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The physics of plasma actuator operating in the atmospheric air has been numerically investigated.
The O−, O2

−, O2
+, and N2

+ ions have been included in the air chemistry to identify their role. For the
specific case study, we find the density of positive ions is an order of magnitude higher at the
positive peak of the cycle than that at the negative peak of the cycle. This difference in density levels
of the species causes the development of the directional bias of the electrodynamic force. Numerical
simulations indicate that positive ions play major role in the development of the positive force.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2896647�

Electrodynamic modifications of air flowing around flat
plates and air craft wings have been investigated both experi-
mentally and numerically.1–5 These results show that the
electrodynamic body force increases with frequency and ap-
plied voltage. Specific modality of discharge whether it is
glow, Townsend, or streamers will help determine how the
body force is transported from charge to neutral species.6

The effect of this body force in controlling three dimensional
laminar and transitional flow structures have been studied
utilizing both phenomenological7 and first-principles plasma
kinetics.3,8

Recent development of a loosely coupled fluid plasma
formulation9 has shown reasonable success in describing ra-
dio frequency �rf� powered electrohydrodynamic control of
NACA wing stall, laminar separation over a ramp, boundary
layer transition on a flat plate, and turbulent separation over
a wall-mounted hump. Unsteady flow actuation with a duty
factor seemed to perform better than continuous operation of
the rf plasma actuator. These results underscore the impor-
tance of accurately resolving the unsteady body force and
understanding its transition and turbulence enhancement
mechanisms for effective plasma actuation.

Numerical simulations of an asymmetrically arranged di-
electric barrier discharge actuator employing multispecies
hydrodynamics5 and Monte Carlo �particle-in-cell and direct
simulation Monte Carlo� methods10 by independent research
groups have found that ionization is not equal during positive
and negative part of the alternating cycle producing a net
force in one direction. Recently, the dc corona discharges
and ac dielectric barrier discharges have been investigated
under a range of operating conditions. Adjustment of the
actuator geometry, dielectric materials, power frequency, and
rms voltage show improvement in power transferred to the
neutral gas flow by ion-neutral collisions. Also, power losses
due to inadequate impedance matching of the power supply
to the actuator, dielectric heating, and power required to
maintain the atmospheric pressure plasma have been reduced
for better performance of the actuator.4

In our recent work, we have not included O2
− in the air

chemistry model. In this letter, we investigate physics of
plasma operating in air by including O2

− in the air chemistry.
We find that positive ions play an important role in the de-

velopment of positive electrodynamic force over the flat plat.
Schematic of an asymmetric single dielectric barrier

plasma actuator, initial condition, and boundary condi-
tions are same as those reported in Ref. 11. The powered
electrode extends from x=1.7 cm to x=1.9 cm at y=0.1 cm;
the grounded electrode is from 2.1 to 2.3 cm for
the results of Figs. 1–4. An alternating voltage of �
=1000 sin�10 000�t� V is applied to the exposed electrode.

For the air chemistry, we neglect the metastable species
along with N4+ and O4+ due to their extremely high recom-
bination rates. Also, the numerical complexity is further sim-
plified by excluding nitrous oxide at this stage. The model
equations governing chemistry of discharge are taken from
Ref. 11. We have used chemistry of O2

− using dissociative
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FIG. 1. �Color online� �a� Potential; electric field components �b� Ex and �c�
Ey as a function of x at different time points. Here, x is in cm, potential in
kV, and electric field in MV m−1.
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attachment and recombination equations O−+O2→O+O2
−

and O2
−+O2

+→2O2. The drift-diffusion form of continuity
equations with momentum flux n�v�=−sgn�e�n�����
−D��n� for the electrons, ions, and neutrals have been
solved with Poisson’s equation ������=e�ne+nO− +nO2

−

−nn2
+ −nO2

+�=q. Various rate coefficients were obtained from
Kossyi et al.12 The secondary electron emission from the
exposed surface is taken as a function of incident electron
energy13 and remains small, i.e., less than 10−3. No material
sputtering of the surface is considered. The mobilities �� and
diffusion rates D� are taken from Ellis et al.14 The self-
consistent formulation is solved using a Galerkin variational
formulation based finite-element method. The details of the
numerical procedures are given in our earlier work.15 Differ-
ent ion and neutral species are formed as we switch on the rf
voltage. Recombination also occurs. The simulation results
at y=1.05 mm and for the tenth cycle are given in the fol-
lowing description.

Figure 1�a� shows potential as a function of x at different
time points. At positive peak of the cycle, the value of
potential is close to the applied rf potential up to the tip of
the rf electrode �x=1.9 cm�. The potential decreases beyond
the tip of the rf electrode. At negative peak of the cycle, the
value of potential is close to the applied rf potential up to the
tip of the rf electrode �x=1.9 cm�. The magnitude of poten-
tial decreases sharply beyond the tip of the rf electrode. Fig-
ures 1�b� and 1�c� show electric field as a function of x at
different time points. The peaks of the electric field are close
to the tip of the rf electrode.

