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Abstract
In this work, a wire-to-grid electroaerodynamic thruster is experimentally investigated in a low-
pressure environment. The study explores the influence of electrode gap d and ambient pressure

the author(s) and the title p on thrust density T/A, thrust-to-power ratio T/P, and corona current i.. A dedicated test rig is

of the work, journal
citation and DOIL.

designed to operate within a low-pressure chamber, which is equipped with diagnostics for thrust
and electrical measurements. Experimental results are compared with a revised physical model.
The findings validate the theoretical framework and reveal that thruster performance is highly
sensitive to both pressure and electrode spacing. Overall performance degrades with decreas-

ing pressure, while optimal values of T/A and T/P require a trade-off in the selection of gap.
Measurements of ignition and breakdown voltages further define the operational envelope, show-
ing an expansion with increasing pressure.

1. Introduction

In recent years, the aerospace community has increasingly focused on environmentally friendly propul-
sion solutions for air vehicles, ranging from small general aviation aircraft and unmanned drones to
large commercial planes and stratospheric platforms such as air balloons and airships. Electric propul-
sion systems [1, 2] and hydrogen-based technologies [3] have emerged as leading candidates for redu-
cing carbon footprints. In this frame, electro-aerodynamic (EAD) thrusters are gaining attention as a
promising alternative to traditional propeller-driven systems. Originally developed for space applications
[4-6], EAD thrusters have recently attracted interest for atmospheric use due to their simple design,
absence of moving parts, and low noise emissions. Unlike ion thruster used in space, atmospheric ver-
sions do not require an onboard propellant tank as they utilize ambient air to generate thrust. This
feature enhances both the operational lifetime and the mission flexibility of the system. Notable proto-
types demonstrate the feasibility of this propulsion concept [7, 8], though the technology remains in an
early stage of development with significant room for improvement. Current EAD thruster operates under
corona discharge regime, characterized by a self-sustained current that arises when a sufficiently high
voltage (HV) difference is applied across two electrodes: an emitter and a collector. Ionization occurs at
the emitter, ions are generated and accelerated in the gap region, known as drift region. As these travel,
they collide with neutral air molecules, transferring momentum and creating an ionic wind that gen-
erates thrust. The ions eventually neutralize upon reaching the collector. There are two types of corona
discharge: positive and negative. The positive regime is typically used in EAD thrusters, where positive
ions travel through the drift region, while negative ions remain localized near the emitter [9, 10]. A key
requirement for air ionization is the presence of a strong asymmetric electric field, typically achieved
by employing electrodes with different radii of curvature. Thin metallic wires with a diameter below
200pum are commonly employed as emitters, however other solutions are possible such as blades [11-
13] or pins [14-16]. Collectors are often shaped like airfoils [7, 17], droplets [8] or cylinders [18]. A
basic thruster unit, composed of one emitter and one collectors, can be stacked in parallel [19, 20] or
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arranged sequentially to create a multi-staged thruster [21, 22]. Various optimization studies in the lit-
erature explore configurations and geometric parameters such as the gap distance d, emitter spacing

Se> collector spacing s, and their relative arrangement [20, 21, 23, 24]. EAD thruster performances are
affected by an electrostatic phenomenon known as shielding [25, 26]. Although shielding can negatively
impact ionization if it occurs near the emitters, it can be advantageous when occurring near the collect-
ors. By inducing field asymmetry, shielding allows for compact and lightweight collector designs with
reduced aerodynamic drag. This concept was explored in [27] using grid collectors made of wires with
similar diameters to the emitters, resulting in improved performance compared to traditional thruster
configurations.

Various ionization sources for EAD thrusters have been investigated [28-31], but DC corona dis-
charge remains the most effective option. Nowadays wind tunnel experiments have also been conducted
to evaluate performance with an asymptotic flow [32-34]. While most tests to date have been performed
in controlled laboratory environments, EAD thrusters are intended for real-world and also high-altitude
applications [35, 36]. Therefore, recent studies have examined the influence of atmospheric variables
such as pressure, temperature, and humidity on system performance [37-40]. Performance metrics for
EAD thrusters typically include thrust density (T/A), an index of compactness, thrust-to-power ratio
(T/P), an index of efficiency, power consumption (P.) and current consumption (i), with A a reference
frontal area. Alternatively, dimensionless coefficients have been proposed [23, 24] to allow for more con-
sistent comparisons between different configurations.

