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Abstract. Electroaecrodynamic (EAD) devices, which produce a propulsive force in
air by electrostatic acceleration, have been demonstrated as a method of propulsion
for airplanes. However, achieving sufficient thrust-to-power is a significant challenge in
developing EAD aircraft which are practical. Theory predicts that devices with larger
inter-electrode gap spacing will enable higher thrust-to-power, but most experimental
work has been limited to gap spacings of less than 80 mm. Those studies which have
investigated spacings of greater than 100 mm have found results deviating from theory,
with lower thrust-to-power than predicted. We performed experiments between 50 and
300 mm gap spacing, and conclude that three effects explain the discrepancy: “leakage
current” from the electrodes to the surroundings, which does not produce thrust
but increases measured electrical power; reverse corona emission from the collecting
electrode, which reduces thrust and increases power; and the electric potential of the
thruster relative to its surroundings, which affects both leakage current and reverse
corona emission. Our results show that if these effects are accounted for, the existing
EAD theory is correct without modification beyond its previous range of validity, and
is applicable to wire-to-cylinder EAD devices up to at least 300 mm gap spacing. We
support our experimental results with two-dimensional numerical simulations, which
show that the experimental current and thrust, including effects of leakage current,
can be reproduced by computation with 12% error — an important step towards
numerical design and optimization. By experimentally replicating equilibrium in-flight
conditions, we measure thrust-to-power in the laboratory of up to 15N/kW for large
gap spacing thrusters at practically useful thrust levels. This is two to three times
higher than current implementations with smaller gap spacings, suggesting that large
gap spacing thrusters will be suitable for future EAD-propelled flight applications at
thrust-to-power competitive with or exceeding conventional propulsion.
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1. Introduction

Electroaerodynamic (EAD) devices are a means to generate propulsive forces in fluids
without any moving parts. These devices use an electric field to produce ions in a neutral
fluid such as air, and then accelerate these ions by the Coulomb force. Collisions between
the ions and neutral molecules transfer momentum from the ions to the bulk fluid and
result in an “ionic wind”. Ionic winds have been studied for applications such as solid-
state pumping [1, 2], heat transfer enhancement [3, 4], and flow-control [5, 6, 7]. Most
EAD devices produce and accelerate ions in a neutral fluid using a corona discharge,
which is a type of self-sustained glow discharge created by applying a steady state direct
current (DC) voltage across two asymmetric electrodes. There are also EAD devices
which operate using pulsed and alternating current (AC) discharges. In particular,
the AC dielectric barrier discharge (DBD), whose geometry can be integrated into the
surface of an airfoil, is being studied for aerodynamic flow control applications [6, 8, 9].

EAD devices and the ionic winds which they produce have also been proposed
as a method of propulsive force-generation for aircraft, either as a “lifter” [10, 11],
or as a forward propulsor [12, 13, 14, 15]. Conventional aircraft propulsion systems
which are used for lift and forward propulsion rely on moving aerodynamic surfaces,
such as propellers and gas turbines, to produce thrust. EAD is an alternative which
directly converts electrical energy to mechanical energy in the airflow, with no need for
moving surfaces. The motivation for developing such a “solid-state”, fully electric thrust
production system is threefold: it is quieter, mechanically simpler, and emits no direct
combustion emissions (although ozone is produced in the ionization process). Therefore,
an EAD propulsion system could potentially reduce the noise and air pollution produced
by conventional propulsion systems and in the near term may find applications in drones,
particularly those operating in urban environments. Moreover, the different physical
processes of EAD propulsion, governed by different scaling laws and constraints to
conventional propulsion, could enable flight at scales and with configurations that are
not possible now. For example, the potential for EAD aircraft at the sub-centimeter
scale is already being explored [10].

