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ABSTRACT

This study indicates a numerical study on the applicability of DBD plasma actuator in the manipulation of boundary
layer. A flat plate has been numerically simulated in this work. Asymmetric electrodes with a dielectric material in
the space between, which are comprised of a Dielectric Barrier Discharge (DBD) is considered just at the edge of
the flat plate. Lumped Circuit Element Electro-Static Model is applied to simulate the effect of the actuator. The flat
plate was considered with no initial flow as the inlet condition. So, the results demonstrate just the impact of the
DBD plasma body force on the fluid motion. Finally, as the main result of the present study, the separation of the
quiescent flow with the viscous region is determined and also the flow suction by such an actuator is identified. The
configuration of the DBD plasma actuator is set to be 10 KHz for the applied voltage frequency, Kapton as the die-
lectric and various peak voltage amplitudes.

Keywords: Simulation of a flat plate with DBD plasma actuator, Numerical simulation, Lumped Circuit Element
Model, DBD plasma actuator

INTRODUCTION

The applications of electro- hydrodynamics have been very vast in the last decades. Electro- magnetic force has
been employed for many purposes including the flow and particle control. Two sorts of electro- magnetic force have
been conventional so far. First is the Corona plasma wind, which is applied by DC power supply and is usually ap-
plicable for the process of mixing the fluid flow, ESP (Electro- Static Precipitator) and etc. the second one is DBD
plasma actuator, which is applied by AC power supply and is usually used for the flow control process [1- 4].
Using the electric field for flow control has been reviewed by Cattefesta and Sheplak [5]. Plasma actuator has been
tested in variety of applications [6-11] and it has been observed that the actuator causes a body force field which is
directed from the exposed electrode to the encapsulated one. So, this last decade has been an exhibition of the varie-
ty of applications of DBD plasma body force [7, 8]. Because experimental investigations of DBD plasma actuator
are so expensive, CFD tools can be applied for discovering the nature of such an actuator in different applications.
Considering that, DBD plasma actuator works in a semi- steady mode, it is inferred that it could be possible to de-
couple plasma equation with Navier- Stokes equations and then substituting the solution of plasma body force as the
source term into the Navier- Stokes equations. The goal of this investigation is to study the behaviour of DBD
plasma actuator in the generation of flow suction over a flat plate. So, in the present research, the flow suction for
variety of configurations of DBD plasma actuator is identified by using a numerical approach. Moreover, the path
line which separates the quiescent air with the viscous region is determined in each case. Furthermore, it is worth to
say that we have changed the DBD actuator configuration by changing the peak voltage amplitude. So other parame-
ters of the actuator remained unchanged in the present work.

Plasma Model Description and Simulation Methodology
In general, DBD plasma actuator can be modelled by Electro- Static Model. This model is specified in (2016) [12].

So, in the present work, we have only brought up the main governing equations.
Electrical potential is governed by the following Poisson equation [13]:

1
V(eVy) = E @ )
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The charge density is obtained from the one- dimensional simulation of the electric charge [13] as:

By presenting the net charge in a region with the presence of electric field, the induced body force by the DBD
plasma actuator can be calculated by:

f, =p.E. 3)
Numerical Formulation of Modified Electro-Static Lumped Circuit Element Model

In general, the model for DBD plasma actuator deals with solving Eq. (1) in a mathematical plain, obtaining induced
body force due to the presence of the plasma actuator and then mapping the domain into the physical space of the
problem. Since Lumped Circuit Element model, is an approach in which considers electrodes, air and dielectric as
capacitor elements and each element as finite numbers of attached sectors (subscripted by n), then first, for modify-
ing the Electro- Static model, the modified spatial-time Lumped Circuit Element model, discussed in [13], was used

in order to obtain the region of the presence of plasma temporally, X(t), and also dielectric virtual voltageV, (t) by
simultaneously solving of Eq. (4) to (6). Schematic of the model is shown in Fig.1.
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In whichw , is a coefficient representing the increase in the sweep velocity by the increase of applied voltage am-

m/s
plitude. According to [13], w is assumed to be 1OW.Vapp (t), represents the applied voltage amplitude,

