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Performance Enhancement of EAD Thrusters
With Nonuniform Emitters Array

Davide Usuelli , Raffaello Terenzi , Stefano Trovato, and Marco Belan

Abstract— This work presents an experimental campaign
to optimize the performance of electro-aerodynamic (EAD)
thrusters through nonuniform emitter arrangements. The study
examines the impact of emitter configurations on thrust and
thrust-to-power coefficients CT and CT P . Different emitter
arrangements, including collinear and staggered arrays, are
tested using thrust, electrical, and velocity measurements as
diagnostics. The tests are parametrically performed for different
sizes (chords) of the collector electrodes. Results reveal that
nonuniform emitter configurations outperform standard arrays,
in particular, with short chord collectors, widely spaced apart.
An optimal configuration for CT is identified among the staggered
ones. In addition, droplet collectors demonstrate competitive
performance compared to airfoil collectors.

Index Terms— Atmospheric ion thruster, corona discharge,
EAD propulsion, ionic emitters configuration.

I. INTRODUCTION

THE demand for sustainable aviation has driven worldwide
researchers over the past decades to seek alternative

propulsion methods to conventional aeronautical thermal
engines [1], [2]. The current trend is to develop electrical
propulsion systems to reduce pollutants and noise around
airports and major cities. Historically, electric propulsion has
been used in space applications such as in Hall thrusters [3],
[4], [5], while electric-driven propellers are utilized for UAVs
and small general aviation planes. A promising alternative
to propellers is electro-aerodynamic (EAD) thrusters. These
devices, characterized by their simple geometry, offer advan-
tages such as zero emissions, low noise, and no moving
parts, resulting in reduced maintenance requirements. Notable
prototypes include airplane [6], which glided thrown by a
slingshot, and ionocrafts [7], which lifted vertically with a
wireless power supply on board and [8] which lifted from the
ground with its own power supply on board. These prototypes,
dating back a decade ago, demonstrated the feasibility of EAD
technology.

An EAD thruster, in its simplest form, consists of two
electrodes operating under a corona discharge regime: the
emitter—where air ionization occurs—and the collector. The
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electrodes are supplied with a high-voltage source, creating
an intense electric field that promotes ionization near the
emitter and drifts ions toward the collector [9], [10]. The
ion emitter is, in general, characterized by a small cross
section: wires with a diameter below 200 µm are often
employed, however, other geometries such as blades [11],
[12], [13] and pins [14], [15], [16] are also found in the
literature. The collector unit features a greater dimension,
with airfoils [6], cylinders [17], and droplets [7] being the
adopted geometries: several studies involving their optimiza-
tion can be found in [18], [19], and [20]. The generated
thrust (T ) results from the interaction between drifting ions
and neutral molecules, which exchange momentum during
collisions. A basic EAD thruster consists of a single emit-
ter and collector, forming a thruster unit. Thruster arrays
can be generated by stacking units in parallel [19], [21] or
aligning them sequentially to form multistaged thrusters [20],
[22]. The spatial arrangement of electrodes is still subject
to investigation, leading to different concepts. Studies in the
literature focus on optimizing the distance between collectors
SC and the distance between electrodes of opposed polarity
d for given voltage and electrode shapes. Given that this
technology is still in its early stages of development, there is
significant room for improvement. One of the open fields of
investigation is the arrangement of emitters, such as increasing
their density [23], which proportionally enhances multiple
performance parameters until the occurrence of the shielding
phenomenon, leading to performance degradation [24], [25].
In general, EAD thrusters operate using a dc voltage supply
for the corona discharge; however, different ionization sources
can be employed, such as DBD [26], [27], which exploits
the ac regime, or nanosecond pulsed power supplies, capable
of generating an increased number of ions before breakdown
occurs [28], [29]. Thrusters have been tested both on the bench
and in wind tunnels to investigate the effects of an asymptotic
flow [30], [31]. The performances of an EAD thruster are
typically evaluated considering the T , power consumption (P),
thrust-to-power ratio (T/P) as an efficiency index and thrust
density (T/A) as a compactness index, with A being the
reference frontal area. The promising performance of EAD
thrusters has also attracted interest from airship designers [32]
for potential low-cost alternatives to satellites.