The first peer-reviewed study of EAD devices for propulsion applications was
by Christensen and Moller in 1967 [16], who concluded that orders of magnitude
improvement in performance would be required for EAD to be practical as a method of
propulsion. In the following 50 years, theoretical and experimental analyses broadly
confirmed these findings [12, 17, 15]. However, recent work, which optimized the
thrust density [18] and applied modern power electronics design [19] and aircraft design
optimization methods led to the demonstration of a flying EAD airplane [20]. This
proof-of-concept demonstrated that EAD aircraft are feasible at the UAV scale, and
could be suitable initially for applications where low noise and mechanical simplicity
are valued above range, payload, and efficiency.

The proof-of-concept aircraft did not carry a payload and had a endurance of 90
seconds. Increasing the thrust-to-power, T'/P, of the EAD propulsion system would



Higher thrust-to-power EAD 3

increase the aircraft-level payload and endurance of future EAD-propelled aircraft.
EAD theory predicts that at low speeds, the thrust, T, of an EAD thruster is

T = I—d, (1)
]

where [ is the current between electrodes, d is the electrode gap spacing, and p is the
ion mobility of the ambient fluid. Equation 1 is derived by evaluating the Coulomb force
on the ions travelling between two parallel plate electrodes [1, 16, 14], though Gilmore
and Barrett [21] showed that it should also apply to other electrode geometries. The
electrode where ions are produced is the emitter (usually the anode), and the other is
the collector (usually the cathode).

In the idealized EAD drift theory, the ion mobility, u = v;/E, which relates ion
drift speed v; and electric field strength E, is assumed to be uniform. Ion mobility is
a function of the chemical composition of the working fluid, the fluid pressure, and the
local electric field. The pressure is approximately constant for unducted atmospheric
thrusters at sea level. The theoretical dependence on electric field strength is less than
5 % for electric field strengths below 5 x 10° V/m [22], as is the case here. Measurements
of ion mobility from Moreau et al. [23] at different gap spacings showed variations of
less than 10 %.

In addition to uniform ion mobility, the derivation of Equation 1 assumes that the
current, I, is unipolar (i.e. consists only of ions of one polarity) and flows only from
the emitter to the collector. We find that this assumption does not always hold: under
certain conditions, a negative corona discharge can be formed at the cathode, resulting
in the flow of negative ions from cathode to anode.

Moreover, idealized EAD theory does not account for aerodynamic -effects.
Equation 1 calculates the electrostatic force; however, the net force produced by an
EAD device — and measured by experiments — will be reduced by aerodynamic drag on
the electrodes. In static laboratory conditions, where flow velocities are low, the drag
is small compared to the Coulomb force [24].

The thrust-to-power is defined as the thrust force divided by input electrical power

T Id 1 d
(2)

P IV, oV

where V, is the applied voltage across the electrodes. The development of EAD devices
with larger gap spacings, d, is therefore a path to higher thrust-to-power.

However, many past experiments have not quantified EAD performance at gap
spacings greater than 80 or 100 mm [15, 21, 23, 25, 26, 27, 28|. The few experiments
which do extend to larger gap spacings find unexpected results which show apparent
deviation from one-dimensional theory and significantly worse performance [12, 14, 29].
For example, the observed deviation from idealized theory, especially at high gap
spacings, was a contributing factor to Wilson et al.’s [12] conclusion that EAD was
not practical for propulsion. Similarly, the results in Masuyama and Barrett [14], for
gap spacings greater than 90 mm, showed a bi-linear degradation in thrust-to-power.
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We performed experiments for large thrusters of up to 300 mm gap spacing, and
found a number of physical effects not accounted for in the idealized theory, which reduce
EAD thruster performance. We find methods to avoid or account for these non-ideal
effects and accurately predict equilibrium in-flight EAD performance from laboratory
experiments, relevant to developing practical large gap spacing, high thrust-to-power
propulsion devices for flying aircraft.

We performed numerical simulations, applying more accurate boundary conditions
to existing numerical methods, and are able to reproduce our experimental results,
including the effect of non-ideal current leakage. These numerical methods can be used
to perform rapid design and optimization of EAD thruster geometry.