The objective of this work is to experimentally evaluate a state-of-the-art EAD thruster featuring
grid-based collectors under varying atmospheric pressure p and electrode gap distance d in a low pres-
sure chamber. In parallel, a revision of existing theory is proposed to develop a comprehensive model
that considers all parameters affecting performance. The key focus is to understand how performance
varies as a function of p and d and to define the operational envelope between the ignition voltage
Vign» onset of corona discharge, and the breakdown voltage Vi, that marks the transition to a different
regime.

This paper is organized as follows: section 2 presents the theoretical model, section 3 describes the
experimental setup, section 4 illustrates the design of experiment, section 5 discusses the results and
compares them to the theoretical model, finally section 6 concludes the paper.

2. Theoretical model

This section presents a theoretical model developed to generate dimensionless performance coeffi-
cients and predict the thruster’s behavior as a function of atmospheric pressure p and electrode gap d.
The framework is developed following the footsteps of the work discussed in [23, 37, 39]. The funda-
mental principle of thrust generation in EAD devices involves the collisions between ions and neut-

ral particles, characterized by the collision frequency Vionscsneutrals Which depends on air density p. The
thermodynamic state of air is fully determined by two independent intensive properties: pressure p

and temperature O, such that p = f{p, ©). In this experimental campaign, only pressure could be con-
trolled within the low pressure chamber, while temperature always corresponded to ambient conditions.
Although temperature was not actively controlled, it was continuously monitored throughout the test
campaign, a mean value of © =21.2 +0.7°C was registered. As a result, the theoretical framework
assumes O = const and p = f(p). The second key parameter, the electrode gap d, has been extensively
studied in the literature [41, 42]. It is the primary geometrical parameter influencing thruster perform-
ance, with the electrode arrangement held fixed. Given that the electrical envelope of an EAD thruster,
defined as the difference between breakdown voltage and ignition voltage, is expected to shrink as pres-
sure decreases, the electrode gap d may be an important factor in determining the optimal operating
point of the thruster at a given altitude.

The present analysis starts from the theoretical study [23] which led to the derivation of dimension-
less performance coefficients which, in turn, facilitate better comparison between different thruster con-
figurations. These coefficients are listed in table 1.
where ¢ is the dielectric permittivity, 1 is the ion mobility, V, is the applied voltage, A is a frontal ref-
erence area. It is important to emphasize that in this derivation V, = V. where V, is the voltage across
electrodes, assuming an ideal electric circuits. However, in a laboratory setting, V, > V. because of the
losses and of the possible use of a ballast resistor, and corona voltage V. should be used when applying
these coefficients. Upon analyzing the reference values, according to this derivation, thrust density T/A is
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Table 1. Performance coefficients from [23].

Name Reference value Coefficient
2

Thrust density, % € Cra

Thrust to power, % u‘f/a Crp

Corona current, ic L€o Z—; Cc

expected to scale as 1/d*. In contrast, literature [18, 41, 42] suggests an inversely proportional depend-
ence with respect to electrode gap. Moreover, the scaling law derived in [23] does not account for vari-
ations of environmental factors such as pressure and temperature. Additionally, all performance paramet-
ers are shown to scale with the applied voltage only, thus disregarding any dependence on the ignition
voltage (which is in turn a function of pressure and gap), below which no corona discharge develops.

2.1. Performance coefficients
This section revises the derivation of the above performance coefficients, with a focus on defining the
correct scaling with respect to ignition voltage Vig,, electrode gap d and pressure p.

As previously discussed, the characteristics of corona discharge depend on air density p. This depend-
ence is manifested through the ion mobility 1 which is governed by the balance between the electrostatic
force imparted by an external electric field and the collisional drag arising from interactions with neutral
background species. According to kinetics theory [43], ion mobility is defined as u = q/(mvy,), where
q is the charge of the species, m its mass and vy, the momentum transfer collision frequency. The colli-
sion frequency is a linear function of density, such that v, x p. Following Langevin kinetics theory [44],
which is commonly applied in this context, ion mobility can be expressed as:

1(0,p) © 101.325kPa _ x(©)

po  273.15K p p

(1)

where g is the ion mobility under standard condition, called reduced ion mobility. From this expres-
sion, it is clear that ion mobility is inversely proportional to pressure.