V, (t) is the voltage at the virtual electrode in each sector of the encapsulated electrode which is assumed to be on
the surface of dielectric material, | on (t) is the current through the plasma resistance for each sector, R is the air

resistance in each section, C, andC,, are capacitor elements of air and dielectric respectively, and K, is a con-

stant which is assumed to be 0 or 1 depending on the presence of plasma in the each sector. These factors are well
discussed in [13]. Equations of 4 to 6 were solved by using second order Range-Kutta. Then, Eq. 1 was solved for
spatial-time re-corrected conditions. Finally, the obtained spatial steady body force was substituted into the Navier-
Stokes equations as the source term. Length of the exposed and encapsulated electrodes was assumed to be 0.5inch
for both and also in the present work, vertical and horizontal distances between the electrodes were assumed to be
0.003 inch [13]. Based on the results of the present simulation by Electro- Static Model, plasma is formed just on a
region over the encapsulated electrode. This happens because there would be no assumption of the presence of
charge density in other regions in this model. Moreover, it is noticeable that vertical body force is almost negligible
in comparison with the horizontal body force. So, according to the results of the present simulation, the vertical term
of the body force contains less than 10% of the horizontal body force for each case. As the result of this simulation
by Lumped Circuit Element Electro- Static Model, the plasma body force for the case of having the applied voltage
frequency of 10 KHz and peak voltage amplitude of 6KV is shown in Fig. 2. Other cases possess a similar body
force distribution shape (this is maybe because of changing only the peak voltage amplitude in each case) and the
difference is only the range of the distribution. So, the result of other cases is provided in Table 1. This Table shows
the maximum induced body force for each case.

Table -1 Maximum Induced Body Force in Different Peak Voltage Amplitudes

Peak Voltage Amplitude (V) Maximum Induced Body Force (N/ m®)
2000 15.283
3000 34.403
4000 61.173
5000 95.595
6000 137.71
7000 187.393
8000 244.769
9000 309.795
10000 382.474
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Fig.1 Plasma model [13] Fig. 2 DBD Plasma body force

FLUID FLOW EQUATIONS

Coming to this point that fluid flow has been considered to be two dimensional and incompressible, in this work
Vorticity- Stream Function algorithm is used for solving the fluid flow equations. By eliminating the pressure term
from the momentum equations, the transport equation for Vorticity is obtained and also there will be one more Pois-
son equation left for the Stream Function variable from the continuity equation. If the steady spatial body force in-
duced by the DBD plasma actuators is considered as a function of x and y (f(X, y)), the manipulated Transport and
Poisson equations can be re- written as:

az_l’//+az_l’//=_§

ox* oy’ -
oc o0& of 0% o°¢, of (x.y) of (x.y)
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The above equations were discretized and solved by using implicit FDM scheme (2016) [12].
PLASMA VALIDATION

A comparison between experimental measurements reported by Debiasi et al [14] at threshold voltage of 12 KV,
25000Hz for the voltage frequency and Kapton as the dielectric in the conditions and specific plasma configuration
used in the experiment, and the present numerical simulation is shown in Fig.3. It is illustrated that the simulated
plasma is in a good agreement with the experiment. In this case, Debye length was chosen to be 0.00001 based on
the previous works in [15- 19]
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Y-Direction(m)
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Fig.3 A comparison between experimental results reported in [14] and the numerical simulation in this study

SCHEMATIC OF THE PROBLEM AND MESH INDEPENDENCY

In this section, we have provided a schematic of the problem in Fig. 4. Moreover, the written CFD code has been
applied for the most challenging case (peak voltage amplitude of 10KV) for different grid numbers. As a result of
this, the maximum induced velocity is shown as a function of numbers of grids in Fig. 5. It is simply illustrated that
the mesh independency is obtained by using 40,000 Numbers of grids.
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Fig. 4 The schematic of the problem
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Fig. 5 Mesh independency
RESULTS AND DISCUSSION

