
Corona Discharge in Wind for Electrically
Isolated Electrodes
C. Guerra‐Garcia1 , N. C. Nguyen1, T. Mouratidis1, and M. Martinez‐Sanchez1

1Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, MA, USA

Abstract For various problems in atmospheric electricity it is necessary to understand the behavior of
corona discharge in wind. Prior work considers grounded electrode systems, of relevance for earthed
towers, trees, or windmills subjected to thunderstorms fields. In this configuration, the effect of wind is to
remove the shielding ions from the coronating electrode vicinity strengthening the corona and increasing
its current. There are a number of cases, such as isolated wind turbine blades or airborne vehicles, that are
not completely represented by the available models and experiments. This paper focuses on electrode
systems that are electrically isolated from their environment and reports on a wind tunnel campaign and
accompanying theoretical work. In this configuration, there are two competing effects: the removal of the
shielding ions by the wind, strengthening the corona; and the electrode system charging negatively (for
positive corona) with respect to its environment, weakening the corona. This leads to three different
operating regimes; namely, for positions that favor ion recapture, charging is limited and current increases
with wind as in the classical scaling; for positions that favor ion transport by the wind, the system
charges negatively and the current decreases with wind; for the later configuration, as wind increases, the
current can vanish and the system potential saturates. The results from this work demonstrate that
classical scaling laws of corona discharge in wind do not necessarily apply for isolated electrodes and
illustrate the feasibility of using a glow corona in wind for controlled charging of a floating body.

Plain Language Summary In the enhanced fields in thunderstorms, pointed objects such as
towers, trees, wind turbine blades, or aircraft produce corona discharges. Corona discharges can also be
produced in laboratory setups using sharp electrodes. In the presence of wind, the discharge is strengthened
and the current increases as the wind disperses the ions that were locally reducing the magnitude of the
electric field. This is a well‐accepted phenomenon that appears when the electrode setup is grounded. This
paper explores what happens when the electrodes are electrically isolated rather than grounded, of relevance
for aircraft and some wind turbine blades. It is shown, through a wind tunnel campaign and numerical
simulation, that in this case the structure becomes electrically charged due to the evacuation of ions and this
effect acts to weaken the corona discharge. The results from this work demonstrate that, for electrically
isolated electrodes, the corona current can actually decrease with wind and illustrate the feasibility of using
corona discharge in wind to charge a floating structure such as an aircraft.

1. Introduction

Corona discharges can be initiated by thunderstorm electric fields at the tips of pointed objects such as
towers, trees, wind turbine blades, or aircraft (Mokrov et al., 2013). These coronae produce space charge
layers that influence the spatial distribution of the electric fields and as a result can influence the initiation
and progression of leaders, impacting the probability of lightning attachment (Bazelyan et al., 2008; Rakov &
Uman, 2003). In the presence of wind, the ion clouds are dispersed and their shielding effect is reduced,
which qualitatively explains the observed preference of lightning attachment to rotating blades of windmills
rather than to static towers (Montanya et al., 2014).

The literature on wind effects on direct current (d.c.) corona discharges is relatively abundant, with seminal
work due to Chapman (1970, 1977). In this reference work, Chapman (1970) studied the magnitude of the
current from a corona point discharge placed inside a wind tunnel and collected by a grounded plate.
Since the wind removes the shielding ions from the coronating tip vicinity, the current was shown to be pro-
portional to the ion speed, which reduces to a linear relationship with wind in the case of dominant wind as
compared to the electrical drift. In the context of atmospheric electricity research, and motivated by
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understanding the behavior of high‐voltage d.c. transmission lines and grounded lightning rods in thunder-
storm fields, many efforts have followed, including simulations (Bazelyan et al., 2009; Becerra, 2013;
Maruvada, 2014; Mokrov et al., 2013; Nguyen et al., 2017) and field campaigns (D'Alessandro, 2009). All
of these efforts contemplate earthed structures exposed to high atmospheric fields and demonstrate that,
in the high‐speed wind regime, the current indeed increases linearly with the wind. In addition, a number
of technological applications involving corona discharge in flowing gas present similar physics, including
plasma reactors, ozone generators, electrostatic precipitators, electrostatic dischargers of aerosol particles,
ion drag pumps, or electroaerodynamic propulsion (Antao et al., 2009; Jaworek & Krupa, 1996; Neimarlija
et al., 2009; Stuetzer, 1960; Xu et al., 2018; Yamamoto et al., 1988).