2.1.1. Corona current: Cg

Corona current arises from ions drift between electrodes. An EAD thruster operates under corona dis-
charge regime, charges build up modifying the local electric field thus limiting the maximum amount of
current, this behavior is described by Mott—Gurney law, a limiting case which sets the maximum pos-
sible current density in the drift region: jyg = (9/8)ueo(V2/d). This can be used as a scaling variable to
define the dimensionless corona current coefficient Cc:

e 8 i &p
o jMGA o 9 ‘LL()HE()A VCAV

Cc (2)

The dependence on pressure is made explicit using (1). The applied voltage V2 has been substituted
by V.AV where AV = V. — Vi, to consider the threshold voltage required for the discharge to develop.
This dependence of current on voltage has already been shown in several studies [18, 28].

2.1.2. Drift region EAD equations
The physics of the drift region can be described by the drift region equations:

v.gE=" (3a)

€o
Vj= V- py (uE+u) =0 (3b)
p(u-Vu)=—Vp+uVu+pE (3¢)

where E is the electric field vector, p, is the space charge density, u is the hydrodynamic bulk velocity
while i is the fluid dynamic viscosity. They represent first Maxwell law, current density continuity and
Navier—Stokes respectively; in the latter the volumetric EAD Coulomb force is added as a source term.

System (3) is made dimensionless introducing scaling variables. The first Maxwell law is of partic-
ular interest as it defines the scaling values for space charge density. The nondimensionalization of the
equations is carried out starting with the following relations:

e x = d X, the spatial coordinate system is made dimensionless by the gap distance d;

3
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e E=(V./d) E, a reference electric field is defined by ratio of the applied voltage to the electrode gap;
® p, = po Py> Space charge density is scaled with a reference value py.
e u =1y U, the hydrodynamic bulk velocity is scaled with a reference value u.

Substituting these definitions in (3a) leads to the dimensionless form of Poisson equation:

pod*
VCEO pq.

V-E= (4)
A reference value for the charge density can be defined in such a way that the multiplicative term has
order 1I:

Ve
pOZEOE. (5)

This reference value does not show any dependence on pressure, due to the insufficient modeling of
space charge density. This is an inherent limitation of a low dimensional model: in fact, considering that
the thrust is the integral of the product p,E in space, under the assumption of a given reference electric
field E = V./d, the only quantity that can affect thrust when pressure varies is p,. In other words, the
variation in thrust level with pressure for a fixed gap must be driven by the variation of charge density.
Hence, a new reference value is suggested here for space charge density p,:

Po = €0 éTzV % (6)
the pd product introduces the explicit dependence on pressure and also modifies the scaling law for the
discharge gap. The parameter Y is introduced to keep the coefficient dimensionless. The pd product is
also the independent variable in the well-known Paschen curves [43], which describe the breakdown and
regime change processes in gas discharge, this curve always has a minimum called Stoletov point which
is a constant for a given thruster geometry. For this reason Y is set to be x = (pd)stoletov- The introduc-
tion of AV considers the threshold voltage required for the discharge to develop. This formulation also
introduces a different trend with respect to the gap, suggesting that in a low dimensional framework the
charge density should be a linear function of the electric field, thus correcting also the discrepancy in
thrust versus gap previously encountered in literature [23]. The goodness of this new modeling is dis-
cussed in section 5.

The steady state current continuity equation (equation (3b)), in dimensionless form, can be
written as:

Ve - . R .
V- po fy ug E+uya|l=0 — V-pq(E+RVu):O (7)
~

Udrift

where a new dimensionless number appears: R, = (1o /ugrif) representing the ratio between the hydro-
dynamic velocity and a reference ion drift velocity ugnn = p(Ve/d). Its effect, widely studied in [34], res-
ults in only a minor increase in current and can therefore be considered negligible for very low-velocity
conditions, such as those encountered within a variable-pressure vessel, as in the present study. Finally,
introducing the scaling variables in equation (3¢) yields the classical dimensionless form of the Navier—
Stokes equations, in which the Reynolds number based on the gap Re; naturally emerges.

2.1.3. Thrust density: Cra
The thrust force generated is defined as the integral of EAD force density over the thruster domain (2.

T= / pgEdS. (8)
Q

Substituting the previously defined scaling variables, thrust density coefficient Crs can be derived as:

AV p V. P
T/IA=¢—=*—=d EdQ). 9)
[A= @ xdJq"

Cra
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Table 2. Analytical expressions and dependencies of dimensionless coefficients.