2. Experimental Setup

We performed experiments with wire-to-cylinder EAD thrusters, applying a voltage
across the electrodes and measuring the current and thrust force. The span of the
emitter was 750 mm, which is wider than all known previous experiments. The collector
was 100mm longer than the emitter, which reduces corona emission at the electrode
ends.

The thruster consisted of a rectangular glass fiber reinforced polymer (GFRP) frame
which held the emitting and collecting electrodes. The emitter was a 0.254 mm tungsten
wire, which offers high erosion resistance in coronas [30]. The collector was a thin-walled
aluminum cylinder with a diameter of either 9.5, 12.7, 19.1, 25.4, or 38.1 mm.

A voltage was applied to the the electrodes using bench-top high voltage DC power
supplies. Insulated wire (28 AWG stranded wire with fluorinated ethylene propylene
insulation) was used to connect the high voltage outputs to the thruster electrodes.

We used two DC bench-top high voltage power supplies of different polarities either
individually or in combination (Figure 1). The positive polarity supply (Matsusada
AU120-P) biases its output positive to ground, and the negative polarity supply
(Matsusada AU-120-N) biases its output negative to ground. This allowed the setting of
the potentials of the emitter and collector relative to each other, as well as the potential
of both electrodes relative to the grounded surroundings of the experiment.



Higher thrust-to-power EAD 5

=, B 77
Leakagé\ g
current

Grounded

.. . Emitter surroundings

i
! Corona

discharge EAE Positive DC supply
—— Vo010 80KV

i
d=50- DC drift

300 mm current \L
i
!
i
i
i

——— Negative DC supply
V,: 0 to -80 kV

Reverse : - Ground
emission “t"}
drift i) Collector

v current ! R.=5-19mm

\ / : Shunt resistor

Figure 1. Electrical schematic of experimental setup. End view of electrodes. Some
experiments used the positive DC supply only. Power supplies have internal current
and voltage measurement. An independent shunt resistor is used to measure current
through the collector when the negative DC supply is not used. Not to scale.

We define V,, as the applied voltage across the electrodes, V. as the voltage of the
emitter relative to ground, and V, < 0 as the voltage of the collector relative to ground.
Therefore V, =V, — V..

In sections 3.1 and 3.2, where we quantify the effects of leakage current and reverse
emission, only the positive supply is used (i.e. V. =V, and V. = 0).

In section 3.3, both supplies are used to quantify the effect of the relative potential
to the experimental surroundings. We set V., = aV, and V. = (1 — a)V,, where «
is varied between 0 and 1. For example, for inter-electrode voltage V, = 80kV with
a = 0.5 (symmetric differential mode), the output of the positive supply (and hence the
emitter) would be at 40kV and the output of the negative supply (and the collector)
would be at —40kV relative to ground.

The power supplies had internal current and voltage measurements, taken at the
high voltage output. These internal current and voltage measurements were calibrated
using a shunt resistor and a Tektronix P6015A high voltage probe respectively, and both
were accurate to within 1 %.

An independent current measurement was made at the collector to measure only
the current between the electrodes, and not the leakage current to the surroundings.
We measured the voltage across a 6.8 ) shunt resistor, multiplied with an operational
amplifier [31]. This was used in sections 3.1 and 3.2 when the negative supply was not
connected and V, = 0. The constant resistor value was chosen to give voltage readings
within the measurement range of our multimeter.
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Figure 2. Schematic of thruster and thrust measurement setup. Side view of
electrodes. Not to scale.

We measured thrust by hanging the thruster vertically from a scale and recording
the change in force measured by the scale (Figure 2). The scale was a Sartorius Entris
4202 balance with 10 mg resolution. The experimental space measured 3m wide by
2.5m long. The scale was supported 2.5 m from the floor by a GFRP cantilevered truss,
and the thruster suspended from the scale by a nylon line. The experimental volume
was evacuated of all conducting elements, except for the thruster itself and the high
voltage cables, which were insulated to a rated 120kV.

This experimental space is larger than those used in similar experiments, and
reduces the effect of the surrounding elements on the electric field. In our two-
dimensional numerical model, the ground boundary condition is a rectangular boundary
of 2.5m long by 2.5m high, matching the cross section of the experimental setup.

