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1. Introduction

Plasma actuators have been among the newest methods for
active flow control in the last two decades. A typical single
plasma actuator consists of two electrodes, a dielectric
layer between these two electrodes, and a high-voltage
source. Over time, a new configuration of plasma actuator,
plasma synthetic jet actuator, was introduced. A particular
type of synthetic jet actuator has an annular configuration
in which the electrode diameter is an important parameter.
If the design of the actuator is improved, its application
range will be more comprehensive and more effective in
the flow control. In annular synthetic jet actuators, a jet
perpendicular to the surface is formed, which can be used
to control the instability of axial flows and the transition of
laminar to turbulent flows.

A phenomenological model widely used in the
simulation of plasma actuators is Suzen-Huang model.
This model considers the impact of plasma on the flow by
including a volumetric body force in the governing
equations. This model does not predict the non-linear
relationship between the applied voltage and the amount
of thrust the plasma induces. Moreover, the impact of such
parameters as thickness and dielectric constant, exposed
electrode thickness, and alternating current frequency are
not included in this model. This investigation tried to
consider the impact of the above parameters for a single
plasma actuator by calculating the numerical value of the
thrust and exerting it in the expression of its volumetric
body force. Moreover, the goal of this research is to
generalize this merging model to simulate the annular
plasma synthetic jet actuators in different geometric,
working, and environmental conditions. One of the factors
that can affect the performance of an annular plasma
synthetic jet actuator is its geometry. The impact of
changes in the radius of the embedded electrode on the
operation of the annular plasma synthetic jet actuator in the
generalized model was investigated in this research.

2. Governing equations
The volumetric body force imposed by the plasma actuator

was calculated by Suzen-Huang model. This model
assumes that the electric field is caused by two
components: one is the external electric field due to the
voltage imposed on the electrodes and the other is the
electric field induced by the accumulation of charged
particles near the surface. The following equations can
determine the electric potential near the actuator and
charge density:

V.(2:79) = 0 @
V.(Vp0) = 55 @
d

Where ¢ is the electric potential due to imposed
alternating voltage on the electrode, p. is the electric
charge density, ¢. is the relative electrical permeability
coefficient, and A4 is the Debye length. The volumetric
body force induced by the plasma actuator can be
calculated as

fg = pE = p(—V) €)

A semi-empirical model based on a one-dimensional
electrohydrodynamic effect was proposed to estimate the
plasma-induced thrust. It was assumed that the thrust of the
plasma actuator is proportional to the energy consumed in
an actuator, which is considered as two parallel capacitors
in an alternating current circuit. Various components such
as dielectric thickness, dielectric constant, exposed
electrode thickness, voltage range, and alternating current
frequency were included in this model. The purpose is to
insert the numerical value of the thrust into the two-
dimensional Navier-Stokes equation solver as the volume
body force term. Moreover, working parameters such as
pressure, temperature, and alternating current waveform
were given in the model. The following expression was
used to calculate thrust:

Thrust = k;o,w*Co(V — V)2 (Nm™1) (4)
where w is the angular frequency of the applied
voltage, V is the amplitude of the applied voltage, a, is the

voltage shape parameter, C, is the equivalent capacitance
of the plasma actuator, V|, is the onset voltage of plasma
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formation, a, is the frequency parameter and, k; is the
fitting parameter.

As a novelty in this work, the thrust model and Suzen-
Huang model were combined to obtain a more accurate
estimate of the plasma-induced thrust and the spatial
distribution of the volumetric body force. By merging
these models, we have Equation 5:
max _ Thrust Xty .

e Blphpvapp ( )

It should be noted that Equations 1 to 5 complete the
model description for plasma actuators. However, to use
this model, the value of B must be calculated. For this
purpose, the original Suzen-Huang model was used. By
using trial and error, the value of pg*®* was obtained in
such a way that valid experimental or numerical results for
single plasma actuators or plasma synthetic jet actuators
could be well estimated. As a result, the value of  could
be calculated. Now, this value of B obtained from valid
data available for plasma actuators was used to calculate
the value of pg*®* for another one, in different geometric
and flow conditions and with different materials. In this
way, the effects of the mentioned factors were considered
in Suzen-Huang model, and this model could have a better
estimation of the performance of the plasma actuator.
Moreover, the impact of changing the diameter of the
annular plasma synthetic jet actuator was included in this
merging model.