Coefficient Expression Proportionality wrt (V, p, d)
Txd d
Cra AeopV AV PV.AV
CTP 9Tx Ko Ve Ve
8Pp2d? P
C 8i.d’p &Fp
C SioreeAV AV V.AV

2.1.4. Corona power: Cp
The power drained by the thruster is computed by its integral definition:

P:i/joEdQ. (10)
Q

The substitution with scaling variables leads to the definition of power coefficient Cp as:

9 VAVY,
p= -0 e idA/

i-EdQ. 11
8§ p O & d o) d (11)

Cp

2.1.5. Thrust to power: Crp
Thrust-to-power coefficient is computed according to (9) and (11):
»’ dj . fQﬁquQ
Fuox Ve [o]-EdQ
————

Crp

ol

:%. (12)

The derived performance coefficients are listed in table 2, where in the third column the proportion-
ality with respect to studied variables are highlighted, voltage levels are included since the operational
envelope of the thruster depends on pressure level through Vig,.

3. Experimental setup

This section describes the experimental setup used throughout the test campaign, section 3.1 described
the facility and the diagnostics installed, section 3.2 describes the geometry of the thruster, section 3.3
discusses the data elaboration techniques.

3.1. Test facility and diagnostics

The experimental campaign was conducted in a low pressure chamber as shown in figure 1. The facility
features a modular cylindrical steel assembly consisting of three sections: the head, the central segment
and the tail. Each segment is 750 mm in length with a nominal inner diameter of 500 mm. The con-
nection between different sections is secured by dedicated flanges, the entire vessel is electrically groun-
ded. The chamber is capable of maintaining pressures on the order of few pascals. The tail and central
section has no access points while the head section features multiple access ports. A tempered glass win-
dow is installed on the top to monitor the nominal operation of the thruster. The desired pressure level
is achieved using a single-stage rotary vane pump connected to a lateral port. Manual valves regulate
air outflow and inflow from ambient air. A manometer with resolution 2000 Pa is installed to monitor
chamber pressure.

Two access ports are allocated to electrical connections. An HV feedthrough delivers the supplied
voltage from the power supply unit (PSU) to the thruster. Given that the EAD thruster operates at kilo-
volts voltage levels, the HV feedthrough is appropriately insulated to prevent electrical breakdown and
arc formation. The PSU provides an output voltage range from 0kV to 30kV DC. A 60-pin feedthrough
located at the bottom of the head section accommodates all low-voltage (LV) lines.

Thrust is measured using a single load cell; installation details are provided in section 3.2. The load
cell features a full-scale range of 1.5kg and a resolution of 0.1g. Signal routing from the load cell is car-
ried through the LV feedthrough. Additional LV wiring is used for grounding. All LV cables are enclosed
within EMI shielding braid to minimize susceptibility to electromagnetic interference.

An electrical circuit is implemented to power the thruster and measure the relevant operational para-
meters. These include the corona voltage V., defined as the potential difference across the electrodes, and
the corona current i, representing the current flowing from emitters to collectors. A ballast resistance

5
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Figure 1. Schematic diagram of the test facility. Colored arrows indicate acquired signals.

Ry, =4.440.0005M¢2 is connected in series with the power supply to protect the circuit against spark
events.

The corona voltage is measured through a voltage divider connected in parallel with the thruster.
The total resistance is Ryt = 154 £ 0.5 M2 providing a voltage attenuation ratio of 1:10000. The corona
current is measured using a contactless current probe, featuring a measurement range from 0A to 0.5A
and an uncertainty of 1%. An analog DC ammeter is employed to determine the ignition voltage due to
its high sensitivity in the low current range.

All analog output signals are transmitted to a data acquisition system for processing and analysis.

3.2. Test rig

A dedicated test rig, illustrated in detail in figure 2, is designed to accommodate the thruster inside the
low pressure chamber. Most components are 3D printed using ASA polymer with a full filling factor to
minimize outgassing during operation, while others are fabricated from PVC.