There are, however, a number of problems that are not directly addressed by those experimental and theo-
retical works, and that is the case of electrically isolated or floating electrode configurations. Note that in this
work, the terms “isolated” and “floating” refer to electrically isolated systems, as compared to grounded con-
figurations, regardless of the physical disposition. From the atmospheric electricity perspective, isolated elec-
trode configurations appear when considering corona discharges at sharp extremities in aircraft, helicopter
blade tips, and isolated wind turbine blade tips (Montanya et al., 2014; Moore et al., 1991; Vonnegut & Little,
1965). In addition, several studies have explored artificial charging of aircraft through charge emission, pos-
sibly using corona discharges (Jones, 1990; Stimmel et al., 1946; Waddel et al., 1946) and with several objec-
tives in mind: from calibrating electric field mills onboard of research aircraft for the measurement of
atmospheric potentials, to studying autogenous charging of an aircraft in any weather. More recent work
by Guerra‐Garcia et al. (2018) and Pavan et al. (2020) has proposed that artificially charging an aircraft to
negative values could be used to reduce the risk of an aircraft‐initiated lightning strike.

In this work, a wind tunnel experimental campaign is conducted in order to establish the dependencies of
corona current with wind, when the electrode system is isolated, and to quantify the feasibility of using cor-
ona discharge in wind for charging. A numerical model is also constructed that facilitates interpretation of
the experimental data and clarifies some of the details of the competing effects of the ion transport between
wind and electrostatic attraction. Only the case of positive glow corona discharge is considered, since the
ultimate objective was to achieve negative charging of an isolated object (Pavan et al., 2020). The paper is
organized as follows: Section 2 describes the wind tunnel campaign and theoretical methods used;
section 3 discusses the experimental and numerical results; finally, the main findings of this work are
summarized in section 4.

2. Electrically Isolated Electrode Configuration

Motivated by the desire of achieving controlled charging of an aircraft in flight using a corona discharge, the
electrode configuration selected is an idealized 2‐D version of a metallic aircraft wing with a very thin corona
wire stretched span‐wise parallel to its surface. The high‐voltage terminal of a floating d.c. power supply
(Matsusada RB60‐30P), of the positive polarity, is connected to the wire (acting as the anode generating
the positive corona), and the low‐voltage terminal is connected to the wing (acting as the cathode). The
power supply was operated with batteries to ensure electrical isolation from the laboratory grid and was phy-
sically placed on the floor and electrically insulated from it using teflon blocks. The wing had a chord of 14
cm, a thickness of 2 cm, and a wing span of 101 cm. The wire had a diameter of 0.2 mm and the same length
as the wing and could be positioned at various locations.

A schematic of the geometry of the wing cross section is shown in Figure 1, and the positions of the wire
tested (in wing axes) are detailed in Table 1. Positions 1–7 are representative of locations close to the trailing
edge, which favor convective transport of the ions by the wind; Position 8 is the most similar configuration to
a wire‐to‐plate setup (for comparison with classical work by Lowke & D'Alessandro, 2003, for geometry
effects and Chapman, 1970, for wind effects); and Positions 9–11 are representative of locations close to
the leading edge of the wing, which favor ion recapture by the wing.

2.1. Wind Tunnel Campaign

The wing‐wire assembly was supported by a corrugated ceramic standoff rated for 70 kV isolation and placed
inside theMassachusetts Institute of Technology (MIT)Wright BrothersWind Tunnel (WBWT). TheWBWT
has an elliptical test section of 3 m × 2.3 m and was operated at wind speeds up to 50 m/s. This maximum
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wind speed was chosen since, for configurations close to the trailing
edge, a saturation regime was reached beyond which further increas-
ing the wind had no effect. This saturation level could be raised by
increasing the power supply voltage, but this was not pursued to
avoid spurious breakdown and leakage effects. A schematic and
photograph of the full setup are shown in Figure 2.

The potential reached by the wing (to about −40 kV) was measured
via a voltage divider, with resistors of 10 GΩ and 10MΩ in series.
The corona current was measured by the calibrated output current
measurement of the power supply. The corona discharge was video
recorded using a ultraviolet (UV)‐sensitive camera (CoronaFinder)
mounted on a digital camera (Sony DSC‐RX10M2), the visualization
system was physically placed outside the wind tunnel. The frame rate

was set to 30 frames per second. The spatial resolution of the images was 1 mm/pixel. For each configuration
(wire position, power supply amplitude level, and wind speed) around 1min of operation was video
recorded, ensuring steady state was reached.

