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Abstract

A numerical investigation of flow control was performed to determine the effect of Dielectric Barrier Discharge
(DBDs) actuator to modify the characteristics of a flow over an airfoil and to examine its ability to prevent flow
separation. Moreover, in this computational study, several parameters have been studied to evaluate the
effectiveness of plasma actuator including actuator position and the mode of actuation. The case under
consideration includes a flow past a NACA 0021 airfoil at 23 deg angle of attack and an external velocity of 35
m/s with a single DBD actuator. A 2D computational model was developed to simulate the incompressible
turbulent flow over the airfoil. A body force treatment is devised to model the effect of plasma actuator and link
the plasma dynamics and fluid dynamics. The body force can be derived from first principles. In order to
compute this body force vector, the model solves two additional equations: one for the electric field due to the
applied AC voltage at the electrodes and the other for the charge density representing the ionized air.
Comparisons with previously published works show the accuracy of the obtained results. These results
demonstrate that the discharge can induce an important acceleration of the flow close to the surface and therefore
cause a decrease in the size of separation bubble.
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1 INTRODUCTION

The application of active flow control is very important in the field of acronautical applications. Efficient flow
control systems are capable of manipulating the flow to achieve certain desired effects, such as drag reduction,
mitigation of noise pollution, and help increase reducing stall margins on airfoils. In order to achieve these
results two main techniques are used; separation control and laminar-to-turbulent transition suppression. The
most popular flow control methods usually involve the use of mechanical flaps, suction and blowing techniques,
piezoelectric actuators, synthetic jets, as well as MEMS devices. A detailed review on active flow control
techniques can be found in [1].Recently, the introduction of plasma actuators in the field of aecrodynamics has
demonstrated to be very promising to achieve flow control at reduced cost and weight. Plasma-based devices
exploit the momentum coupling between the surrounding gas and plasma to manipulate the flow. Unlike other
flow control techniques, such as suction and mechanical actuators, plasma actuators require low power
consumption, involve no moving mechanical parts, and have a very fast frequency response that allows real-time
control. For these reasons, the plasma actuator has become a very promising and attractive device in the flow
control community. Plasma actuators can be sub-categorized into two major families: the corona discharge, and
the dielectric-barrier-discharge. Recently, the most commonly used plasma actuator has become the single-
dielectric barrier- discharge (SDBD). Two electrodes are typically separated by a dielectric barrier usually glass,
Kapton or teflon as depicted in Figure 1. When a high AC voltage signal, of sufficient amplitude (5-40 kV ) and
frequency (1-20 kHz), is applied between the electrodes the intense electric field partially ionizes the
surrounding air producing a non thermal plasma on the dielectric surface. The collisions between the neutral
particles and accelerated ions generate a net body force on the surrounding fluid leading to the formation of the
so called ““ ionic wind” . The body force can be used to impart the desired flow control outcome on a given fluid
system. For the SDBD configuration the momentum coupling of the plasma and fluid induces an initial vortex
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that propagates downstream. Very promising results for the application of plasma actuators have been observed
in a wide range of applications. Hanson et al. [2] were able to effectively control transient growth instability in a
Blasius boundary layer and delaying transition through the injection of a counter-disturbance into the boundary
layer using plasma actuators, their results were obtained experimentally. Separation control has also been
successfully achieved for a wide range of bodies, including a NACA 0015 airfoil, a cylinder and a hump in the
presence of a turbulent boundary layer [3-6]. Other applications include the control of a rotor blade wake [7],
increasing the lift on a UAV [8], and noise reduction [9]. In this paper, we intend to numerically model the
controlling effect of DBD’s on NACA 0021 at angle of attack of 23° and M=0.1 and investigate the effect of
electrode positions on the performance enhancement of plasma actuators. The center line of the actuators was
placed at x/C =0, 0.016131, 0.049581 respectively. Results have been demonstrated through comparison of Lift
and Drag coefficient and comparison of the size of separation zone around the airfoil.

2 PROBLEM STATMENT AND BOUNDARY CONDITION

Consider a NACA airfoil profile 0021 with the angle of attack 23° and chord length of 0.3048 m which is
placed in the direction of flow neutral air with velocity about 35 m/s upstream the airfoil. An electrode with
length 12.7mm and thickness of Imm is mounted on the pressure side of airfoil, and another electrode with the
same thickness and length of is grounded in the airfoil and separated from the mounted electrode with the 3mm
thick layer of Kapton as dielectric material ( as shown in Fig 1).