The emitter frame has a frontal area of A. = 150 x 250mm?* and houses a constantan wire of ¢, =
0.1mm diameter, which acts as emitter. The wire is wound around an array of pegs that define the
emitter spacing s., with available configurations given by s. = 2.5i mm with i natural number. The emit-
ter mesh density is defined as p. = ¢./s.. HV connection is placed at one corner of the base frame. The
collector frame mirrors the geometry of the emitter frame, forming a grid-like structure that is electric-
ally grounded. It features a frontal area of A, =200 x 250 mm?, with the extended span intended to mit-
igate electric edge effects. Pegs arrays determine collector spacing of s, = 2.5i mm with 7 a natural num-
ber. The corresponding collector mesh density is defined as p. = ¢/s. where ¢, is the collector wire dia-
meter, in this study ¢. = 0.1mm. Collector wires are installed only along the direction parallel to the
emitter frame. An additional protective cover is mounted on top of the collector frame, slightly redu-
cing the active span of the parallel collector wires to reduce edge effects. The thruster dimensions result
from a design trade-off: they must be large enough to generate measurable thrust, particularly under
low-pressure conditions, where maximizing the signal-to-noise ratio is critical, yet remain constrained by
chamber size. Sufficient clearance is required to prevent the chamber walls from unintentionally acting as
grounded collectors.
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(b) Complete test rig: EAD thruster is highlighted in red while load cell is
depicted in green.

Figure 2. Experimental rig.

Both emitter and collector frames are mounted to structural support bars. The emitter frame is fixed,
while the collector frame could slide along perforated rails, allowing adjustment of the inter-electrode
gap according to d = (10 + 5i) mm with i natural number. A stiffening frame is installed at the opposite
end of the support bars to enhance structural rigidity and interface with the load cell system. Its diag-
onal trusses are designed to avoid flexion and are connected to a U-shaped bracket. The load cell is ver-
tically mounted and connected to its upper side to this bracket via a single-point attachment, while its

7
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base is secured to an iron support platform. All metallic components are grounded. The structure also
provides shielding for the load cell from ionic wind effects that could compromise measurements. As the
cantilevered weight of the test rig exceeds the rated capacity of the load cell, a counterbalancing arm is
installed to neutralize the resulting moment and prevent overload.

3.3. Data acquisition and processing

Three physical quantities are measured during each test: thrust T, corona voltage V. and corona cur-
rent i.. Analog output signals are acquired using a DAQ system connected to a Python script that pro-
cesses data. Fach measurement is obtained by computing the difference in the recorded signal when the
thruster is switched on and off. To improve accuracy, multiple acquisitions are performed and averaged
to determine the final mean values. Measurement uncertainty is estimated and propagated using the root
sum of squares method. Data are sampled at a frequency of f; = 25kHz over a total acquisition time of
Tops = 2.

4. Design of experiment

This section outlines all the geometrical characteristics of the thruster used in the study. The primary
objective is to evaluate the influence of pressure p and electrode gap distance d on the EAD perform-
ances. All other geometrical parameters are kept constant throughout the test campaign. The adop-

ted configuration is based on [27] and features a parallel wire-to-grid arrangement, without collector
wires installed perpendicular to the emitter direction. A detailed summary of the electrode parameters is
provided in table 3.

The tested pressures values span from 101kPa to 20kPa with decrements of 10 or 5kPa. The lower
pressure limit corresponds to the condition at which further reductions cause the chamber walls to act
as dominant collectors when gap was set at 60 mm. The electrode distance was varied from 20mm to
40mm in 5mm increments for thrust and current measurements, with the upper bound also constrained
by proximity effects related to the chamber walls, as previously described.

The acquisition of ignition and breakdown voltages followed a separate procedure, given their expec-
ted nonlinear dependence on both pressure and gap distance. For this reason, additional data points
were collected by extending the gap range up to d = 60mm.

5. Results

This section analyses and discusses the results of the experimental campaign. The first step is to evaluate
the electrical operational envelope of the thruster, namely the region of stable corona discharge, as this
determines where the performance coefficients could be evaluated.

5.1. Ignition voltage: Vig,
Ignition voltage is defined as the voltage threshold required for the discharge to develop. The threshold
in this experimental campaign is defined as the voltage at which the high sensitivity ammeter starts
detecting a current, &g, = 2.5 1A, which is the resolution of the instrument. Multiple acquisitions are
performed over a gap range of 20 — 60 mm and a pressure range of 20 — 101kPa. Data are displayed in
figure 3.

Experimental data are interpolated with a model function that resembles Peek’s law [45]:

Vign (P, d) = a1 -p<1—|—\a/2§) (as +1In(d)). (13)

The suggested fit has an RMSE of 222.4 V, which is an error less than 5% of the local average value.