This study was continued by simulating the variety of DBD plasma actuator configuration in a flat plate problem.
The variety of actuators configuration were made by changing just the peak voltage amplitude (from 2KV to 10KV).
Note that the minimum peak voltage amplitude was chosen to be 2KV and not 1KV, because the value of 1KV for
the peak voltage amplitude was already set as the minimum voltage required for the formation of plasma in Lumped
Circuit Element Electro- Static Model. As it is well- discussed in [13]. The value of zener diodes (K,) in the Lumped
Element Model depends on the minimum value of peak voltage amplitude which is assumed as the required voltage
for the formation of plasma. So, based on this model (Lumped Circuit Element), if the value of voltage amplitude
exceeds the critical voltage for the formation of plasma, the value of these diodes are set to be 1, otherwise they are
assumed to be 0. Therefore, by setting 1KV for this critical voltage, there would be no plasma formation in this val-
ue of peak voltage amplitude. So, it is worth to start the simulation with a peak voltage amplitude which is greater
than 1KV. Then, in the present numerical simulation, this start point (for starting the simulation) has been chosen to
be 2KV. As it was mentioned earlier, the DBD plasma actuator causes a body force which is directed to the covered
electrode. This body force simply accelerates the fluid (air) through its direction. As the result of this acceleration, a
kind of flow suction can be identified at the inlet of the flat plate. This suction is not certainly in a uniform shape. So
in the present numerical simulation we have reported the average induced velocity (since x- component body force

50



Jafarimoghaddam and Aberoumand Euro. J. Adv. Engg. Tech., 2016, 3(10):47-54

is the governing parameter in this study, subsequently it is worth to deal with the x- component of the induced veloc-
ity. Then the results stand for this term of the induced velocity). The results of these suctions are provided in Table
2. As it is shown in Table 2, average induced velocity at the inlet of the flat plate increases with the increase of peak
voltage amplitude. Based on the acquired results of simulation, a correlation is presented in Fig. 6, which predicts
the behavior of this increment as a function of peak voltage amplitude. The other result of the DBD plasma body
force could be found in the creation of a boundary which separates the quiescent air with the viscous region. Con-
sidering this that the plate is dominated by the no- slip velocity condition, and the upper region is assumed to be
quiescent air, so there would be a point in between in which the velocity profile reaches to its peak. But it is ob-
served that after the peak point, the velocity rapidly decreases to the quiescent region. So, by having a more power-
ful DBD plasma actuator (greater peak voltage amplitude), this peak point would be closer to the wall, subsequently,
the induced velocity is obscured in a smaller distance from the plate. Fig. 7 shows a schematic of plasma suction.
Velocity contours are shown in Fig. 8 to 10 for three cases of 2KV, 6KV and 10KV as the peak voltage amplitude.
Moreover, the difference between the separation region (quiescent air from the viscous region) for three cases of
2KV, 6KV and 10KV as the peak voltage amplitude is shown in Fig. 11. This figure basically shows estimations of
the separation line in different peak voltage amplitudes. This estimation was achieved by using Least Square Tech-
nics [20- 28]. And finally, based on this poweral form of estimation, a correlation has been derived to stand for the
estimation of the separation line (which separates viscous region from the quiescent air) in different peak voltage
amplitude (note that the effect of other parameters of DBD plasma actuator is not identified in the present correla-
tion. So the correlation is just valid for the specific conditions of the DBD plasma configuration which was previ-
ously described in this work). This correlation falls within about 1% error with the simulation results:

5(x)=avx +b
a=10.9n % 9)

b =-3.125e-007V , + 0.004642

In the above formulation, all the parameters are in the scale of SI. And V, indicates the peak voltage amplitude. This
correlation is valid for the specific geometry used in the present study, applied voltage frequency of 10 KHz, Kapton
as the dielectric and the peak voltage amplitude in the band of 2KV to 10KV. Based on the numerical results, we
hypothesis that there is a similarity parameter according to the DBD plasma parameters. So, further researches are
required to define a similarity parameter for presenting a full analytical solution of DBD plasma actuator in a flat
plate problem.

Table- 2 Average Induced Velocity at the Inlet in Different Peak Voltage Amplitudes

Peak Voltage Amplitude (V) Average Induced velocity at The Inlet (m/ s)
2000 15
3000 1.6
4000 1.8
5000 1.9
6000 2.3
7000 2.6
8000 2.8
9000 3.1
10000 33
3.4 T T T T T
3.2
3+ f(x)=a(xb)+c
a= 4.597e-006
28] b 1418 .

