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Abstract

In the frame of the internal project PUMA
(Plasma Used to Master Aerodynamic),
ONERA is conducting fundamental studies in
order to determine the limits within which air
discharge plasmas are able to interact with
aerodynamical phenomena. This paper focuses
on the physical and numerical modeling of co-
rona discharges and their interaction with aero-
dynamics. Using a simple plasma kinetic
scheme, it is shown that the force exerted by a
wire-to-wire corona discharge is sufficient to
explain the effect on subsonic airflow. This
force is of the same order as the one obtained
thanks to dielectric barrier discharges (DBD).

1. Introduction

In the frame of the internal project PUMA
(Plasmas Used to Master Aerodynamics),
ONERA is conducting fundamental studies in
order to determine the limits within which air
discharge plasmas are able to interact with
aerodynamical phenomena.

ONERA, France

P. Degond
MIP, France

The investigations are focused on two typi-
cal configurations. The first one consists in us-
ing a discharge to modify the shock wave pat-
tern in front of a supersonic spike body in order
to control the flow unsteadiness. As recently
reported [1], a truncated cone-cylinder model
with a needle at the tip has been designed and
tested in the R1Ch wind-tunnel at Mach 3 and
under a 0.18 atm static pressure. In the chosen
configuration, the shock wave pattern and the
flow follow a pulsating mode. The plasma is
obtained between the tip and the body of the
model by a DC discharge. It was shown possi-
ble to synchronize the plasma discharge with
the natural pulsating mode of the flow. It was
also possible to switch from the aerodynamical
pulsating regime to a stable one when obtaining
a corona discharge at the model tip using both
AC and DC low-power sources. Further inves-
tigations of this effect are currently under way
and will be reported in a next future.

The second configuration studied in the
frame of PUMA deals with the generation of
ionic wind superimposed with a subsonic air
flow. The purpose is to identify discharges able
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to interact with boundary layers. Different dis-
charges are considered, such as the corona dis-
charge proposed by Moreau and coll. [2], and
the DBD proposed by Roth and coll. [3]. These
DC and AC low-energy discharges are able to
generate an ionic wind with a maximum ampli-
tude of 3-5 m/s in absence or in presence of a
primary flow on a flat plate. Our first efforts
have been devoted to develop a physical inter-
pretation of the observed phenomenon as an
exchange of momentum between charged parti-
cles and neutral molecules of air. Following this
interpretation, a very simple theory has been
developed and tested to determine whether the
amplitude of the ionic wind can be related to
the discharge current. The first promising re-
sults [4] have encouraged us to develop new
experiments as well as introducing more phys-
ics in the description of the discharge-flow in-
teraction. The modeling developments are pre-
sented in this paper.

2. Interaction between discharges and aero-
dynamics

Studies have been carried out in the
framework of the ionic wind since the early
60’s [5]. This phenomenon was first discov-
ered by Hauksbee in 1709.

This could lead to drag reduction or im-
provement of the atomization in combustion
chambers [6]. Basically, it is a mean to pro-
vide energy to flows thanks to an electric
power supply. This has strong advantages:
there is no need for external mass addition
and it can act over a wide range of frequen-
cies (0-10 kHz). A lot of experimental works
[2], [3], [7]-[9] have pointed out the possibil-
ity of reducing drag of about 2-5 %.

In this section, a study of the physical
origin of the ionic wind is presented. Then
the case of corona discharges is studied.

2.1 Explanation of the ionic wind

When charged species are accelerated by
an intense electric field E, they collide with

the neutral molecules of the gas. By this
mean, they can transfer an amount of their
momentum. The force f;_,, that exerts a spe-
cie k on a neutral 7 is:

?,Hn = mkaVk_m(ﬁk _l_jn)

where my is the mass of specie k, Ny its
density, U its mean velocity. V., is the
momentum transfer frequency for collisions
between k and n. This expression simplifies
because the velocity of charged species are
three or four orders of magnitude higher than
the neutral velocity. Considering the density
current j; and the mobility z4:

—

jk=eNkl7k

H = e/mk Vien

and neglecting the diffusion of particles, the
total force exerted on the fluid is:

}::pchi:e{ Z N, - sz)E

k positive k negative

As a consequence, the effect of a plasma on
aerodynamics can be strong in regions in
which the space charge p.; is important.

2.2 Corona discharges

Moreau’s team [2], [7] used a wire-to-
wire discharge on a flat plate (Figure 1) and
observed an ionic wind of 5 m/s.