In our experiments, the emitter-collector voltage V, was increased in steps of 2kV.
The upper limit of the applied voltage was at 80kV or at the onset of arcing, whichever
was lower. Voltage, current, and thrust measurements were recorded simultaneously at
a frequency of 25 Hz. Thrust and current data were normalized by the emitter span.

Temperature and relative humidity were measured using an Omega HH311 probe.
Experiments were conducted at room conditions, at a temperature of approximately
24°C and relative humidity ranging from 33 % to 52 %. The relative humidity can affect
the ion mobility of air [32], though we do not observe any effect in this range of relative
humidities. This is in agreement with other EAD experiments [23].

Each data point plotted is the mean of approximately 400 data points recorded over
a period of 15 seconds. The standard deviation for the thrust was less than 3 mN /m;
the maximum error was 2.5 %.
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3. Experimental Results

The experimental results are divided into four sections. Each of the first three addresses
a separate experimental effect that we found, while the final section presents predictive
thrust performance results for EAD thrusters in flight.

3.1. Effect of Leakage Current

Measuring the current flowing through the collector using an independent shunt resistor
showed a difference between the currents measured at the emitter and collector,
indicating that current originating from the emitter does not all flow to the collector
(Figure 3(a)). The current flowing by another path, which we term “leakage current”,
had been previously observed by Monrolin et al. [15] and was attributed to corona
discharge at the electrode connections. The current which does flow from emitter to the
collector we term the “corrected current”.

Figure 3(b) shows that the discharge characteristic of the leakage current is
consistent with that of a corona discharge, with an inception voltage, Vj, of
approximately 20kV. The inception voltage for the leakage current is approximately
the same as the inception voltage for the primary emitter-collector current, suggesting
that the the leakage current also originates from the emitter itself (as opposed to the
electrode connections or the GFRP frame for example).

The leakage current varies weakly with the gap spacing. Increasing the gap spacing
from 100 mm to 300 mm increases the leakage current from 0.015mA /m to 0.018 mA /m.
This suggests that the leakage current is primarily driven by the electric field between
the emitter and the surrounding ground, and not the electric field between the emitter
and the collector.
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Figure 3. (a) Current vs. voltage at varying gap spacings. Solid lines are emitter
current and dashed lines are collector current. (b) Leakage current, which is the
difference between the solid lines and the dashed lines in panel a), flows from the
emitter to the grounded surroundings. A data fit of the form I = CV,(V, — Vp) is
shown, with C' = 7.3 x 1075mAkV—2m~!, V5 = 20.8kV. Note the different y-axis
scales. The collector diameter is 38 mm. Only the positive power supply is used
(Ve =V, and V. = 0). The collector is connected to ground through a 6.8 current
measurement resistor, and the negative supply is not used.

Figure 4(a) shows thrust vs Ii. - d. From Equation 1, we expect straight lines
of slope 1/u. At larger gap spacings, where the leakage current is a larger fraction of
the total current, using the total current rather than the corrected current results in
an apparent deviation from theory, with a higher effective ion mobility at larger gap
spacings. This results in reduced thrust-to-power performance at larger gap spacings
than expected from Equation 2.

Figure 4(b) shows that when the corrected current is used instead, the
measured gradient 1/4 is independent of gap spacing and implies an ion mobility of
2.43 x 1074 m?V~1s7!. The degradation observed in Figure 4(a) is due to the inclusion
of leakage current rather than an actual change in ion mobility at larger gap spacings.

Figure 4(b) also suggests that leakage current does not have a significant effect on
thrust. Once corrected for leakage current, the thrust performance is unaffected. The
performance degradation is only through increased power draw at the power supply, and
not thrust decrease.
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Figure 4. Thrust vs. the product of current and gap spacing at different gap spacings,
with (a) total drawn current and (b) corrected current. Shaded regions show the range
of reported ion mobilities for air: 1.8 x 1074< u < 2.5 x 1074m?V~1s~1 [33, 34].