2.2. Numerical Model
2.2.1. Governing Equations and Boundary Conditions
Under the conditions in the experiment, the corona discharge observed was always of the glow type, defined
by Trinh (1995) as a thin, luminous layer immediately adjacent to the anode, where intense ionization activity
takes place. Due to this disparity in length scales, glow coronae can be modeled by incorporating the thin
ionization region as a boundary condition and solving only for transport. For the positive glow corona, only
positive ions are accounted for since electrons are absorbed by the anode, and negative ions can be neglected
considering electrons only exist in regions where the field is too high for attachment to take place (Morrow,
1997). Using this model, the steady state equations to be solved are the current conservation equation and
Poisson equation:

∇ · ½ρðμδE!þ w!Þ� ¼ 0; (1)

∇ · E
!¼ ρ

ϵ0
or ∇2ϕ ¼ −

ρ
ϵ0
; (2)

where ϵ0 is the permittivity of vacuum, ρ is the net charge density in this case due to the positive ions

alone, E
!

is the local electric field, and ϕ is the electrostatic potential. The local wind velocity vector, w!,
is precalculated for the geometry shown in Figure 1 and with the incident wind in the x direction, assum-
ing incompressible and irrotational flow (neglecting viscous effects and electric wind). An example of the
wind streamlines around the airfoil and wire is shown in Figure 3. The ion mobility for air at atmospheric
pressure, μ, is taken in the range 1.5 · 10−4− 2.2 · 10−4 m2 V−1 s−1 to account for variations with humidity
(Tyndall & Grindley, 1926). The scaling with pressure is explicitly accounted for through the mobility
dependency ∝ δ−1, where δ¼N/N0 is the relative air density (gas number density at conditions of interest
over gas number density for standard atmospheric pressure air).

The boundary conditions for the electrostatic potential are the wing potential Vwing, and the wire potential
Vwire¼ Vwing+ ΔV, where ΔV is the fixed bias applied to the floating power supply, which can be regulated
from 10 to 20 kV. The potential is made zero on a relatively distant surface (of radius 45 cm from the center of

Table 1
Relative Position of Coronating Wire With Respect to Wing

Position 1 2 3 4 5 6 7 8 9 10 11

x coordinate 1.4 3.4 −0.7 0.6 −2.7 −2.0 −5.5 −8.5 −16.0 −17.0 −18.0
y coordinate 1.2 1.6 2.7 3.5 4.8 6.1 5.5 9.0 4.5 1.6 0.0

Note. All dimensions are in cm.

Figure 1. Wing geometry and wire positions tested. All dimensions are in cm,
the figure is to‐scale, and the wire positions in x‐y coordinates are specified in
Table 1.
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the domain, see Figure 4) since for the steady state solution ions stay in the vicinity of the wing‐wire system,
as will be discussed.

The wing potential Vwing is actually unknown a priori, so an additional constraint is needed. This condition
can be understood by considering the transient prior to the wing settling at its steady state potential: Ions are
emitted by the wire, some are blown away by the wind and some are attracted by the wing, as it acts as the
cathode of the electrode system. Since some ions are convected away, the wing charges negatively in
response, so more positive ions are attracted by it and a smaller fraction of the ion population is able to
escape its influence. This process continues until, in steady state, all the ions are attracted back to the wing,
and the escaping ion current vanishes. Based on this transient evolution, the wing potential is iteratively
reduced until no ions escape the attraction of the wing. At this point, assuming no other charging source
is present, the potential of the wing has been found.

The boundary conditions for the charge density are zero charge in a distant virtual cathode surrounding the
wing‐wire electrode system and a charge emission condition on the wire, which is a modification to the
widely used Kaptzov (1947) condition to account for the influence of the space charge, as described in
section 2.2.2. As discussed in detail by Nguyen et al. (2017), the combination of wind and field effects causes
the active ionization zone (or coronating surface) to occupy only a fraction of the wire perimeter. Outside
this sector, no ionization occurs and the charge density is set to zero.