Ignition voltage is a monotone function of pressure and gap. Ionization occurs when particle colli-
sions are sufficiently energetic to strip electrons from neutral molecules. A decrease in pressure leads to
an increase in the mean free path: since the energy of a charged particle is proportional to the electric
field, this allows electrons to gain more energy between collisions, hence reducing the amount of input
energy and the voltage required to ionize. As for the gap, assuming a reference electric field E.f = V./d
required for the ionization to occur, a decrease in the electrode gap requires a lower voltage to reach the
ionization threshold, so that p and d act on Vig, in a similar way.

5.2. Breakdown voltage: V},
The definition of breakdown voltage is not universal, as it depends on the context and application. In
this work, the breakdown is defined as the voltage level at which the discharge deviates from corona

8
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Table 3. Adopted thruster configuration for the experimental campaign.

Frame Type Diameter (mm) Spacing (mm) Mesh density
Emitter Wire 0.1 17.5 0.0057
Collector Grid 0.1 2.5 0.04
I Fit
- Data

o [k6p(; ; 80

100 20

Figure 3. Ignition voltage as a function of p and d.

regime. The transition to another regime, for example glow, streamer or arc depends on pressure as
well on electric circuit characteristics [43]. For each pressure and gap, a voltage sweep test is performed
acquiring both V. and i.. These acquisitions also confirm the quadratic relationship between current and
voltage. Breakdown voltage is defined as the peak reached during sweep, as transition leads to a voltage
drop accompanied by a sharp increase of current. Due to maximum voltage limitation of the PSU, it was
not possible to reach breakdown at high pressure level and large gap.

The breakdown voltage is represented here as a Paschen curve, namely exploiting its dependence on
the product pd as shown in (14) and figure 4.

B-pd

Vor= In(4-pd) —In|in (1+1)]

(14)

where A, B are constants depending on the gas used, ~ is the secondary electron emission coefficient.
Results show that configurations with the same pd product do not have the same breakdown voltage,
this is expected since the original Paschen law applied for a plate-to-plate geometry, while in this case
the geometry is not symmetric due to wire-grid arrangements. Moreover, due to high dimensional
effects, the curves associated with different gaps do not collapse. This is also confirmed by other studies
[46]. In the selected test range, all Vi, belong to the right branch of the curve, meaning that the Stoletov
point was not reached, however data associated to the same gap are interpolated using a Paschen-like
curve to estimate its position and then averaged to obtain a global curve. This approximation is used to
define the limit of validity of the model presented in section 2 as to the left of the minimum considera-
tions carried out in this work do not hold. The extrapolated value for the Stoletov point x = (pd)stoletov
is in the order of 253.15Pa- m with a weak dependence on d to due the asymmetric geometry of the
thruster.The choice of employing this condition as the extra scaling variable for the updated reference
geometry is motivated by the fact that the Stoletov point represents a natural scale for ionization phe-
nomena in gas discharges, as it corresponds to the minimum of the Paschen curve and thus identifies
the regime of maximum ionization efficiency. Although in this work it has not been possible to directly
access this regime experimentally, the value of y is well defined theoretically and depends primarily on
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Figure 5. Thruster electrical envelope.

the type of gas, while the geometry of the discharge has only a higher-order effect. Consequently, its use
as a normalization parameter is justified: it provides a scale with clear physical meaning without intro-
ducing substantial variations in the order of magnitude of the dimensionless results.

The electrical operational envelope of the thruster, shown in figure 5, is defined as:

A‘/max @7‘1) = Vbr (P7d) - Vvign (pad) . (15)

The voltage envelope increases consistently with both pressure and gap size. This trend is particularly
significant at low pressure levels, where the operational voltage range can be quite narrow. By increas-
ing the gap, a broader operational window is achieved, which is advantageous since the required supply
voltage remains relatively low at low pressures. A detailed view of Vig,, V4, and available AV at fixed gap
d =20mm and pressure p = 20kPa is shown in figure 6 and figure 7 respectively. Data are interpolated
using (13) and (14). These experimental data are used in section 5.3.3 to estimate the maximum achiev-
able performance of the thruster, namely exploiting the entire electrical envelope.