R- Square = 0.99

Average Induced Velocity at the Inlet (m/ s)
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Fig. 6 Average induced velocity at the inlet as a function of the peak voltage amplitude
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Fig. 10 Contour of velocity for the case of 10KV as the peak voltage amplitude (a zoomed in view)

T T T T T T T

Peak Voltage Amplitude of 2KV

—4@— Peak Voltage Amplitude of 6KV
@ Peak Voltage Amplitude of 10KV

1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
X- Direction (m)

Fig. 11 Path lines which separates the quiescent air from the viscous region
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CONCLUSION

The impact of different configurations of DBD plasma actuator on a flat plate is numerically studied. The configura-
tions of actuators were changed by changing the peak voltage amplitude and so the other parameters of actuator in-
cluding applied voltage frequency, dielectric material, and the geometry of the electrodes were assumed to be in a
fixed condition. In which we set 10 KHz for the voltage frequency and Kapton as the dielectric material (with the
dielectric coefficient of 2.8) and also the actuator geometry used in this simulation was corresponded to the previous
work by authors in 2016 [12]. Peak voltage amplitudes were considered to be 2KV to 10 KV with the change step of
1KV. Two aims were followed during the present work. First was to determine the flow suction for each case. And
the second was to identify the boundary between the quiescent air and the viscous region. As a result of the present
simulation, the maximum flow suction was calculated to be about 0.015 Kg/m? for the case of 10KV for the peak
voltage amplitude. In the further researches we seek for the effect of changing the other parameters of actuator on
the flow suction and the separation boundary. Moreover, based on the results of the numerical simulation, the simi-
larity parameter for DBD plasma actuator will be defined and studied in the future work.

REFERENCES

[1] Qiang Yang and Yongmann M Chung, Numerical Study of Reducing Turbulent Skin-Friction Drag using DBD
Plasma Actuators, European Drag Reduction and Flow Control Meeting — EDRFCM, Cambridge, UK, 2015.

[2] M Gad-el-Hak, Flow Control, Passive, Active, and Reactive Flow Management, 1 Ed. Virginia Commonwealth
University, Cambridge University Press, 2000.

[3] EM Braun, FK Lu and DR Wilson, Experimental Research in Aerodynamic Control with Electric and Electro-
magnetic Fields, Progress in Aerospace Sciences, 2009, 45, 30-49.

[4] TC Corke, CL Enloe and SP Wilkinson, Dielectric Barrier Discharge Plasma Actuators for Flow Control, Annual
Review of Fluid Mechanics, 2010, 42, 505-529.

[5] E Moreau, Airflow Control by Non-Thermal Plasma Actuators, Journal of Physics D, Applied Physics, 2007, 40,
605 -636.

[6] LN Cattafesta and M Sheplak, Actuators for Active Flow Control, Annual Review of Fluid Mechanics, 2011, 43,
247-272.

[7]1 PF Zhang, JJ Wang, LH Feng and GB Wang, Experimental Study of Plasma Flow Control on Highly Swept Del-
ta Wing, AIAA Journal, 2010, 48, 249-252.

[8] DM Orlov, Modelling and Simulation of Single Dielectric Barrier Discharge Plasma Actuators [Dissertation].
Notre Dame, Indiana, University of Notre Dame, 2006.

[9] Benjamin E Mertz and Thomas C Corke, Time-Dependent Dielectric Barrier Dishcharge Plasma Actuator Mod-
eling, 47" AIAA Aerospace Sciences Meeting, Orlando, FL, 2008,

[10]Richard J Thompson and Trevor M Moeller, Numerical Investigations of Plasma Actuator Lorentz Body Forc-
es, 50 AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition, Nashville,
Tennessee, 2012.

[11] S Aberoumand, A Jafarimoghaddam and H Aberoumand, Numerical Investigation on the Impact of DBD Plas-
ma Actuators on Temperature Enhancement in the Channel Flow, Heat Transfer-Asian Research, doi,
10.1002/htj.21227, 2016.

[12] BE Mertz, Refinement, Validation and Implementation of Lumped Circuit Element Model for Single Dielectric
Barrier Discharge Plasma actuators [Dissertation], USA, University of Notre Dame, 2010.

[13]M Debiasi and L Jiun-Ming, Experimental Study of a DBD-Plasma Driven Channel Flow, AIAA Paper, 2011,
954.

[14]IH Ibrahim and M Skote, Simulating Plasma Actuators in a Channel Flow Configuration by Utilizing the Modi-
fied Suzen—Huang Model, Computers and Fluids, 2014, 99, 144-155.

