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Abstract

A parametric study of the ionic wind produced by a DC corona between two parallel wires in atmospheric air
is presented. The experiment intends to examine the effect of the gap distance between the electrodes, the wire
diameters, the material and the polarity of the electrodes, the voltage and the current. The current is steady for
the positive discharge and pulsed (Trichel pulses) in the negative one. The state of the surface of the
electrodes (but not their material) does have an effect on the ionic wind. We verified the analytic prediction
that the ionic wind varies as the square root of the current. In our experimental ranges, to maximize the ionic
wind, the distance must be the smallest, the electrode diameter dissymmetry the largest. A model is proposed
to simulate the ionic wind for our experimental setup. The results with simplified air chemistry are in good
agreement with the measurements.

1. Introduction

The effect of the ionic wind created by a corona discharge or a dielectric barrier discharge on the boundary layer of
an airfoil has interesting potential applications for the purpose of reducing drag, controlling the transition to
turbulence, and for flow actuation. Léger er al. [1], Roth er al [2], and Corke et al. [3], have successfully
demonstrated boundary layer reattachment of a low-speed flow on a surface. Predictions of the ionic wind between
two wires have been made with analytical models (Stuetzer [4]) and more recently with numerical simulation
(Matéo-Vélez et al. [6]). However there are no clear and conclusive comparisons at present between experiments and
simulations for the wire-wire geometry in air. Furthermore, the velocities presently reached are too small to be
applicable in high-speed flows. Thus, we propose a parametric study of a simple test case composed of two wires to
quantify the effect of the discharge and the geometry on the flow velocity.

The principle of the ionic wind between two wires can be explained as follows (Lacoste et al. [9]). Around each
wire, the electric field decreases inversely proportional to the distance to the wire. For small wire diameters, the
electric field is high enough to ionize the air. The positive ions drift toward the cathode while the negative ions stay
close to the anode. In their movement, the positive ions collide with the neutral molecules and transfer momentum.
At the vicinity of the cathode, electrons attach to oxygen and O, drifts toward the anode, transferring momentum to
the neutrals. Two opposite charge currents appear. The net flow is called the ionic wind.

2. Experimental setup

The experimental setup, shown in Figure 1, is comprised of two parallel wires of 20 cm length in air at atmospheric
pressure and ambient temperature. The adjustable parameters are the diameter, material, and polarity of the
electrodes, as well as the gap distance, the voltage, and the current. Electrodes of various materials (copper, steel,
zonc, aluminium) and diameters (from 0.2 to 1.0 mm for the first wire and from 1.0 to 2.0 mm for the second) can be
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used. The gap between the two wires is adjustable from 0.5 to 4 cm. The thinnest electrode is raised to a high DC
potential adjustable up to 20 kV with a FUG 140-20000 power supply. The other one is connected to ground. We
measured the current-voltage characteristics and the flow velocities (using Laser Doppler Velocimetry), as a function
of the various parameters. All velocities presented in this paper were measured in the middle of the gap. All results
presented here were obtained with the positively stressed electrode in quiescent air.
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Fig. 1: Experimental setup

3. Experimental results

The thin and positively stressed electrode is surrounded by a uniform purple luminescent halo, characteristic of the
emission of a corona discharge. When we increase the voltage, starting from 0, this emission appears at the same
time as the current and increases with it up to the spark. The discharge remains a corona discharge until a spark
appears above a certain voltage. Thus, we do not observe the behavior reported by Moreau et al. [8], who observed a
“spot” regime up to 200 uA/m, a “streamer corona” regime from 200 to 800 uA/m and a “glow” from 800 to 2.5
mA/m. It should be noted however that Moreau et al. use a different configuration with a dielectric and a negatively
biased cathode.

To observe possible high frequency current fluctuations, we measured the current through the circuit with a shunt
and a LeCroy Wave Surfer 434 oscilloscope (350 MHz). In the negative discharge, we observed the well known
Trichel pulses [10], of frequency proportional to the average current in the range 10 to 700 kHz in the range of
current studied. Their duration is 300 ns and their amplitude a few mA. In the positive discharge, the behavior is
different. The current is steady (current pulses of less than 0.15 mA at very low frequency between 1 and 10 Hz,
independent of the applied voltage, are observed and are probably caused by internal characteristics of the power
supply). We conclude that the positive discharge presents no current pulses. This result is again in disagreement with
the results of Moreau et al. [11] for a configuration of two wires placed at the surface of a dielectric, hence
suggesting the essential influence of the dielectric on the discharge electrodynamics.

As mentioned above, the corona is located in the vicinity of the stressed electrode, where the electric field and
ionization rate are the highest. To examine the influence of the electrode material on the discharge and on the ionic
wind, we made measurements with electrodes of copper, aluminum, steel, and zinc. First we considered pairs of
electrodes of the same material, then combinations of materials. For each configuration we repeated the
measurements of current-voltage characteristics several times at half-day intervals. First, no significant variation of
the ionic wind with the humidity in ambient air was observed in the rage 1.0-1.5% of water vapor. Second, within
experimental uncertainty, no difference was obtained for the current-voltage characteristics obtained with the
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different materials. We conclude that there is no effect of the nature of the material on the ionic wind in our case.
However we observe that the maximum current reached before breakdown can vary by as much as a factor of two
for different wires of a given material. We assume this can be explained by the state of the wire surface but we have
not quantified this effect in the present study. For the rest of the parametric study presented here, we used copper
electrodes.