. thin dielectric
Air exposed electrode material Air
\

——— /
/ _'I

high voltage /

Dielectri
power supply embeded electrode IAVA

(a) (b)
Fig 1- a) Schematic of SDBD Plasma Actuator b) Enlarged schematic of NACA 0021 Airfoil and the
Electrodes mounted at leading edge

3 GOVERNING EQUATIONS

The governing model equations for the flow are 2D Reynolds averaged Navier—Stokes (RANS) equations. It is
assumed that the flow is incompressible because of low Mach number (M = 0.1). The equations for conservation
of mass and momentum for this case have the form,

a—p o(pyv)=
-+ Ve(pv)=0, (1)
£(p§)+V0(p\7\7):—Vp+Vo(1)+p§+J7b, 2)

ot

where p is the static pressure in Pa, 7 is the stress tensor in Pa, v is the velocity vector in m/s, p is the
density of fluid in kg/m’, pgand f, are the gravitational body force and external body force in N/m’ .The
electrostatic formulation is based on the assumption that the plasma formation and fluid flow response can be
decoupled due to the disparities in the characteristic velocities associated with each process. This is a reasonable
assumption since the characteristic velocities of the fluid transport under consideration are between 10 m/s and
100 m/s and, for electron temperatures between 1000 K and 10000 K, the electron velocities, which is the
characteristic velocity of the plasma, is of the order of 10°-10° m/s.
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The plasma actuators are formed by a pair of electrodes separated by a dielectric material. The actuator is placed
in the surface with one electrode exposed to the surroundings and the other one embedded in the surface below
the dielectric material (Figure 1).When a high-voltage AC is supplied to the electrodes, this arrangement causes
the air in their vicinity to weakly ionize. The ionized air in the presence of the electric field gradient produced by
the electrodes, results in a body force vector acting on the external flow that can induce steady or unsteady
velocity components. This body force can be expressed in terms of the applied voltage and incorporated into the
Navier Stokes equations. By neglecting magnetic forces, the electrohydrodynamic (EHD) force can be expressed
as

fy=p.E 3)

where, ]7',, is the body force per unit volume, p, is net the charge density and E is the electric field. This body
force is a body force per volume of plasma. This body force is the basis of the plasma actuator effect on neutral
air. Considering the Maxwell equations (respectively Gauss law, Gauss law for magnetism, Faraday's law of
induction and Ampere’s circuital law) :

VeD=p,, VeB=0, WE:—a—B, VXF]:}—%—D, 4)

where H is the magnetic field strength, B is the magnetic induction, E is the electric field strength, D is the
electric induction , J is the electric current. We assume that the charges in the plasma have sufficient amount of
time for the redistribution process and the whole system is quasi-steady, and that the time variation of the
magnetic field is negligible, as is often the case in plasma. These assumptions imply that the electric current./ ,
the magnetic field H , and the magnetic induction B are equal to zero, as well as the time derivatives of the
electric 0D /0t and the magnetic induction, 0B /0t .Therefore, the Maxwell’s equations give rise to

VeD=p,, VxE=0, ()

The relation between the electric induction and the electric field strength:

D=¢kE, (6)

where & is the permittivity. The permittivity can be expressed as & = gy&, where ¢, is the relative permittivity
of the medium, and & is the permittivity of free space. Using Eq. (6), Eqs (5) can be rewritten as :

V'(EE =p,, VXE=0, (N
This implies that the electric field can be derived from the gradient of a scalar potential:
E=-VO (8)
Therefore,
Ve(e,vo)=—Lc ©
€
If we use the Boltzmann relation we have:
ep ep
N, ; =Ny exp| T—— = ny| 1+ —— 10
s nonfe 2] 2] w

with @ being the local electric potential, and 7, the background plasma density, 7' the temperature of the
species, the elementary charge e, and the Boltzmann constant k, . In the above equation, the positive sign
applies to electrons and the minus sign applies to the ions. The net charge density at any point in plasma is
defined as the difference between the net positive charge produced by ions and the net negative charge of
electrons. The difference can be related to the local electric potential @, by the Boltzmann relation (10).
Assuming a quasi-steady state with a time scale long enough for the charges to redistribute themselves, the
following relation can be written

&=i(ni—ne)=—%(exp[%J+exp[ = J) (11)

& & €o »li kT,

Where n; and n,are the ion and electron densities in the plasma. Expanding the exponential functions in a
Taylor series for ¢ << T , Equation (11) becomes, to lowest order of ¢ /T
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2
Doy P01 1) (12)
£o gy kyTi kT,