Linear fit in (b) shows an average measured ion mobility 2.43 x 1074m?V~1s
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The collector diameter is 38 mm. The lower measured thrust for the 50 mm case is
attributed to flow blockage and increased aerodynamic drag at the low gap spacing.

3.2. Effect of Collector Diameter and Reverse Emission

We find that while leakage current effects allow us to recover the predictions of EAD

theory, this is only true at large collector electrode diameters.

Figure 5 shows that for smaller collector diameters, (a) a lower thrust is produced

at the same voltage and gap spacing, and (b) a higher corrected current per unit thrust
is measured (the gap spacing is the same for all runs).
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Figure 5. (a) Thrust vs. voltage (b) thrust vs. the product of current and gap spacing
at 150 mm gap spacing for varying collector diameters. Lower thrust and higher current
draw for smaller collector diameters is consistent with reverse corona emission at the
collector electrode.

These results suggest the presence of another non-ideal effect: reverse corona
emission at the collector. The assumption of unipolar ion drift relies on ions being
produced solely in a region close to the emitter. However, if the electric field at the
collector becomes sufficiently high that a corona discharge forms there, this is no longer
the case. Negative ions formed at the collector are accelerated towards the emitter under
the effect of the applied voltage. These negative ions produce thrust opposite to the
positive ions, reducing the net thrust; they add to the current and increase the power
draw.

This reverse emission or bipolar conduction effect had been previously observed [14,
15].  We find that it can be mitigated by increasing the collector diameter. Figure
5(b) shows that reverse emission (and deviation from idealized theory) occurs at higher
voltages for larger collectors, consistent with the higher corona inception voltage for
larger radius electrodes. A larger radius of curvature results in lower local electric field.
For the largest 38 mm collector, there is no observed reverse emission in the tested range
of voltages.

Reverse emission has a significant impact on thrust-to-power. At 80kV, reverse
emission reduces the thrust for the 10 mm collector by more than 30 % compared with
the larger 38 mm collector, and increases power draw by 25%. As a result, the thrust-
to-power is almost halved. Reverse emission is a problem for larger gap spacing devices
where the applied voltages are higher: while a 13mm collector is sufficient to avoid
reverse emission at 40kV, a much larger 38 mm collector is needed at 80kV.

Large collectors pose a design challenge for aircraft both in terms of weight
and aerodynamic drag, in particular at higher flight velocities. This motivates the
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development of methods to accurately predict reverse emission and optimize the
geometry of collectors to have low drag while keeping the electric field below the corona
inception value.

3.3. Effect of Boundary Potential

An experimental parameter whose effect has not been previously quantified is the voltage
bias of the thruster relative to its surroundings in the experimental room. All previous
EAD experiments with the positive corona (including those in the preceding sections)
have used a positive power supply to bias the emitter positive relative to ground, while
the collector is held at ground potential.

Figure 6(a) shows the thrust measured using this conventional configuration
compared with other power supply configurations where the relative voltage between
the thruster and ground is more negative. The relative voltage between emitter and
collector is the same in all the cases. When the thruster is at a more negative potential
with respect to ground, the thrust is lower. In the extreme case where the emitter is
at ground and the collector is negative at —V, the thrust is lower by 25%. We also
observe signs of reverse emission for V, = 0 and V, = 0.25V,, whereas we do not observe
them for V, = V,, even though the collector diameter is the same 38 mm.