Figure 2 shows the velocity as a function of the current for various gap distances. The wire diameters are fixed at
0.35 mm for the anode and 2.0 mm for the cathode. The fits show that in all cases the velocity varies with the square
root of the current. This agrees with the literature [7]. That is, to increase the maximum flow velocity we have to
maximize the current passing through the system. In the present experiments, the current was always limited by the
appearance of a spark.
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Fig. 2: Measured flow velocity as a function of the current and the gap distance. The fitted lines correspond to a
power law x" with a = 0.47 (solid line) and a = 0.53 (dotted line).

for each value of the gap distance. The highest currents are obtained for the smallest gap distance. Thus, to
maximize the velocity, we have to minimize the gap distance. The squares in Figure 3 show the maximum voltage
reached before breakdown divided by the gap distance, i.e. the maximum average electric field. The highest values
are also obtained for the smallest gap distance. Based on theoretical expressions of Refs. [4] and [9], the
electrodynamic force applied to the (ggyv is proportional to the electric field. Eiguvg 3 shoyys, that on the range of gap
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Fig. 3: Effect of the gap distance on the maximum current and electric field obtained before breakdown. The lines
are exponential fits.

The other geometric parameters influencing the discharge are the wire diameters. In the vicinity of each wire, the
electric field decreases inversely proportional to the distance to the wire. The thinner the wire, the greater the electric
field at its surface. This has two consequences. If the two wires have the same diameter and if the mobilities of the
positive and negative ions created at the electrodes are equal, then the drift ion currents created at both electrodes
compensate and there is no net ionic wind. This was observed experimentally by Moreau et al. and confirmed in the
present experiments. Increasing the dissymmetry between the two diameters favors one of the two ion currents. The
other consequence is that if reducing the diameter of the small wire favors the ionization rate at its vicinity. Figure 4
shows that for fixed voltage the current is higher for a smaller diameter wire. In addition, the threshold of current
increase occurs at a smaller voltage.
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Fig. 4: Influence of the diameter of the thinnest wire on the current-voltage characteristic.
4. Model

Numerical simulations were made with FLUENT in a two-dimensional geometry for one configuration of our
experiment: a gap distance of 10 mm, and wire diameters of 0.2 and 2.0 mm. Because experimentally we observe no
fluctuations of the current or the voltage for the regimes investigated, all simulations are performed in steady state.
The chemistry model contains 3 species: electrons, one species of positive ions and one species of negative ions. We
solve simultaneously the steady-state continuity equations for electrons, positive ions, negative ions, the Poisson
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equation, and the Navier-Stokes equations with the Lorentz force term expressed as the product of the electric field

by the net number density of ions:

=.(nu,) S, % S % S vion % ()

=(nu,) 8, % S ion % % )
=(n.u) S, % Sion % Sion_pos-ion_neg % 3)
AV :”_gﬂ @
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where n,, N,, N_ represent the density of electrons, positive ions and negative ions; Sium, Sus Secion S

fom— pos —ion —N¢8  the jonization, attachment, electron-ion recombination and positive-negative ion recombination

rates, respectively. y, U, , U, and u_ are the velocities of the fluid, the electrons, the positive ions and the

negative ions, respectively. V is the electric potential and E the electric field, and f the viscosity tensor. The drift-

diffusion model is used:

nu:,UnE—Dﬁn (6)

nu, = —,ueneﬁ -D, ﬁng (7)

where U,, M_, U, D, D_ and D, respectively the mobilities and diffusion coefficients of positive ions,
negative ions and electrons. The rates of ionization and attachment, and the diffusivity of electrons are taken from

Bolsig [15] (see table 1). The fit of 4, is taken from Chen et al. [12]:

— -0.2165 oy s-1 -1
u, =1.2365E m2V s 8)
Table 1: Bolsig data for airlike mixture [N2]:[02] = 4:1
Red. Elect. field (V/cmtorr) 10 20 30 40 50 60 70 80 90 I(E) 110 I 120 13’-0 I 140 15-0 160 170 180 19-0 200 |
Diff. coeff. (torr.cn?/s) 5-83600 611400 § 751100 914(50 1046000 §1152000§1152000 11520_00 1152000 1152000§1152000§1152000§1152000 1152000 1152000 §1152000§1152000§1152000 1152000 1152000}
— e — - -

lonisationcoeff. (1/cm torr) 0 0.0001 §0.0027 §0.0156 J 0.0468 § 0.1102 § 0.1807 JJ 0.2835 §0.4182 § 0.5672 § 0.7331 | 0.9087 1.106 1.296 1.526 1.748 1.974 2.197 2.461 2.676
L il - i dhadl AN s

Attach. coeff. (1/cny torr) 0 0.0027 §0.0088 §0.0125 f 0.0136 § 0.0135 § 0.0128 | 0.012 §0.0114 §0.0106 § 0.0098 § 0.0092 § 0.0086 | 0.008 §0.0076 § 0.0072 J§ 0.0068 § 0.0064 J 0.0061 § 0.0058

The ion-ion and the electron-ion recombination rates and the ion diffusion coefficient are taken as in Boeuf et al.
[13]. The mobility of the positive and negative ions are taken equal to 2.5x10* and 2.7x10* m2V''s™ respectively,

following Ref.[12].