This work aims at enhancing the performance of an EAD
thruster by further expanding the research on the spatial
configuration of emitters, in particular, exploiting nonuni-
form arrays. First, the existing configuration for a typical
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Fig. 1. Experimental rig.

wire-to-airfoil propulsive system is analyzed, and then new
arrangements are investigated. Thrust, electrical, and velocity
measurements are analyzed and used as diagnostics. To limit
the variable’s space, some constraints are imposed on the
geometry.

This article is organized as follows. In Section II, the exper-
imental setup is presented and the measurement techniques are
discussed. Section III illustrates the design of the experiment
along with the performance coefficients. Section IV presents
the results of the experimental campaign, while Section V
concludes the article.

II. EXPERIMENTAL SETUP

Two experimental setups were employed in this study for
thrust and velocity measurements using a precision balance
and a Pitot probe. The test rig, previously utilized in [12]
and [23], features components largely produced via rapid pro-
totyping using acrylic styrene acrylonitrile (ASA). It consists
of three main parts: the emitter frame, the collector frame, and
structural beams as shown in Fig. 1.

Constantan wires with a diameter of 30 µm act as emitters.
A long wire is wound around lateral arrays of pegs to form an
array of parallel emitters. The spacing SE between the emitters
is adjustable, starting from a minimum of 2.5 mm. Emitters are
connected to a positive, dc high-voltage power supply. On the
collector frame, holders are designed to accommodate various
geometries. Four collectors are mounted in each test, as shown
in the figure, which include airfoil and droplet geometries with
variable thickness t and chord c. Each collector is coated with
a 70-µm-thick aluminum foil and is electrically grounded.
Insulating caps protect the ends of the collectors that face
the emitters, to prevent reverse corona and early streamer
formation due to the electric field intensity in this area.
The collector holder allows for adjustable spacing between
electrodes SC starting from a minimum of 10 mm.

Structural beams connect all components, providing addi-
tional design flexibility and ensuring precise distances between
the electrodes in all directions. Vertical bars feature holes
where the collector frame can be attached, enabling modi-
fication of the gap d between emitters and collectors in steps
of 10 mm. The additional stiffness is provided by a support

loop at the base of the setup, which is also used to transfer
the load to the balance.

Detailed geometrical information and dimensions are pro-
vided in Section III.

A. Thrust Measurement

Thrust measurement is the main technique used in this
experimental campaign to characterize the performances of the
thruster’s different configurations. The setup described above
is positioned on top of a precision balance, characterized by
a 0.1-mN accuracy. Structural beams ensure adequate spacing
between electrodes and the balance plate to prevent electro-
static interference, and an additional grounded plate is placed
on top of the balance for the same reason. In all experiments,
the distance between the downward-facing emitters and the
balance plate is always greater than 400 mm.

B. Velocity Measurement

Velocity measurements exploit the same setup described
above. Minor modifications are implemented to guarantee
alignment with respect to the probe. A Pyrex Pitot probe with a
diameter of 1.2 mm is positioned on a plane 2 mm downstream
of the trailing edges of the collectors as shown in Fig. 3. The
probe position along the measurement plane is maneuvered
using a motorized linear positioning device with an accuracy
of ±5 µm.

The pressure signal is acquired along the electrode spacing
direction with a step of 0.5 mm in the vicinity of the collector’s
trailing edges, due to the high gradients present within the
wake, and 1 mm in other regions. The pressure difference
between the probe and the surrounding ambient is measured
by a differential pressure transducer with a range from 0 to
20 Pa and an accuracy of 0.01% of the full scale.

C. Electrical Measurement

The electrical scheme of the setup is shown in Fig. 2.
Both setups share the same high-voltage power supply which
provides a positive dc voltage Vs = 20 ± 0.03 kV. A ballast
resistance Rb = 0.996 ± 0.003 M� has been introduced
for safety purposes. During the tests, corona voltage Vc and
current ic across the electrodes are measured. The former is
acquired using a voltage divider with Rtot = 47 ± 0.001 M�,
while the latter is obtained from the voltage signal read across
an Rs = 88.5 ± 0.01 � shunt resistor.