Changing the potential of the experimental boundary changes the electric field
distribution around the thruster, and therefore its current and thrust characteristics. It
is conventionally assumed that the grounded boundary sufficiently far away from the
thruster that it has no effect. For our experimental space which is at least 2.5m in
each dimension, the results in Figure 6 show that this assumption does not hold. The
potential of the thruster relative to its surroundings should therefore be controlled.
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Figure 6. (a) Thrust and (b) leakage current against voltage for varying power
supply biases. V. = V and V., = 0 represent the emitter-positive-collector-ground,
and collector-negative-emitter-ground cases respectively. All the configurations have
the same relative voltage between emitter and collector. The leakage current is the
emitter current minus the collector current. Negative values of leakage current means
that current is flowing from the collector to the grounded surroundings due to corona
emission occurring at the collector. The gap spacing is 150mm and the collector
diameter is 38 mm

Figure 6(b) shows that leakage current changes depending on the potential of
the thruster relative to its surroundings. When the emitter is biased fully positive
relative to the surroundings (V. = V'), we observe the same corona-like leakage current
that was seen in Figure 3. When the collector is biased negative relative to the
surroundings (V. = 0), we find that the current at the collector is higher than that
at the emitter, suggesting that there is corona leakage current flowing from the collector
to the experimental surroundings (this is a current of negatively charged ions).

For the intermediate cases, when the emitter is biased partly positive to ground,
and the collector partly negative to ground, the leakage current is smaller. The leakage
current is approximately zero in the differential configuration where V, is 0.5V,. While
a number of factors affect the charge of an aircraft in-flight [35], and hence its potential
relative to its surroundings, we use the differential configuration to approximate an
equilibrium condition where there is approximately zero net current emitted by the
aircraft.

3.4. Thrust-to-power at Gap Spacings Greater Than 100 mm

We performed experiments in the differential configuration (V, = 0.5V) over a range
of gap spacings; measurements of the expected thrust-to-power in this equilibrium
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condition are shown in Figure 7.
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Figure 7. (a) Thrust-to-power versus thrust, and (b) voltage versus thrust for different
gap spacings using a differential V., = 0.5V, power supply configuration and a 38 mm
collector. Power is calculated using the total drawn current, which is the maximum
current recorded at either electrode. In differential mode, the net leakage current is
approximately zero, and the measured difference between the emitter and collector
currents is less than 2% in all cases.

Figure 7(a) shows that increasing gap spacing increases thrust-to-power at a given
thrust. At 200 mm gap spacing, a thrust-to-power of 10 N/kW is achievable for a thrust
per unit span of 100mN/m. This is higher than the 7.5 N/kW achieved at 100 mm
spacing and 4.5 N/kW at 50 mm spacing for the same thrust level. The caveat, shown
in Figure 7(b), is that to produce the same thrust of 100 mN/m, 70kV is needed for
200 mm gap spacing, while 50kV for 100 mm gap spacing. Provided this higher voltage
can be supplied, higher thrust-to-power of large gap spacing thrusters could enable
longer range and endurance at the aircraft level.

4. Electrostatic Modeling

Computational modeling of EAD thrusters enables rapid design and assessment.
Numerical models developed in the context of electrostatic precipitators have simulated
corona discharge devices [36, 37]. Recent studies have applied these methods to
EAD propulsion [38, 39, 40] to calculate current and thrust characteristics, though
numerical results were not experimentally validated. We applied the numerical scheme
developed by Davis and Hoburg [37] to our EAD device and were able to reproduce the
experimentally observed leakage current effect.
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4.1. Numerical Scheme and Boundary Conditions

We used the iterative numerical scheme described in Davis and Hoburg [37]. In steady
state, the governing equations solved are Gauss’s Law and charge conservation,

V2V = —p./€o, (3)
V-j=V-(pnE) =0, (4)

where V' is the electrostatic potential, p. is the space charge density, fis the current
density, and ¢ is the permittivity of free space. The boundary conditions were specified
by voltage on the emitter surface (V = V., = 80kV), voltage on collector surface
(V =V, =0), and voltage on the bounding box (V =V, = 0). Equations 3 and 4 were
solved using a finite element method (~ 130,000 triangular elements, converged to 0.5 %
RMS error) and the method of characteristics (~ 300 characteristics) respectively [37].
Consistent with Kaptsov’s condition [41], the scheme was iteratively solved for the initial
space charge until the mean electric field magnitude at the emitter converged to Peek’s
formula for corona inception [42]. The critical field used was 8.66 x 105V /m, and the
ion mobility used was our experimentally measured value of 2.4 x 10~ m?V~!s~! (from
Figure 4(b)). Grid convergence was established since tripling number of mesh elements
and doubling tolerance requirements changed results by less than 5 %.