These equations are introduced into FLUENT by adjusting a generalized transport equation:

— po+ (pvp-D @) =S5 ©
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in which we can define through modules the diffusion coefficient, the convective velocity, and the source terms. At
the anode surface, the boundary conditions for the densities of electrons, positive ions and negative ions are:
;l.;ne 0, ;l.;n_ Oand n, = 10*cm™ | with 7 the unit vector normal to the surface. At the cathode surface,
the boundary conditions are 7, = 10°cm™, n_=10*cm™ and ;l.;n+ 0. At the domain limit, 1, = 10°em™,
n_=n,= 10*em™ s E;@ =(); the pressure is fixed at the atmospheric value and the velocities are normal to the

boundary ;l;t =(. The number densities of electrons and ions in ambient air are taken as referred in [14]:

n, = 10°cm™ and n_=n .= 10*cm™ . The 2D computational domain is as shown in Figure 5. Near the anode,
the cell size is 1 pm x 1pm.
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Fig 5: Computational domain

5. Numerical results

Figure 6 presents the simulated current-voltage characteristics for a pair of copper electrodes of diameter 0.2 and 2.0
mm separated by a distance of 10 mm and with a positively stressed electrode. The experiment and the simulation
are in good agreement. The voltage threshold at which the discharge appears seems to be close. The general shape of
the voltage dependence is similar: the simulation has the same behavior as the experiment.

Figures 7 and 8 present the measured and calculated velocities. The simulated velocities vary proportionally to the
current to the power 0.70 instead of the measured value of 0.5. We tested some physical parameters of the discharge
such as secondary electron emission. We find numerically that secondary electron emission at the cathode has no
appreciable effect for values of the secondary electron emission coefficient y less than 0.001. For higher values of y,
the simulated velocities present a sharp increase above a given voltage, in disagreement with the experimentally
observed profile. Because the materials used in the present work all have y values of less than 0.001 [5] we do not
expect secondary emission to play a role here. Yet it would be interesting to find a material for which the coefficient
is high enough to have an effect on the discharge and hence on the velocities.
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Fig. 6: Current-voltage characteristics. Comparison between experiment and simulation.
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Fig. 7: Velocity as a function of the current. Comparison between experiment and simulation.

Figure 8 shows reasonable agreement between simulations and measurements of the velocity vs. the voltage.
However the simulated velocity increases faster with voltage than the measured velocity. The velocity profile
between the electrodes is plotted on Figure 9. It was not possible to make measurements closer to the anode. There is
good agreement up to x = 7 mm and then the measurements have larger values. The difference can be explained as
follows: the simulated profile corresponds to the stagnation streamline whereas the measured velocities are averaged
over a small volume that includes particules going around the cathode.

The simulated number density profiles of charged species between the electrodes are presented on Figure 10.
Because ionization is the highest at the vicinity of the anode and because of attachment to molecular oxygen, the
electron density decreases rapidly away from the anode. The positive ion number density grows rapidly over the first
few micrometers and reaches values that are much larger than the number density of negative ions and electrons over
most of the inter-electrode space. Thus a positive unipolar region is created between the electrodes.
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5. Conclusion

In this paper, we have presented a parametric study of the ionic wind produced by a corona discharge between two
parallel wires. The parameters investigated are the diameter, material and polarity of the electrodes, the gap distance,
the current, and the voltage. For the case of the positive corona discharge, steady current and voltage traces are
observed. In contrast, the negative corona discharge exhibits current pulses (Trichel pulses). For the same absolute
value of the stressed electrode’s potential, the ionic wind velocity is always higher for the positive discharge. For the
positive discharge the measured velocity varies with the square root of the current. The material of the electrodes and
the ambient air humidity appear to have no effect on the velocity. The velocity increases with decreasing gap
distance and increasing dissymmetry of the electrode diameters. The maximum velocity is always determined by the
occurrence of a spark breakdown.

A model of the phenomenon is proposed. Comparisons of the measured and predicted velocity profiles are in
reasonable agreement but the model must be improved to better fit the measurements. A detailed chemistry
mechanism is currently being incorporated in the model. The calculated velocities vary with the current according to
a power law with an exponent of 0.7 instead of the measured value of 0.5. The calculated current-voltage
characteristics are in good agreement with the measured ones.
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