The Debye length which is the characteristic length for electrostatic shielding in a plasma, is defined as
1

2 S
ﬂd{e oL, 1 )}2 (13)

g kT, kT,

The free charges in the plasma are shielded out in a distance given by the Debye length. The Debye shielding is
valid if there are enough particles in the charge cloud. The criteria for this is the dimensionless plasma
parameter, /A , that characterizes unmagnetized plasma systems, defined as

A%mﬁ,ne (14)

If the plasma parameter is A >>1, then it means that the plasma is weakly-coupled, and the Debye shielding is
valid. For plasma with the Debye length of approximately 0.00017 m and the density of the charged particles is
on the order of 10'® particles/m® , the criteria is A =3.5x10°, indicating that the assumption of the Debye
shielding is true. With the use of definition of Debye length we have:

Pen— o (15)

Experiments indicate that independent of which electrode the voltage is applied to, and independent of the
polarity of the applied voltage, the resultant body force and therefore the induced flow is in the direction towards
the embedded electrode. The exposed surface of the dielectric plays a critical role. Even before the air ionizes,
the dielectric surface communicates the potential charge from the covered electrode. When the voltage potential
is large enough to ionize the air, the surface of the dielectric collects or discharges additional charge. As a result
the dielectric surface is referred as a virtual electrode. Therefore there is the need for a better model that can
account for these effects. According to [10-11] (Split potential field model), since the gas particles are weakly
ionized, we can assume the potential ®@ can be decoupled into two parts: one being a potential due to the external
electric field, ¢, and the other being a potential due to the net charge density in the plasma, ¢ ,

P=p+¢ (16)
Assuming that the Debye length is small and the charge on the wall above the encapsulated electrode is small,
the distribution of charged particles in the domain is governed by the potential due to the electric charge on the
wall and is unaffected by the external electric field. Note that the grid spacing should not be larger than the
Debye length. The smaller the Debye length, the narrower the plasma region located near the electrode and
dielectric surface becomes.For the potential due to the external electric field, we have:

Ve(s,Vg)=0, (17)
and for the potential due to the net charge density, we have,
Ve(s,vp)=-Le (18)
€o
Using Eq. (15) we can rewrite Eq. (18) as follows,
P
Velevp )-Le (19)
A

3.1 Boundary Condition

Equation (17) is solved for the electric potential, ¢, using the applied voltage on the electrodes as boundary
condition. The applied AC voltage is imposed at the exposed (upper) electrode as boundary condition:

PO) = Pra S (1) (20)

The wave form function f(¢) can be either a sine wave or a square wave given by,
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f(t) =sin(2zwt) (sine wave),

f@= {1; sin(27at) 2 0 (square wave), h

—1; sin(2zat) <0

where @ is the frequency and ¢,,,, is the amplitude. The embedded electrode is prescribed as ground by setting
the electric potential to zero on that electrode. At the outer boundaries 0¢/0n =0 is assumed. The wave form
function f(¢) is a time dependent boundary condition and can be used to model both steady and unsteady
actuator arrangements. For the steady case, f(f) can be set to be a square wave. For unsteady cases, different
frequencies and wave forms can be used to simulate actuation with different duty cycles. Equation (19) is solved
for the net charge density p,, only on the air side of the domain. A zero normal gradient for the net charge
density is imposed on the solid walls except in the region covering the lower electrode. The charge density is set
to zero on the outer boundaries. On the wall downstream of the exposed electrode where the embedded electrode
is located (virtual electrode), the charge density is prescribed in such a way that it is matched with the time
variation of the applied voltage @(¢) on the exposed electrode,

Pen(®) = pIG(x) (1) (22)

where o™ is the maximum value of the charge density allowed in the domain (C/ m> ). The variation of the
charge density on the wall, p,  in the streamwise direction, X, is prescribed by a function G(x) chosen to
resemble the plasma distribution over the embedded electrode. Experimental results suggest that this distribution
is similar to a half Gaussian distribution given by

X

G(x)=exp(—(x—u)? /20%) for x>0 (23)

