteady variation for the
counter-flow control at 18°. Snapshots of the streamlines, Reynolds’ stress contours and
surface pressure are shown at the instances marked in part Figure 13.
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