Figure 2�a� shows electron density as a function of x at
different time points. The oxygen ions O− are produced
through ionization of nitrogen and oxygen molecules. The
density of electrons is nearly 1.1�1013 /m3 at the positive
peak of the cycle. Figures 2�b� and 2�c� show density of
negative oxygen ions O2

− and O−, respectively, as a function
of x at different time points. The oxygen ions O− and O2

− are
produced through dissociative attachment of oxygen mol-
ecules with electrons and O−, respectively. The negative oxy-
gen ions O2

− and O− are repelled from the area near to
grounded electrode and are attracted toward rf electrode dur-

FIG. 2. �Color online� �a� Electron density, �b� density of O2
−, and �c� density

of O− as a function of x at different time points. Here, x is in cm and density
in m−3.

FIG. 3. �Color online� �a� Density of N2
+, �b� density of O2

+, and �c� density
of charge separation as a function of x at different time points. Here, x is in
cm and density in m−3.

FIG. 4. �Color online� Electrodynamic force components �a� Fx and �b� Fy

as a function of x at different time points. Here, x is in cm and force in
N m−3.
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ing positive part of the cycle. The reverse happens during
negative part of the cycle. The negative oxygen ions O2

− and
O− are deposited from x=2.2 cm to x=2.4 cm over the sur-
face of dielectric. The density of negative oxygen ions is one
order of magnitude higher at positive peak of the cycle than
that at the negative peak of the cycle. The densities of nega-
tive oxygen ions O2

− and O− are nearly 3�1013 /m3 and 1.1
�1013 /m3 at the positive peak of the cycle. The tip of rf
electrode is at x=1.9 cm.

Figures 3�a� and 3�b� show the density of nitrogen ions
N2

+ and oxygen ions O2
+, respectively, as a function of x at

different time points. The nitrogen ions N2
+ and oxygen ions

O2
+ are produced through ionization of nitrogen and oxygen

molecules. The positive ions are repelled from the area of rf
electrode and are attracted toward grounded electrode during
positive part of the cycle. The maximum density of nitrogen
ions N2

+ and oxygen ions O2
+ are nearly 1.75�1014 /m3 and

9�1013 /m3, respectively, at the positive peak of the cycle.
The N2

+ and O2
+ respond to electric field in a similar manner,

hence, their density profiles are similar to each other. The
nitrogen and oxygen ions are concentrated in the sheath re-
gion from x=2.1 to 2.4 cm. The difference between density
levels of nitrogen and oxygen is because of the ratio of par-
ent gas molecules in atmospheric air and the difference in
their rate coefficients. The motion of charged particles gives
rise to charge separation nq=nO2

+ +nN2
+ −ne−nO− −nO2

−. Figure
3�c� shows density of charge separation as a function of x at
different time points. It is similar to the density profiles of
positive nitrogen and oxygen ions. The densities of nega-
tively charge species are small in comparison to densities of
positive species. The value of charge separation q=enq is
nearly equal to the sum of density of nitrogen ions N2

+ and
oxygen ions O2

+. Charge separation gives rise to a self-
generated electric field through Poisson’s equation. The den-
sities decrease sharply with the increase in the value of y �not
shown�.

Figures 4�a� and 4�b� show electrodynamic force com-
ponents Fx=qEx and Fy =qEy, respectively, as a function of x
at different time points. The maximum Fx force is positive at
the positive peak of the cycle and the maximum Fy force is
negative at the positive peak of the cycle. Both components
of the electrodynamic force Fx and Fy are concentrated from
x=2.0 to 2.4 cm.

The electrons are repelled from the area close to the
grounded electrode and are attracted toward rf electrode dur-
ing positive part of the cycle where they are lost. When
negative part of the cycle starts, there are not plenty of elec-
trons to contribute to ionization process. The electrons are
attracted toward grounded electrode during negative part of
the cycle and get deposited over the surface of dielectric.
When positive part of the cycle starts, there are plenty of
electrons to contribute to ionization process. The density of
electrons is an order of magnitude higher at positive peak of
the cycle than that at the negative peak of the cycle. Such
higher concentration contributes greatly in the collisional
process and produces high ion density during the positive
phase of the cycle. The density of positive ions is an order of
magnitude higher at the positive peak of the cycle than that
at negative peak of the cycle. The density of positive ions is
higher than that of negative ions. This difference in density

levels of the species is responsible for the development of
the electric force over a flat plate. Our results are similar to
that reported by Font et al.10 and can be supported by the
experimental findings of Takizawa et al.16

We have also carried out simulations of a case �not
shown� with the powered electrode extending from x
=1.5 cm to x=1.9 cm at y=0.1 cm, and the grounded elec-
trode from 2.1 cm to 2.5 cm. We found that the maximum
value of the charge separation decreases and the distribution
of charge separation becomes wider, extending beyond x
=2.6 cm. The maximum of the x-component of the force was
slightly higher and the profile was wider for this case. The
direction of electric field alters with the increase in the length
of electrodes which causes above mentioned effects.

In conclusion, the density of positive ions is an order of
magnitude higher at the positive peak of the cycle than that
at negative peak of the cycle. Based on the reaction rate
coefficients used, the density of positive ions is higher than
that of the negative ions. This difference in density levels of
the species is responsible for the development of the positive
electrodynamic force over a flat plate. The positive ions play
an important role in the development of the positive force.
Such explanation is also reasonable for dc plasma actuators.
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