ANODE @0,7mm /
CATHODE 92mm

Fig. 1. Experimental setup of Ref. [2]
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Two thin electrodes are flushed mounted in
a dielectric plate. The first electrode is a 0.7 mm
diameter anode set to a +22 kV potential. The
second one has a 2 mm diameter and is set to —
10 kV. They are distant of 4 cm. The regime of
the discharge depends on many parameters such
as the potential difference, the space between the
electrodes, air humidity degree, flow veloc-
ity...etc. From the aerodynamic point of view,
the most efficient regime is the corona regime in
which a luminescent discharge appears in the vi-
cinity of both electrodes.

The way corona discharges act on the fluid
can be explained by focusing on its chemistry.
To sum up, a corona appears in the vicinity of
an electrode with a fine radius of curvature
which is set to a high electric potential. In this
region, the electric field created by the electrode
is intense. It induces the ionization of neutrals.
Electrons are accelerated, they collide with neu-
trals and if they are energetic enough, they skip
an electron out from the neutral. If the electrode
is positive, the electrons are rapidly absorbed at
the electrode. So there is rapidly no electron to
induce any ionization. The streamer theory pro-
poses a physical mechanism which explains
how the discharge continues to develop [10],
[11]. This theory states that photons created in
parallel to the ionization process are able to ion-
ize neutrals in any direction. As a consequence,
a short pulse of current is initiated. During this
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Fig. 2. lonic wind in positive corona discharges

short delay, the large positive space charge ex-
erts a force thanks to the electric field. More-
over, the positive charges drift towards the ex-
terior. This imposes an additional force, much
less intense, but on a longer delay time. When
the positive charges are evacuated, the condi-
tions for a new pulse are satisfied. Figure 2
sums up this description:

When the electrode is negative, the involved
mechanisms are quite different. In the vicinity of
the cathode, the electric field initiates ionization.
Electrons are evacuated from the cathode. At the
same time, electrons are generated from the
cathode surface thanks to secondary emission
(ionic bombardment, photoemission). When
they reach a weaker electric field region, they are
attached by the molecules of oxygen so as to
create negative ions. If the so-created space
charge is sufficient, it counterbalances the exter-
nal electric field and the discharge disappears.
All the charged particles are then evacuated and
the conditions for a new ignition are satisfied.
This is the phenomenon of Trichel pulses. The
pulse frequency is about 10*-10° Hz. Like for the
positive discharge, a strong force is exerted dur-
ing its short growing time, and a weak force dur-
ing the long evacuation delay. Figure 3 sums up
this description.

Another type of discharge used to act on
aerodynamics is the dielectric barrier dis-
charge [3], [7], [8]. The advantage of this
discharge is the prevention of arcing thanks
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Fig. 3. Ionic wind in negative corona discharges
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to a dielectric placed between the electrodes.
The action on aerodynamics, explained in
[12], 1s less efficient than coronas but more
stable according to [7].

3. Modeling corona discharges / aerody-
namics interaction

The present section focuses on the corona
actuator such as the one realized by Moreau’s
team [2] and described above. The equations of
the problem are first discussed. Then the nu-
merical method to study the interaction between
coronas and flows is detailed.

3.1 Equations

In order to solve the interaction between the
flow and the corona discharge, a stable coupling
method must be developed. The aerodynamic
part follows the momentum equation:

i i 2r7i
(GU LU J__@P v

— | ==t U—

ot ox’ ox' Ox’ox’
where U' is the i™ component of the flow ve-
locity, p is the volumetric mass of air at at-
mospheric pressure, P is the pressure, u is
the dynamic viscosity of air. Following [13],
[14], the discharge is described by the conti-
nuity equations for electrons, positive ions,
negative ions O, and metastable 02* coupled
with the Poisson’s equation for electric field.
Table 1 gives the reactions taken into ac-
count in the present work.

Table 1

Corona discharge chemical reactions

Tonization e, N, - e N,
e, 0, - e 0,
Photoionization hv,N, — e N,
hV, 02 —> c, 02+
Attachment e, O, - 0Oy
Recombination e N, = N,
e,0, 5> 0,
0,,0," > 0,0,
0N, > O, N,
Excitation e, 0, - 0,

Detachment O, 02* = ¢,0,0

Quenching 0,0, > 0,0,

The kinetics problem is described by the fol-
lowing equations where p stands for positive
ions, n for negative ions O;":

ON. oON.U!
e ee g +aN [U|-nN|U
ot axl ph e| e| n e| e|
~BN.N, + k,0,0;
ON  ON U’
Py P P_g§ 4+oN|U|-BN,N
ot o ph e| 6| p e’'p
00, 00,U! _ .
azz + 21, =MN|U,|-BO; N, —k,0,0;
060, 005U’ )
—2+—"=q,N,U.|-k,0,05
ot ox'
AV =P
€y

a, 1, B, am, kq and k, are respectively the ioni-
zation, attachment, recombination, excitement
of O,, detachment of electrons and quenching
of O," coefficients. Their values are given by
[13], [15] and [18]. & is the dielectric permit-
tivity. S, 1s the photoionization source which,
according to [15], follows the equation:

:L pq .[Sion(n)
dr p+p,”

ph

where p, is the quenching pressure of the emit-
ting states and set to 30 torr , Sj,, is the ioniza-
tion source appearing in the continuity equa-
tions for electrons and positive ions, y the coef-
ficient of absorption of the ionizing radiation.
Kulikovsky in [16] fits the experimental values
of y obtained by [17] with the model of [15]:

n—-n

wr —r)=l622-2 L Pa
47 p p+p g
The charged particles velocities are com-
posed of the drift velocity due to the electric
field and to the transport by the flow:

U,=U"+u,E'
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The boundary conditions are secondary
emission electrons at the cathode by positive
ions bombardment. The flux of electrons emit-
ted at the cathode is proportional with the co-
efficient y to the flux of absorbed ions:

N, =7, |1£]

3.2 Numerical method

Figure 4 presents the way the two parts of
the problem will be coupled. The aecrodynamic
part is solved thanks to a Fluid Dynamic code
developed at ONERA, namely CEDRE. For
this calculation, the volumetric force exerted
by the discharges is needed. The input data for
plasma calculation is the global flow velocity.

Fig. 4. Principle of plasma / aecrodynamics coupling

In order to estimate the action of the
plasma on flows, the discharge must be pre-
cisely determined. The equations are discre-
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Fig. 5. External electric field in the wire-to-wire configu-
ration

tized by a finite volume method. The inte-
gration scheme is a 2-step Runge Kutta
method in time and a MUSCL flux corrected
method. The electric field is calculated
thanks to a LU decomposition.

The external electric field is first calculated
(Fig. 5) in 2D without any space charge in the
(x,y) plane of Figure 1. The anode is located be-
tween x =2 cm and x = 2.07 cm and the cathode
between x = 5.9 cm and x = 6 cm; both of them
are on the dielectric plane y = 0.

Then the discharge is calculated in 1D
along the axis y = 0, namely near the surface
of the wall where the electrodes are mounted.
The mesh grid is uniform with Ax = 40 pm.
The final step consists on implementing the
force on the 2D CFD code, CEDRE. As the
force is calculated in 1D by the plasma mod-
ule, a model of the discharge expansion in the
direction y will be proposed. For instance, the
discharge and the force can be supposed to ex-
ponentially decrease when y increases.

4. Results

In this section, the results obtained for the
negative corona are presented. The domain of
calculation extends from x = 5.7 cm to the cath-
ode coordinate x = 5.9 cm, i.e. on a 2 mm calcu-
lation zone length. The mesh is uniform with 50
cells. The physical calculation time is 1 s,
which is expected to be of the order of the delay
between two current pulses. The goal is to have a
first estimation of the force exerted by the nega-
tive discharge. Figure 6 presents the densities of
species at different times after the ignition of the
discharge. During the first 20 ns, the ionization
term induces a fast increase in the electron and
ion number densities. The number densities of
charged particles rises to 10'* cm™.

The movement of the electrons in the oppo-
site direction of the cathode implies ionization at
further locations. A ionizing wave tends to de-
velop. Electrons going faster than ions, a large
positive space charge region is created near the
cathode. It leads to the modification of the elec-
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Fig. 7. Electric field at 1 ns, 5 ns and 20 ns

tric field, Figure 7. This space charge combined
with an intense electric field induces a maximum
force of about 5.10* Nm™. Then the space charge
decreases and a smaller force of about 500 Nm™
remains during a longer delay time. When aver-
aged on the total calculation time, i.e. 1 ps, the
force exerted on the fluid by the discharge is
about 5000 Nm™, see Figure 8. This extrapolated
mean force depends on the supposed delay time
between two current pulses. As a consequence,
this result is just a first approximation.

However, this approximate value of the
force is close to the results of [4] which demon-
strates the possibility to act on airflow with
such force magnitudes. [12] estimates the force
exerted by DBD on fluids to be on the order of
10° Nm™.
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5. Conclusion

In order to represent the creation of ionic
wind by corona discharges, this paper proposes a
simple coupling between a plasma kinetic model
and a usual flow model. The first results of the
plasma calculation in the vicinity of the cathode
show good agreements with previous works. In
particular the force exerted by the plasma seems
sufficient to explain the ionic wind. In the pre-
sent work, calculations have been done until ¢ =
1 ps, so that the evolution of the discharge is not
entirely described. In the near future, the body
force exerted by the wire-to-wire corona dis-
charge will be completely calculated. Then, this
force will be implemented in CEDRE to deter-
mine the effect on aerodynamics.
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