(a) Simulation domain . (b) Magnified view
Bounding Box of electrodes Y

Kvb=0 /<

1 0 1 025 0 & 0.25
x (m) x(m) Collector
o T T 35x10° V=0

Space Charge Density (C/m?)

Figure 8. (a) Entire simulation domain and (b) magnified view of electrodes, showing
current paths. Large black circle is the collector. Boundary conditions are indicated.
Simulation conditions: V,=80kV, V.=0kV, V,=0kV, d=300 mm, 2r,=38 mm.
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The modeling assumptions and boundary conditions were different to previous
studies, but consistent with our experimental setup: i) the computational domain
corresponded to our experimental area, which was 2.5m by 2.5m (Figure 8). This was
larger than previous numerical studies [38, 39, 40] where the size of the computational
domain was in the order of centimeters; ii) the voltage of the boundary was set at
ground; and (iii) characteristic lines (and hence current flow) from the emitter to the
boundary were permitted.

4.2. Results
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Figure 9. Experimental and numerical results for (a) corrected current (which is
the current measured at the collector) and (b) leakage current. Results obtained by
matching the boundary conditions and electrode potentials in simulations to those in
experiment.

Figure 9(a) shows that the numerical scheme is able to reproduce the discharge
characteristics of the EAD device over a range of voltages and gap spacings. The RMS
error for the corrected current is 12 %. Prediction of corrected current enables improved
prediction of thrust; experimental results show that the thrust is approximately
proportional to corrected current, consistent with Equation 1 (Figure 4(b)).

The non-ideal effect of leakage current is also captured by our model, since current is
permitted to from the emitter to the bounding box in the simulation. Figure 9(b) shows
that the simulated leakage current is consistent with measured values, in particular for
high gap spacings. These results support our hypothesis that the greater part of the
leakage current originates from the emitter itself, and not the electrode connections.
Since the magnitude of leakage current is about 10 times smaller than the total emitter
current, the simulation errors are proportionately larger at 32 %.
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5. Conclusions

EAD thruster experiments with different geometries and electrical parameters have
elucidated two primary non-ideal effects associated with EAD thrusters: current leakage
to the surroundings in static experimental conditions and reverse emission from the
collector, which may be relevant in flight. A factor previously not considered in
experiments, the bias of the thruster relative to its surroundings, is found to influence
these two non-ideal effects.

Leakage current is an experimental effect not expected in-flight (expect potentially
near the ground). It can can be mitigated by performing experiments with power
supplies in a differential configuration, where the voltage of the emitter relative to the
grounded experimental surroundings is 0.5V, and that of the collector, —0.5V/,.

Reverse emission is a phenomenon which degrades EAD thruster performance,
especially at higher voltages. It is affected by the power supply configuration, but
primarily determined by geometrical electrode design. It can be avoided by sizing the
collector so that at the operating voltage, the maximum field at the collector is lower
than the critical corona field.

Following procedures to minimize leakage current and prevent reverse emission, we
are able to show that large gap spacing EAD devices can have higher thrust-to-power
than existing smaller gap spacing devices. Increasing the gap spacing from the present
50mm to a larger 200 or 300 mm could increase the thrust-to-power up to two or three-
fold.

Overall, these experimental results show that the predictions of canonical EAD
theory (Equations 1 and 2) hold outside the previously observed range of validity, and
that previously observed deviations can be explained without modification to the theory.

In the design of EAD aircraft, it is necessary to develop numerical methods to
predict the electrical performance of different electrode geometries, and balance the
competing requirements of preventing reverse emission and reducing aerodynamic drag.
Our first steps in numerical modeling are able to predict the current (and hence
thrust) to within 12% of experimentally measured values, as well as reproduce the
experimentally observed effect of leakage current. These models will be an important
tool in rapid future EAD device design and optimization.
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