D. Data Acquisition

During the thrust measurement, the thrust T is determined
by the difference in the balance output reading when the thrust
is switched on and off. For each test, acquisitions are averaged
to obtain the final values, while the uncertainty is propagated
using the root sum of squares (RSS) method. Thrust, Vc, and
ic are acquired using an oscilloscope with an acquisition time
of 2 s and sampling frequency of 50 kS/s.

The velocity measurement primarily aims to investigate
flow topology. Therefore, only the signal from the pressure
transducer is acquired, with an acquisition time of 10 s and
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Fig. 2. Electrical scheme.

sampling frequency of 10 kS/s. Other electrical quantities such
as the current and voltage at the power source are monitored
to ensure the proper operation of the setup. The velocity u
downstream to the collectors is calculated using the formula

u =

√
21P

ρ
(1)

where 1P is the differential pressure measured by the trans-
ducer and ρ is the atmospheric density estimated using perfect
gas law.

III. DESIGN OF THE EXPERIMENT

A. Geometry Definition

Due to the considerable number of parameters that char-
acterize the electrode configuration of EAD thrusters, some
constraints based on consolidated results from the literature
are introduced, limiting the number of variables for this
work to focus predominantly on the emitter’s placement. The
considered parameters and their respective values are listed
below and shown in Fig. 3.

1) Gap between the electrodes: d = 20 mm.
2) Spacing between collectors: SC = 25, 35 mm.
3) Collectors chord length: c = 15, 20, 25, 100 mm.
4) Collectors thickness-to-chord ratio: t/c = 24%.
5) Collectors span: b = 120 mm.

Fig. 3 also introduces the nomenclature for the regions (cells)
between and outside collectors. Concerning the test campaign,
two symmetrical collector shapes are selected: airfoils and
droplets. Airfoils are based on four-digit NACA shapes, prop-
erly scaled according to the selected chord and thickness;
droplets feature a semicircular leading edge with a radius
r = t/2.

The present work focuses on the emitter arrangement: the
five examined configurations are depicted in Fig. 3. The
reasons behind the choice of these particular configurations are
exposed in Section IV. The first emitter disposition, referred
to as the single configuration, presents an equal number of
anodes and cathodes, that is, a 1:1 ratio, and it corresponds to
the configuration most commonly found in [6], [7], and [17].
In the hybrid configuration, the number of emitters is doubled,

TABLE I
PERFORMANCE PARAMETERS AND DIMENSIONLESS COEFFICIENTS

with additional emitters placed at the extremities of the thruster
(as in the case of [23]). However, in this case, the outer emit-
ters may feature a different spacing in millimeters, denoted as
h, compared to the inner anodes, thus leading to nonuniform
dispositions. The two arrangements described above are said
to be collinear since each collector directly faces an emitter.
A different solution involves staggered arrays: in this case,
each collector is paired with two emitters that are displaced
at an equal distance from the collector axis creating a thruster
unit; the resulting spacing in millimeters is denoted as H and
these configurations are referred to as STG ∗ (i.e., staggered),
where ∗ is the H value.

B. Performance Coefficients

The experimental data are analyzed to generate perfor-
mance indicators, useful for comparing the results deriving
from the different configurations. In literature, three perfor-
mance parameters are generally adopted: T , T/P , and T/A.
Depending on the optimization target, these parameters can be
exploited to generate Pareto fronts for tradeoff analyses. In this
work, T and T/P are the main outputs of interest: to provide
meaningful comparisons with other setups, their dimensionless
counterparts are introduced. The complete derivation can be
found in [18]: the respective coefficients for T and T/P are
reported in Table I, where ϵ is the permittivity and µq is
the ion mobility. Each coefficient is obtained by dividing the
dimensional data by the corresponding reference value.

IV. RESULTS

A. Performance for c = 100-mm Collectors

The starting point of this work derives from the analysis
contained in [23], where NACA0010 airfoil collectors with a
100-mm chord were arranged at a spacing of 25 and 35 mm
and a gap d = 20 mm. The smaller one, for which spacing and
gap are similar, yields a better T/A, while a higher spacing-to-
gap ratio, such as for the 35-mm case, provides greater thrust
and thrust-to-power overall. A condition in which the spacing
is much smaller than the gap has not been considered as it has
been proved to work inefficiently due to its inherently higher
aerodynamic blockage [19]. In this work, both spacings are
considered short-chord collectors and have never been tested
together with an increased number of emitters.