In equation (23) u is the location parameter indicating the X location of the maximum, and o is a scale
parameter determining the rate of decay. The location parameter x is chosen such that the peak corresponds to
the left edge of the embedded electrode. Moreover, it is assumed that o takes a value of 0.3 to allow a gradual
decay of the charge density distribution from the left edge to the right edge. It should be noted that in order to
solve the above equation, it is necessary to specify two parameters, namely, p** and A,. These parameters
control the strength of the plasma actuator's effects on the flow field and extent of these effects into the flow
field. These two parameters should be calibrated using available experimental data. The values for p.** and 1,
were empirically defined by Suzen et al. (2005) [] as 8x10™*C/m’, and 0.001m. Since Egs (17) and (19) do not
contain a time derivative term. Therefore, Equation (17) can be normalized using the value of voltage of the
exposed electrode, ¢,,,f(#) and be solved by imposing a constant boundary condition equal to unity at the
upper electrode. Once the dimensionless distribution is determined, the dimensional values at any given time can
be obtained by multiplying this distribution with the corresponding value of ¢, .. /' (¢) . Similarly, equation (19)
can be solved by normalizing with o™ f(¢) . This implies that the boundary condition for the dimensionless
charge density on the wall region covering the embedded electrode is G(x). Non-dimensional form of Eqs (17)

and (19) is as follows.

. . ¢
V. v :O, = 24
leve)-0. ¢ 0 -

Vel Vo :p_:, f__ P 25
L T =

The corresponding boundary conditions and the computational domain are shown in Fig 2.
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Fig 2- a) Complete computational domain and boundary conditions at outer boundaries b) boundary conditions
at airfoil and electrode surfaces

4 NUMERICAL PROCEDURE AND MODEL VALIDATION

The solution of the above mentioned equations has been done using the commercial CFD software Fluent 6.3
[12] with the SIMPLE algorithm of Patankar [13] for pressure-velocity coupling and the QUICK scheme in the
interpolation of the convection term. The v2 - f turbulence model is used for the present simulations. This model
has been shown to predict the boundary layer separation correctly [14-16]. A user-defined function (UDF) has
been developed and used for calculation of electric fields and body force. The computational grid was built
of 170000cells and the time step in the calculations was as small as 107s. The grid size and the time step were
chosen considering the fact that the grid spacing should not be larger than the Debye length and the
computational time step should be smaller than the period of each cycle of a.c. voltage input, in order to resolve
the dynamic motions of the plasma. The convergence was checked at each time step, with the convergence
criterion of 107 for all variables. In order to validate the implementation of the mathematical model of plasma
actuator, the numerical simulation of plasma-driven flow in a quiescent environment by Suzen et. al. [10-11] is
considered. The considered actuator by Suzen et. al. consists of two lcm wide conductive copper strips as

electrodes which are separated by Kapton dielectric while the lower electrode is grounded and plasma region is

generated using a square wave. The details of the actuator geometry and parameters are presented in [10-11].The

comparison of the maximum velocity and maximum body force is provided in Table.1. A reasonable agreement
is obtained. It should be noted that there were some uncertainties and inaccuracies regarding the actuator

modeled by Suzen et. al which may lead to some differences between the results of the current modeling and
theirs.

Table 1- comparison of the maximum velocity and maximum body force

Presentstudy  Suzanet. al [10] Bouchmal [17]
Maximum velocity[m / s] 1.054 ~1 0.934
Maximum Body force[N / m*] 1315 1250 1440

Figs. 3-5 also demonstrate the distribution of charge density, electric potential, vector fields, streamlines of flow
distribution, of force magnitude, and vector plot of body force generated by Plasma. All these results are
quantitatively and qualitatively consistent with results obtained by [10-11,17].
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Fig 5- a) Contour plot of body force magnitude; b) vector plot of body force

5 Result and Discussion

For the entire configuration, a voltage difference of 5kV with frequency of 120Hz is applied to the Plasma
actuator. The distribution of electric potential and charge density around the electrodes is shown in Fig 6. As
was explained before, the solution of electrostatic equation is done by solving the non-dimensional electrostatic
equation (Egs. 24 and 25) which prevents the necessity to solve these equations in unsteady manner. Fig 7 also
illustrates the formation of the jet along the suction side of the airfoil due to the action of the plasma actuator in
quiescent flow. Because of ionization of the air beside the surface virtual electrode, a body force is generated
which drives the fluid along the surface of the airfoil, from the exposed to the grounded electrode direction.
Three cases were considered all with the same length, thickness of the electrodes and the dielectric material
(Ly=3mm). These cases are defined by the end position of the electrode body measured along the airfoil surface
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from the leading edge (x/c=0) : CASE A, S=0; CASEB S =12.7mm ; CASE C, § =25.4mm ( The center line
of the actuators was placed at x/C = 0, 0.016131, 0.049581 respectively). For the first case for which the
interface of two electrodes is at x/c=0, the maximum velocity of air is almost 1.8 my/s.