The partial differential Equations 1 and 2 with the relevant boundary conditions are solved in nondimen-
sional form, using the following reference values: E0 for the electric field, μE0 for the velocity, the wire radius
a for the length scale, and ε0E0/a for the charge density. E0 is the breakdown field in standard atmospheric
pressure air, defined as the field at which attachment and ionization are balanced (about 3 · 106 V/m).

Figure 2. Experimental setup. (left) Schematic of experimental assembly inside the wind tunnel and (right) photograph of isolated wing‐wire electrode system.
The winglet elements serve as insulating holders for the corona wire.

Figure 3. Wind streamlines around the airfoil (left) and a zoom in for wire Position 9 (right).
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2.2.2. The Peek Integral Electron Multiplication Condition
It is generally assumed that the electric field on a coronating electrode is close to the Peek value, which for a
cylindrical wire is given in Mokrov et al. (2013) and Lowke and D'Alessandro (2003) as

EP ¼ E0δ 1þ cffiffiffiffiffi
aδ

p
� �

; (3)

where air has been assumed, a is the radius of the wire in meters, a is the relative air density, and c is an
empirical dimensional constant of value c¼ 0.03 m1/2. This relation has been experimentally verified at
corona onset by Peek (1929) and can be derived from the general breakdown criterion:

Z
s0

a
α′ds ¼ Ne; (4)

where α′ is the net ionization coefficient, s is distance from the wire center along the local electric field
line, and Ne is the number of electrons created by an avalanche that starts at the surface where the field
equals the breakdown value, E0δ, (s¼ s0) and ends on the wire (s¼ a). Indeed, for cylindrical geometry,
Lowke and D'Alessandro (2003) show that Equation 3 can be exactly obtained from Equation 4 when
assuming a quadratic function for the net ionization coefficient as a function of E/N and using the electric
field solution to Laplace's equation (no space charge), E(s)¼ EPa/s. Following a similar derivation but
using a linear approximation to the net ionization coefficient (Lowke & D'Alessandro, 2003 propose that
it is a fair approximation over a larger range of E/N), that is,

α′

N
¼ A

E
N

−
E0

N0

� �
; (5)

the critical number of electrons, Ne, can be chosen to approximately recover Equation 3 at onset (no space
charge). After nondimensionalization, it becomes

Z
ξ0

1
eðξÞ−δð Þdξ ¼ R ≈

0:032

2aðmÞ ≈
0:413
aðmmÞ; (6)

with ξ¼ s/a is the nondimensional distance, e the nondimensional electric field, and ξ0 the nondimen-
sional distance from the wire at which the local electric field e is equal to the breakdown value δ. In prac-
tice, in order to avoid chattering in the determination of the coronating sector, a small tolerance is allowed
in the imposed value of R, ΔR¼±5 · 10−3 (nondimensional, for the selected a¼ 0.1 mm).

From the above description, it can be seen that Equation 3 is most appropriate for conditions close to corona
onset, but it ignores the field distortions due to space charge, which increase as the corona current increases
(Liu & Becerra, 2016, 2017); in particular, the surface field can eventually be reduced to close to E¼ δE0,
below that given by Equation 3. For this reason, Equation 6 is used in this work instead, which allows
accounting for the ion‐induced field. By using the Peek integral formulation, the extinction/

Figure 4. Computational domain and finite element mesh, with a close‐up view of the mesh near the airfoil‐wire system and wire.
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intensification characteristics of the discharge, as influenced by the space charge removal by the wind and
the electrode system becoming negative with respect to the environment, are revealed.
2.2.3. Computational Methods
The solution method of the partial differential equations with the given boundary conditions requires a
nested iterative solution scheme: (i) Starting with an initial guess of the wing potential, the wire charge den-
sity distribution is calculated from the Peek integral electron multiplication condition, Equation 6, by using
an iterative method described by Nguyen et al. (2017); (ii) having calculated the wire charge density distri-
bution, the wing potential is determined by imposing the condition that all ions that are emitted are captured
by the wing. Steps (i) and (ii) are repeated until both the Peek integral electron multiplication condition and
the charge capture condition are satisfied simultaneously. In this paper, the hybridized discontinuous
Galerkin method of Nguyen et al. (2009) is used for the numerical discretization of the partial differential
equations. Figure 4 shows the computational domain used as well as the finite element mesh composed of
isoparametric elements. The mesh is refined near the airfoil and the wire surface to properly resolve the
ion density and electric field gradients.