Different uniform emitter arrangements were tested. The
optimal configuration in [23] was the one identified as SC35
SE17.5, where the designation indicates a collector spacing
SC = 35 mm and an emitter spacing SE = 17.5 mm, that is,
the collector spacing is twice the emitter spacing. It features
extremity emitters outside the reference area of the thruster,
defined as the area limited by the first and last collectors,
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Fig. 3. Geometrical definition and nomenclature, not to scale.

Fig. 4. Effect of h on performances of hybrid configuration. Data from [23]
are scaled to obtain dimensionless coefficients.

with an external displacement h = SC/2 (see Fig. 3). The
first investigation in the present work focused on the effect
of h on the thruster’s performance. It is reasonable to believe
that reducing the distance between the external emitter and the
first and last collectors may improve performance due to an
increase in the corona discharge intensity.

The range of h was selected according to the available spac-
ing of pegs on the emitter-base: h = 2.5, 7.5, 12.5, 17.5 mm.
The test rig is placed on top of the balance to read the thrust
T , while Vc and ic are acquired to generate performance
coefficients for each configuration. Tests demonstrate that
the configuration with SC25 does not significantly improve
performance with extra emitters. Therefore, only results for
SC35 are presented. As illustrated in Fig. 4, the optimal
configuration for both T and T/P corresponds to the one
with h = 7.5 mm referred to as hybrid, as a result of the
compromise between the electrical shielding dictated by the
proximity of the anodes and the distance between electrodes of
different polarities. The respective performance enhancement
compared to the SC35 SE17.5 case from [23] is shown in
Table II.

To investigate the reasons behind the observed increase in
the propulsive force, velocity measurements were performed
along the spacing direction SC across all the thruster units.

TABLE II
COMPARISON BETWEEN SC35 SE17.5 AND Hybrid

Fig. 5. Velocity profiles comparison between h = 7.5 mm and h = 17.5 mm.
The range 0 < |y/SC| < 0.5 represents the outer half of Cell 1, while
0.5 < |y/SC| < 1.0 encompasses the outer cell, with the outermost collector
being positioned at |y/SC| = 0.5.

The comparison of velocity profiles between the hybrid case
and the SC35 SE17.5 configuration is shown in Fig. 5.
In particular, only the region of the outermost collector is
illustrated, as the flow fields in the central cells do not present
significant differences.

In the outer cell region, the hybrid arrangement shows a
steeper velocity decay due to a shorter distance of the external
emitter with respect to the cathode. Inside the cell, a higher
velocity peak in the vicinity of the trailing edge is encountered.
The acceleration may derive from a nonnull angle of attack of
the airflow entering the cell due to the ionic wind generated
by the external wire and conveyed into the cell (showing the
typical flow pattern of the lee side of an airfoil), unlike the case
of SC35 SE17.5 where a greater distance along the spacing
direction prevents the increase in velocity.
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Fig. 6. Performance comparison of single and hybrid configurations. Data for C100 airfoils from previous work are reported for comparison. (a) CT . (b) CT P .

Fig. 7. Velocity profiles for hybrid configurations with c = 25-mm airfoil collectors and different collector spacings SC. (a) SC25. (b) SC35.

TABLE III
VARIABLE SPACE

Recent advancements in geometry optimization of EAD
thrusters have demonstrated that collectors characterized by
smaller chords c are beneficial for certain performance param-
eters, as smaller surfaces are exposed to the airflow [18].

In this work, the applicability of hybrid configurations
to smaller collectors is questioned, as in [18] only single
arrangements are tested.

B. Hybrid Configuration on Short-Chord Collectors

The accounted variables of the experimental campaign of
this section and their possible values are listed in Table III.