[15] S Aberoumand, A Jafarimoghaddam and H Aberoumand, Numerical Investigation on the Impact of DBD Plas-
ma Actuators on Temperature Enhancement in the Channel Flow, Heat Transfer-Asian Research, DOI,
10.1002/htj.21227, 2015.

[16] A Jafarimoghaddam and S Aberoumand, On the Introduction of the Irreversibility in a DBD Plasma Based
Channel Flow, A Study on Entropy Generation Rate, European Journal of Advances in Engineering and Technolo-
gy, 2016, 3 (7), 1-8

[17] A Jafarimoghaddam and S Aberoumand, Multi DBD Plasma Based Channel Flow and Proposing a Formulation
for Maximum Induced X-Component Velocity, Journal of Applied and Experimental Mechanics, 2016, 1 (1), 1- 10.

[18] A Jafarimoghaddam and S Aberoumand, The Impact of DBD Plasma Actuator on Turbulent Characteristics in
the Channel Flow: A Comparison between Two RANS Models by Finite Difference Approach, European Journal of
Advances in Engineering and Technology, 2016, 3 (8), 13-20.

53



Jafarimoghaddam and Aberoumand Euro. J. Adv. Engg. Tech., 2016, 3(10):47-54

[19] A Jafarimoghaddam, S Aberoumand, H Aberoumand and K Javaherdeh, Experimental Study on Cu/Oil
Nanofluids through Concentric Annular Tube: A Correlation, Heat Transfer-Asian Research, doi,
10.1002/htj.21210, 2016.

[20] A Jafarimoghaddam and S Aberoumand, An Empirical Investigation on Cu/Ethylene Glycol Nanofluid Through
a Concentric Annular Tube and Proposing a Correlation for Predicting Nusselt Number, Alexandria Engineering
Journal, http//dx.doi.org/10.1016/j.aej.2016.03.005, 2016.

[21] Sadegh Aberoumand, Amin Jafarimoghaddam, Mojtaba Moravej, Hossein Aberoumand and Kourosh Ja-
vaherdeh, Experimental Study on the Rheological Behavior of Silver- Heat Transfer Oil Nanofluid and Suggesting
Two Empirical Based Correlations for Thermal Conductivity and Viscosity of Oil Based Nanofluids, Applied Ther-
mal Engineering, http//dx.doi.org/doi, 10.1016/j.applthermaleng.2016.01.148, 2016.

[22] A. Jafarimoghaddam and S. Aberoumand, On The Implementation of Cu/ Ethylene Glycol Nanolfluids Inside
Annular Pipe Under Constant Wall Temperature Boundary Condition, Heat Transfer-Asian Research, Doi,
10.1004/htj.21210, 2016.

[23] S Aberoumand, K Javaherdeh, A Jafarimoghaddam and H Aberoumand, Synthesis and Rheological Behavior of
Novel Ecofriendly Ag—Oil Nanofluid and Introduce General Correlations for Thermal Conductivity and Viscosity of
Any Oil-Based Nanofluids, Heat Transfer-Asian Research, doi, 10.1002/htj.21193, 2015.

[24] A Jafarimoghaddam and S Aberoumand, On The Characteristics of NACA 0006: A Hybrid Non-Mesh Solution,
European Journal of Advances in Engineering and Technology, 2016, 3 (8), 93-100.

[25] A Jafarimoghaddam and S Aberoumand, Introducing an Optimized Airfoil Shape Using Panel Method, A Short
Report, European Journal of Advances in Engineering and Technology, 2016, 3 (7), 47-52.

[26] A Jafarimoghaddam and S Aberoumand, On the Implementation of a Coupled Panel Method-Falkner Skan
Solver for External Flows: Non-Mesh Numerical Solution for Airfoil, Journal of Thermodynamics and Fluid Me-
chanics, 2016, 1 (1), 1- 10

[27]A Jafarimoghaddam, S Aberoumand, H Aberoumand and K Javaherdeh, Experimental Study on Cu/Oil
Nanofluids through Concentric Annular Tube, A Correlation, Heat Transfer-Asian Research, DOI,
10.1002/htj.21210, 2016.

54


http://dx.doi.org/10.1016/j.aej.2016.03.005