3. Results and Discussion
3.1. Charging‐Dominated Regime

The first set of experiments and simulations considers positions of the wire close to the trailing edge of the
airfoil (Positions 1–7 in Figure 1), which favor the convective transport of the ions by the wind.
Representative photographs of the glow corona for these wire positions as a function of the incident wind
speed are shown in Figure 5. It is evident from these images that there is a deviation from the behavior
reported by Chapman (1970, 1977) for grounded electrode setups: As the wind speed increases, the corona
becomes less luminous and is close to extinction at the highest wind speeds tested.

The decrease in corona luminosity with wind can be explained by the excursion of the electrode system
toward negative values. Figure 6 shows that, for positions close to the wing's trailing edge, increasing wind
leads to more negative charging as higher wind speed will require a more negative wing potential to attract
the ions back. The experimental and numerical wing potential show good qualitative and reasonable quan-
titative agreement. The model captures the trends observed experimentally: The wing potential increases (in
magnitude) for increasing wind speed up to a saturation level, beyond which increasing the wind speed has
very little effect on lowering the wing potential.

From these results, it can also be appreciated that the position of the corona‐emitting wire relative to the
wing has a significant impact on the charging of the airfoil. The best position from the set of positions tested
in terms of charging is predicted to be, both theoretically and experimentally, Position 3. Note that the real
optimum can potentially be found using the numerical model. There is a trade‐off regarding distance: If the
wire is very near, ions are easily captured, with no need for a high negative wing potential; if they are very
far, the corona weakens too much. In addition, locations further back toward the trailing edge lead to more
charging, since ion escape is facilitated.

The excursion to negative potentials is accompanied by a decrease in the current with wind speed as the
potential on the corona emitter, while biased positive with respect to the wing, becomes increasingly nega-
tive with respect to space (Figures 7 and 8). This reduces the electric field on the anode, and hence, the cor-
ona becomes weaker: lower luminosity and lower current. Eventually, the field at the coronating anode may
weaken to the point where ionization can no longer be sustained. When this happens, the corona extin-
guishes (the current goes to zero), and any further increase in wind speed will not affect the charge accumu-
lated on the body, or its potential, reaching the saturation region.

The weakening of the corona can be better appreciated from the visualization of the ion cloud calculated
with the numerical model (Figure 7) (case of Position 3, power supply bias at 13 kV). With increasing wind
speed, the space charge region shrinks and finally disappears at high enough wind speed (close to 40 m/s in
this case), which correlates with the similar reduction of the corona current and luminosity observed. It is
also interesting to observe that the coronating segment occupies only a fraction of the wire, as a result of
the electrostatics of the wire‐wing configuration but also the shielding effect of the intense space charge
between the wing and the wire. This observation emphasizes the usefulness of including space charge
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effects in the corona boundary condition (Equation 4 instead of Equation 3). For these same cases, the
computed electrostatic potential is shown in Figure 8 with the ion trajectories, including wind and electric
drift, superimposed in black.

Note that in the experiment the corona does not totally extinguish (although it becomes very weak)
(Figure 5). This is in part because of a finite leakage current through the voltage divider and also possibly
because any extinction might be followed quickly by a reignition that is not captured by the d.c. measure-
ments taken. This second loop of current becomes important for the low‐current cases close to corona extinc-
tion (e.g., the leakage current for a 10 kV voltage difference across a 10 GΩ resistor is 1 μA).

Figure 6. Wing potential as a function of wind speed in the charging‐dominated regime showing the effect of different
wire positions close to the wing's trailing edge with a power supply voltage of 13 kV. (left) Experimental data and (right)
results of numerical model with bands around each baseline case to account for the variability of ion mobility with
humidity.

Figure 5. Dependency of corona luminosity (UV‐sensitive camera) with wind speed in the charging‐dominated regime.
The higher the wind speed, the less luminous the corona. Images correspond to Wire Position 3 and 13 kV applied voltage
between wire and wing.
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Finally, the effects of ion mobility are also of interest. Below saturation, increasing mobility facilitates ion
retrieval due to the wing potential, so a lower negative potential is sufficient to balance the wind drag.
However, when saturation is reached because ion emission stops, this effect disappears, and mobility
changes do not modify the potential. This observation also applies to the effect of relative air density.
While the simulations have been performed for δ¼ 1, for comparison to the experiments, mobility scales
with δ−1 and the Peek field, to first order, scales with δ. For δ< 1 (e.g., an aircraft in flight), mobility is
increased and the onset field is decreased, achieving saturation at higher wind speeds and requiring lower
applied voltages.