An airfoil with c = 25 mm and t = 6 mm, which
corresponds to t/c = 24%, serves as the baseline geometry,
as it is the optimum configuration from [18] for CT and CT P .
Contrary to that study, in this work, the thickness-to-chord
ratio is set constant while the chord length c is variable but
excluding large values with respect to the gap d, as the latter
determines noticeable changes in the performance parameters.
While airfoil-shaped collectors have proved to perform well,
droplet collectors have historically been used, that is, [7], [19],
due to their satisfactory electrical performance. Additionally,
a direct comparison between the two cross sections has never
been performed for small chords.

The results are reported in Fig. 6, where the c = 100 mm
NACA0010 airfoil presented at the beginning of the Results
section is displayed in gray for a thorough comparison.

Each hybrid configuration outperforms the corresponding
single arrangement. For the airfoil-shaped collectors, a smaller
chord length leads to higher CT while the trend is the opposite
for droplet collectors. As the size of the collectors decreases,
the gain in performance provided by the hybrid disposition
is generally reduced. The c = 100 mm collectors still yield
the highest value of CT for the hybrid case. As shown in
Fig. 5, the introduction of external emitters in a thruster with
long chord collectors creates a beneficial extra velocity on
the lee side of the outer collectors. As shown below, this
advantage is reduced when using short collectors; however,
long collectors turn out to be much heavier, limiting their use
for viable applications, thus they are excluded from further
considerations in the following sections. As a consequence,
this study exclusively focuses on short-chord collectors. As a
general trend for CT P , smaller chords lead to higher values:
this behavior is confirmed for all geometries.

The limited increase in performance provided by the hybrid
arrangement suggests that this emitter configuration is less
effective on small collectors. To assess the presence of the
same phenomenon described above, velocity measurements
are performed downstream of the thruster cells, focusing on
the velocity peak that arises in the vicinity of the external
collectors.

Fig. 7 shows the flow field downstream of Cell I and
outer cell, for both SC25 and SC35 spacings between airfoil
collectors. The comparison with Fig. 5 shows no remarkable
distinction in the internal and external velocity profiles, which
instead are very different when the chord is long. Here, they
remain symmetrical across the external collectors without
the presence of noticeable peaks, thus determining the lower
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Fig. 8. Flow fields comparison in the central region downstream Cell II with c = 25 mm airfoil collectors, for different SC values. The presence of multiple
emitters introduces additional peaks in velocity profiles. (a) SC25. (b) SC35.

Fig. 9. Performance comparison between staggered configurations. The STG15 arrangement provides the highest values for CT , while all staggered
configurations deliver similar performances in terms of CT P . (a) CT . (b) CT P .

effectiveness of the hybrid arrangement for minor chords when
compared to the c = 100-mm collectors.

A significant difference for single configurations can be
spotted between the Cell II flow fields shown in [23] and
those of this work. Since Cell II is at the center of the thruster,
it mimics periodic conditions as it is less affected by the edge
effect. In the case of [23], there is a clear distinction between
the flow fields associated with the different spacings, with
SC25 being channel-like and SC35 being double jet-like flows.
This differentiation is no longer evident with shorter chords
as shown in Fig. 8, with the flow field being more similar to
two distinctive jets developing close to the collector’s wakes.
The behavior change can be explained by considering the
thickness-to-spacing ratio t/SC: all the tested geometries in
this work are characterized by t/SC values that are closer to
the one relative to the c = 100-mm airfoils at SC35, where the
mutual influence between adjacent collectors is not substantial
with respect to the cases where SC is equal to 25 mm. In other
words, short collectors are not extended enough to create a
channel flow between them.

C. Staggered Emitter Arrangement

The introduction of hybrid configurations did not result in
a significant increase in performances for smaller collectors.
The emitter arrangements considered above are characterized
by a collinear alignment, where each collector is facing one
emitter. In literature, several examples of staggered arrays such
as those in [7] and [23] have proved to be beneficial, especially
when considering T/P .