0.10.20.30.4050.60.70.80.9 0.1020.30405060.7080.9

Fig 6. Normalized electric potential field and charge density field (CASE A)

”

/ 7

CASE A (Vpa=1.7 m/s) CASE B (Vyx=1.62 /) (fymax ~ CASE C (Vpnax=1.58 m/s) and (£, mx
(foma=1856.316 Nm™) =11130 Nm™) =13290 Nm™)

Fig 7. Formation of plasma induced jet on the airfoil surface in quiescent air

The results of the mean pressure coefficient distributions obtained from solution of the time averaged flow fields
were analyzed in the absence or in the presence of the actuation for different configuration of electrodes in Fig 8.
In the case of no actuation, flow exhibits a large plateau on the suction side of the airfoil that is characteristic of a
fully separated flow. The actuation originates elimination of the plateau producing a strong low pressure region
near the leading edge followed by a rapid pressure recovery towards the trailing edge.

——%— Plasma off ——%—— Plasma off’
——— Unsteady Acctuation —@— Steady Acctuation
——@—— Steady Acctuation ——&—— Unsteady Acctuation

om

05

Cp
o
T
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x/c

CASE A CASE B
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x/c

CASE C
Fig 8. Comparison of the effect of plasma actuation on the distribution of the pressure coefficient

The results of the time averaged velocity fields are for the three cases illustrated in Fig 9 by means of
streamlines corresponding to these averaged fields. We have observed different flow behaviors as a consequence
of the actuation. The flow without actuation exhibits a large bubble of recirculation associated with the flow
separation. As a consequence of actuation, that large bubble is transformed to one having a smaller size which is
seen to be more “compressed” closer to the trailing edge. Moreover, it is clear from this figure that unsteady
actuation is more efficient in reducing the size of the separation bubble. It is also evident from this figure, when
the electrodes are placed after the separation point (CASE C), the effect of plasma actuation in reducing the size
of bubble is negligible or opposed to the desired.

CASE A CASE B

CASEC
Fig 9. Comparison of the effect of plasma actuation on the streamline distribution.
Red line-Plasma off, Green line-Steady Actuation, Blue line —Unsteady Actuation

The data in tables 2 and 3 permits the analysis of the changes in lift and drag coefficient for different
configuration of electrodes. This analysis also enables a comparison of the effectiveness of steady and periodic
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excitation of the flow. When the electrodes are exactly at the leading edge of the airfoil (CASE A) the lift
coefficient is increased due to the force generated by Plasma actuators. It is obvious from this table that unsteady
actuation is more effective in increasing the lift coefficient; moreover for this case (CASE A), the drag
coefficient is only slightly increased due to the presence of actuators. For the second and third electrode
configurations the lift coefficient is decreased when the plasma actuator is working in steady mode, but there is a
moderate increase in unsteady mode. However for these cases the drag coefficient suffers a pronounced increase
in the presence of plasma.
Table 2. Comparison of lift coefficient (Cy)

PLASMA OFF Steady Actuation Unsteady Actuation
With out Electrode 0.4885 - -
CASE A 0.4851 0.6398 0.6777
CASEB 0.417 0.4176 0.6139
CASE C 0.5521 0.3953 0.5509
Table 3. Comparison of the drag coefficient (Cp)
PLASMA OFF Steady Actuation Unsteady Actuation
With out Electrode 0.2513 - -
CASE A 0.2694 0.2723 0.2713
CASEB 0.2976 0.2974 0.3866
CASE C 0.3102 0.2908 0.3611

6 CONCLUSION

The present study concerns the control of airflow over an axisymmetric airfoil in post-stall regime. A single
DBD actuator is used to interact with the surrounding airflow (U =35m/s) with objective to control the
separated region above the suction side of a NACA 0021 placed at high angle of attack (& = 23°). In conclusion,
the results presented here emphasize the flow control capacity of DBD plasma actuators. We show in this article
that with a periodic actuation provided by a plasma actuator it is possible to postpone separation and increase lift
in an airfoil. According to the position of electrodes it is possible to obtain enhancement in lift coefficient or
decrease in drag coefficient. Flow control strategies based on unsteady actuation are more efficient as they
improve the control effects and reduce the consumed power. A comparison of steady excitations with periodic
ones indicates similar effects with increased lift for the same drag, when the electrodes are placed close to the
leading edge. Indeed, the aerodynamic performance of the airfoil obtained with periodic excitation could not be
achieved by steady actuation or it needed more power. The distance between actuator and separation point
reveals a crucial parameter for low aerodynamics flow control.
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