In summary, for the charging‐dominated scenario, two distinct regimes can be distinguished: a low‐wind
regime, where the negative body potential increases more or less linearly with wind, and the corona current
is nonzero, but decreasing with wind; and a high wind saturation regime, with zero current and a limiting
body potential. For a given wind speed, this saturation can be overcome by increasing the power supply bias.
Figure 9 shows the effect of varying the power supply bias, in the range 13–18.7 kV, for Wire Position 3. It is
worth noting that both the initial slope of wing potential versus wind speed and the wing saturation poten-
tial (magnitude) increase with ΔV.

Figure 7. Numerical results for different wire positions close to the wing's trailing edge (charging‐dominated regime) and fixed power supply voltage of 13 kV.
(left) Corona current as a function of wind speed, the bands around each baseline case account for the variability of ion mobility with humidity. (right) Space
charge density in μC/m3 for Wire Position 3 and increasing wind.

Figure 8. Electrostatic potential in kV for Wire Position 3 and power supply voltage of 13 kV. Effect of gradually increasing wind in a case showing
charging‐dominated behavior. Ion trajectories are shown in black.
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3.2. Transition to Classical Behavior

Since the level of charging is strongly dependent on the specific geometry, the question arises whether a
Chapman‐like behavior could also be obtained for an isolated body. To test this, the wire was moved to
the leading edge of the airfoil (Positions 9‐11), facilitating ion capture even at low wing potentials.

As shown in Figure 10, by moving the wire to the leading edge, the current behavior changes drastically and
lower levels of charging are obtained. For Positions 10 and 11 the current actually increases with wind, and
for Position 9, the current first increases, reaches a maximum, and then decreases with the wind, marking
the transition regime between classical and charging‐dominated behavior. In this case, the direct effect of
wind, that is, removal of the shielding ion space charge, takes precedence over the indirect effect of the nega-
tive overall potential, and the current increases initially with wind speed. Nevertheless, at some wind speed,
sufficient charging is imposed to reverse the trend and reach the eventual zero‐current saturation condition.

The transition can be visualized using the computed evolution of the ion cloud (Figure 11). It is clear that
when increasing the wind speed from 0 to 10 m/s, the corona gets stronger since the wind removes part of
the shielding effect. This is consistent with a current increasing with the wind. Beyond this point, the
indirect effect of the wing charging takes over and the corona starts to get weaker until extinction at around
30m/s.

Figure 9. Experimental (top graphs) and numerical (bottom graphs) results of wing potential and corona current, as a
function of wind speed, for Wire Position 3 and varying the bias voltage between 13 and 18.7 kV. The bands around
each baseline case for the model results account for the variability of ion mobility with humidity.
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Figure 10. Transition from classical to charging‐dominated behavior. Experimental (top graphs) and numerical (bottom
graphs) results of wing potential and corona current, as a function of wind speed, for different wire positions close to the
wing's leading edge and fixed power supply voltage of 13 kV. The bands around each baseline case for the model results
account for the variability of ion mobility with humidity.

Figure 11. Space charge density in μC/m3 for Wire Position 9 and power supply voltage of 13 kV. Effect of gradually increasing wind in a case showing transition
from classical to charging‐dominated behavior: left to right, 0 to 30 m/s in 10m/s increments.
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The model captures the transition regime of interest (Wire Position 9), but the agreement between experi-
mental and calculated currents is poor for Wire Locations 10 and 11 near the leading edge of the wing
(Figure 10). The main sources of discrepancy for these locations are (i) the effect of the far‐field boundary
and wind tunnel walls and (ii) the ideal flow assumption. For Positions 10 and 11 and during the transient
charging phase, the ion evacuation by the wind is limited since the wire is directly facing the leading edge of
the wing; hence, charging may be dominated by ions escaping to the wind tunnel walls (as influenced by the
electrostatics). The presence of the wind tunnel is not captured in the model that assumes that a sufficiently
distant far‐field boundary has no effect on the results (the effect of this leakage current is discussed by Xu
et al., 2020). The pitfalls of the ideal flow assumption used in the model also become more apparent for
Positions 10 and 11. At a Reynolds number of ∼105, flow separation at the nonideal leading edge of the

Figure 12. Comparing of isolated versus grounded wing for case of floating electrodes exhibiting classical behavior.
Experimental results of wing potential and corona current, as a function of wind speed, for Wire Position 11 (leading
edge) and power supply bias of 13 kV.