Due to the nearly isolated behavior of each collector at
small chords for the tested spacings, it is reasonable to believe
that an increase of the emitter density only on the proximity

of the cathodes could overcome the limits that the hybrid
disposition encountered instead. Previous analyses have shown
how configurations with SC35 consistently outperform those
with SC25. Therefore, only the former is considered in this
investigation. The parameter to be optimized is H , defined
as in Fig. 3. According to the previously introduced nomen-
clature, the tested configurations are: STG12.5, STG15, and
STG17.5, meaning H = 12.5, 15, 17.5 mm, respectively. The
lower and upper limits are selected based on shielding effects
and collector spacing, respectively, as well as the constraints
imposed by the experimental setup.

In the staggered configurations, only two emitters per collec-
tor are placed since increasing the number with small spacings
may easily lead to electric shielding while increasing the
spacing leads to performance degradation. The results in terms
of CT and CT P are shown in Fig. 9.

The histogram plot illustrates that the STG15 configuration
is the one providing the highest thrust coefficients CT for
both airfoil and droplet collectors. Increasing or reducing the
chord length leads to the same trend of Fig. 6 for airfoils and
droplets, respectively. Moreover, this staggered configuration
always outperforms the hybrid. Regarding CT P , nonuniform
arrays exhibit higher values with respect to the hybrid as
expected, due to the greater average distance between the
electrodes in the proximity of the collectors. However, unlike
for the case of thrust coefficient CT , no single staggered
configuration consistently provides the highest values for each
type of collector, with their variations being limited.

D. Pareto Front

The experimental results have been presented in the pre-
vious subsections following a logical flow from simple
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Fig. 10. Pareto front: CT and CT P are the selected parameters of interest. STG configurations outperform single and hybrid as more emitters per collector
are present while limiting the P due to their disposition. Emitter arrangements are explicitly labeled only at the outermost front.

geometries to complex arrangements, to increasingly improve
the overall propulsive performance. To globally visualize the
results from the extensive campaign and conclude, a Pareto
front is generated considering CT and CT P as the selected
nondimensional variables. Since the configurations with 35-
mm collectors spacing are the ones providing the best
performances compared to their respective SC25 cases, the
Pareto front in Fig. 10 considers only the configurations
featuring the former spacing.

Except for the heavy 100-mm airfoil chord case, which was
added only for comparison purposes, the outermost front for
smaller chords is made up of staggered configurations. These
offer the best compromise between T and P , making them the
preferred choices for propulsive applications with small and
light collectors.

V. CONCLUSION

This work aimed to explore the performance enhancement
of EAD thrusters through several emitter configurations. Initial
results indicate that using a hybrid configuration with collinear
emitter arrangements can significantly improve the thrust and
T/P , with an increase of up to 12% and 13%, respectively,
for long-chord collectors. However, by decreasing the cath-
ode dimensions, the performance gains are less pronounced.
The analysis revealed that the flow field differences between
hybrid and single-emitter configurations diminish with shorter
collectors, reducing the effectiveness of hybrid dispositions.

Further development leads to the introduction of staggered
arrays. These outperform all the previous configurations,
showing performance increases for both CT and CT P . The
choice of employing dimensionless coefficients has allowed us
to compare different configurations and find a global optimum
while operating at a single voltage and without varying the
geometrical gap between the electrodes, therefore resulting in
valid also for scaling purposes. This remains true as long as
the 1-D theory underpinning the derivation of dimensionless
coefficients is valid. In particular, this entails a gap between

the electrodes that is much larger than the thickness of the
collectors and collectors much thinner than their spacing,
therefore limiting the influence of the transverse dimension (y)
of the 2-D geometry. The STG15 arrangement provides the
highest values for CT , while all staggered configurations
deliver similar performances in terms of CT P . In general, a
35-mm collector spacing in the order of twice the electrode
gap provides the best performance.

The Pareto front suggests that droplet collectors are a
competitive geometry compared to airfoils as their worse aero-
dynamic characteristics are compensated by better electrical
performances.

All the tests were performed on a bench, future develop-
ments would, therefore, require extending the experimental
investigation to wind tunnel testing, where a nonnull asymp-
totic velocity can shift the optima found in this work. Due
to the considerable number of geometric variables, numerical
support may help identify the most performing configurations,
optimizing the geometry to reduce aerodynamic drag while
maintaining high electrical performances.
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All data required to reproduce the results and figures pre-
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the DOI: https://doi.org/10.5281/zenodo.14202884.
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