3. Results

To calculate B in a single plasma actuator, the value of
pT@* in Suzen-Huang model is calculated by trial and error
in order to obtain the best agreement between the
numerical results and the results of experimental work for
the induced velocity at a specific applied voltage, which
can be seen in Figure 1.
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Figure 1. The comparison of numerical results with the
experimental velocity profiles at a distance downstream of the
electrode

To validate the merged model, the value of the 3 parameter
was used to calculate p2* and then calculate the thrust
value. Then these trust values were compared with the
values of an experimental work. Based on the results of
thrust value calculated from the numerical simulation at
different voltages, the error was about 10%.

For the annular plasma synthetic jet actuator, the
simulation was performed in five different diameters of the

embedded electrode (2, 2.5, 3, 4, and 5 mm). A comparison
was made between the axial velocity profiles of the present
work and another numerical work.

For different cases, the value of pT*#* was calculated. The
results showed that the value of p®* is a function of the
diameter of the actuator. Through curve fitting, a
correlation was estimated for the variation of
pI@ concerning diameter. This correlation was obtained
as follows:

3.83 b(mm) ©)

max —

Pe = 139.6—32.7D + 3.7D2

Figure 2 shows the changes of the dimensionless value
Pe /Py ) —smm With the diameter of the annular actuator.
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Figure 2. p?® /pg5X 5, in different diameters of actuator

The merged model, confirmed for the single plasma
actuator, was also evaluated for the annular plasma
synthetic jet actuator. For this purpose, another case
example of the annular actuator was considered. The value
obtained for p@ in the new case was assumed to be 5 mm
in diameter. In order to be able to obtain the value of this
component in the main problem with the new diameter,
with the help of the Equation 6 and by creating a fit
between the values of p™ax in the diameters of 5 mm and
the new diameter, this is achieved.

4. Conclusion

A new model was defined in this study through connecting
Suzen-Huang phenomenological plasma model and a trust
model to estimate the volumetric force distribution
component of plasma actuators. Applying this model on a
single plasma actuator shows the accuracy and correctness
of this model. It was also shown that in annular plasma
synthetic jet actuator, the maximum charge density is a
function of the diameter of the actuator. Therefore, by
generalizing the current model for this type of actuators,
the dependence of the maximum charge density and
volumetric body force on the diameter of the actuator was
considered in the model. Validation of the present model
for the annular plasma synthetic jet actuator for the
maximum value of the axial velocity at different distances
with the available experimental values shows a maximum
error of 19%.
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Introduction of a Modified Phenomenological Model for Single and Annular Plasma Synthetic Jet
Actuators

Mohammad Sheibani Seyyed Majid Malek-Jafarian Mohammadmahdi Abdollahzadehsangroudi

Abstract In this study, a modified phenomenological model has been proposed by merging the Suzen-Huang model
and the Yoon-Han thrust model for two types of single plasma actuators and plasma synthetic jet actuators, in different
geometries and different working and environmental conditions. The model introduced in the present work is based on
the thrust induced by plasma. With this generalization and modification, this model overcomes the drawbacks of the
standard Suzen-Huang model, i.e., lack of correct estimation of the nonlinear relationship between the applied voltage
and the amount of thrust induced by the plasma and not considering the influence of parameters such as the thickness of
dielectric and dielectric constant, the thickness of the exposed electrode, and the alternating current frequency).
Applying this model on a single plasma actuator shows the accuracy and correctness of this model. Also, by
generalizing the present model for the annular plasma synthetic jet actuators, the dependence of the maximum charge
density and body force on the diameter of the actuator was included in the model. Validation of the present model for
the annular plasma synthetic jet actuator shows that the model is able to adapt itself well to changing the diameter of
the actuator, working conditions, geometry and materials of the actuator and make a good estimate of the results.

Key Words Annular Plasma Synthetic Jet Actuator, Dielectric Barrier Discharge, Thrust, Numerical Simulation
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