Figure 13. Comparing of isolated versus grounded wing for floating electrodes exhibiting charging‐dominated behavior.
Experimental (markers) and model (solid lines) results of wing potential and corona current, as a function of wind speed,
for Wire Position 8 (vertical location) and power supply bias of 13 kV.
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airfoil, Figure 3, is bound to occur, whereas the model assumes the
streamlines follow closely the surface of the airfoil. As a result, the
model predicts high current capture and lower charging.

In summary, a third regime is observed, when moving the wire to the
leading edge, in which the current first increases with wind, then
reaches a maximum, and then decreases to zero.

3.3. Comparison Between Grounded and Isolated Electrodes

In order to recover the true classical corona in wind behavior, the
wing needs to be grounded. Two positions of the wire were selected
to compare the grounded versus isolated behavior (Positions 8 and
11). These locations were selected since they represent the most simi-
lar configuration to the classical Chapman experiments using a cor-
ona point and a collecting grounded plate (note that in this work a
wire‐plate configuration is used instead).

The wire position at the leading edge, Position 11, is an example of
small charging levels and increasing current with wind, even when
the wing is isolated. In the range tested, the reversal of the current
behavior is not observed. Experimental measurement of the current

for the isolated and grounded cases, as well as the floating potential measurement, is presented in
Figure 12. When the wing is grounded, the current increases with wind too, but the magnitude is higher,
for a given wind speed, as expected.

The vertical wire position, Position 8, when the wing is floating, is an example of the
charging‐dominated regime, with wing potential increasing (in magnitude) with wind speed until
saturation, and current decreasing with wind until it vanishes. Experimental and theoretical results
are presented in Figure 13. In this case, the magnitude of the current is low, as the wire is at the furth-
est distance from the wing tested. When the wing is grounded, the current with wind speed trend
reverses, showing the classical increase, as expected. For completeness in the data reporting, the
dependency of corona luminosity with wind in this case is show in Figure 14, as an example of a case
displaying classical behavior (i.e., current and luminosity increase with wind). Note that, in general, the
dependency of the luminosity with wind follows that of the current.

4. Conclusion

This paper has presented experimental and theoretical results that demonstrate that classical scaling laws of
corona discharge in windmay not apply if the electrode system is not grounded. Depending on the geometry,
power supply bias and wind speed, three different regimes were experimentally observed:

(1) For wire positions that favor ion transport by the wind (i.e., trailing edge positions) and low wind, the
wing negative potential increases close to linearly with wind and the current and luminosity decrease
with wind speed, in response to the system becoming more negative with respect to its environment.

(2) At some limiting wind speed the corona current goes to zero, marking the extinction of the charging
mechanism, and the wing potential settles at its saturation value, independent of wind speed.

(3) For wire positions that favor ion recapture (i.e., leading edge positions), charging is limited and a
Chapman‐like behavior is recovered. In this regime, the current and luminosity increase with wind as
the effect of the removal of shielding ion space charge takes precedence over the effect of charging. If
the wind speed is increased enough, it is possible that the trend is again reversed and the zero‐current
saturation condition be reached.

The mechanisms behind each of the trends observed experimentally were clearly explained by a charge
transport/electrostatic model that incorporates the effects of wind convection as well as the possibility of cor-
ona extinction due to sufficiently negative potential excursions.

The results presented in this work illustrate the feasibility of using a glow corona discharge in wind for con-
trolled charging of an isolated body (e.g., an aircraft or a helicopter in flight) via ion emission. The charging

Figure 14. Dependency of corona luminosity (UV‐sensitive camera) with wind
speed for a grounded configuration in the classical regime. The higher the
wind speed, the more luminous the corona. Images correspond to grounded
wing, Wire Position 8 and 13 kV applied voltage between wire and wing.
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level achieved depends on geometry, wind speed, and biasing voltage; and in particular, there is an optimal
wire‐wing position that leads to the highest charging levels.

Data Availability Statement

The wind tunnel data presented in this paper, including video recordings for all experiments, can be found in
the Harvard Dataverse (https://doi.org/10.7910/DVN/DNMEDE).
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