5.3. Thruster performance

Thruster performance tests are carried out under variable pressure p and gap d according to what is dis-
cussed in section 4. The objective is to evaluate how thrust density T/A and thrust-to-power T/P are
affected by the selected variables; moreover, these tests are used to validate the performance depend-
encies discussed in section 2. Before dealing with the results of the experimental campaign, a discus-
sion about the selected voltage level for all tests is presented. According to the coefficients displayed in
table 2, performance depends on both AV and V. where V. = AV + Vig,. To compare results without
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Figure 7. Vig,, Vi, and AV vs gap at p = 20kPa.

Table 4. Performance parameters dependencies at fixed AV.

Parameter Proportionality to (p,d)
T/A p/d

T/P p*d*

ic 1/(dp)

Table 5. Reference configuration data.

d p V. T/A T/P

20mm  101kPa  20kV  54Nm~? 6.39Nkw™!

introducing additional dependencies, all tests are performed at fixed AV, the selected voltage value
should be sufficiently higher with respect to the ignition voltage to have a reasonable accuracy on the
results but sufficiently lower than breakdown voltage to have a safety margin, as electric arcs may be
destructive for the electrodes, thus invalidating results. This hypothesis, applied to the performance para-
meters, leads to the dependencies listed in table 4 where voltage V. is prescribed:

Experimental data are presented as percentage variations relative to a reference configuration, labeled
as Ref in the following figures, whose values are provided in table 5.

5.3.1. Performance vs pressure
At first, the performance parameters of an EAD thruster as a function of pressure are evaluated, while
the inter-electrode gap is kept fixed at d = 20mm. All results are reported with their mean values and
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Figure 8. Thruster performance against pressure p.

with 1o uncertainty level in figure 8. Data are displayed as a percentage variation with respect to atmo-
spheric pressure level.

Performance figures are strongly affected by pressure, as expected. Thrust density exhibits a linear
variation with pressure, this is due to the combined effect of space charge density and local electric field
value, which is here attributed exclusively to the charge density due to the model’s simplifications. As
pressure approaches zero, the thrust produced under corona discharge regime diminishes. This is due
to the dependence of collision frequency v on the gas density p; as the gas becomes rarefied, the like-
lihood of ionizing collisions decreases, even though more ions may be available due to the lower igni-
tion voltage. Ultimately, thrust goes to zero as the number of available neutral molecules also approaches
zero. Corona current i. increases as pressure is lowered, mainly due to the dependence of ion mobil-
ity on pressure. Specifically, the lower collision frequency between ions and neutral air molecules at low
pressure results in a higher average ion velocity, some ions may even drift between electrodes without
colliding. This explains the higher corona current observed at lower pressures. The corona current, as
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Figure 9. Thruster performances against gap d.

well as the corona power P, drained by the thruster decreases as 1/p. The combined effect of gener-
ated thrust and power consumption explains the behavior of thrust-to-power ratio T/P, which eventually
reaches zero as p — 0.

Experimental data are interpolated with a fit function proportional to pressure according to the
dependencies of table 4. Interpolating functions confirm that the predictions of the theoretical model
are correct, hence validating the newly defined performance coefficients made in section 2.

5.3.2. Performance vs gap
Experimental EAD thruster performance indices as a function of gap are shown in figure 9, pressure is
kept fixed at p = 101kPa. All results are reported with their mean values and with 1o uncertainty level.
Data are displayed as a percentage variation with respect to d =20 mm.

Thrust density decreases as electrode gap is increased, this is due to an overall reduction of space
charge density and average electric field as d = oo when AV is fixed. Less energy is imparted to charged
particles making collision less energetic. The weakening of the electric field also explains the rapid
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decrease of corona current i.. The two combined effects determine the variation of T/P as d — oco. Less
power is required to obtain the same thrust level, hence an higher T/P as gap is enlarged. Experimental
data are interpolated with a fit function proportional to the electrode gap according to the dependen-
cies of table 4. Interpolating functions confirm that the predictions of the theoretical model are correct,
hence validating the newly defined performance coefficients made in section 2.

5.3.3. Maximum achievable performance

Environmental conditions, represented by pressure, and geometrical parameters, particularly electrode
gap, significantly influence T/A and T/P. While the former is determined by the operational envir-
onment of the EAD thruster, the latter can be used as a tuning parameter to optimize performances.
At fixed pressure, as electrode gap is increased, the electrical envelope of the thruster expands. Thrust
density decreases with a dependency of 1/d, while T/P follows a d* trend. Considering an intermediate
voltage value between Vg, and Vi, the choice of electrode gap represents a trade-off between compact-
ness and efficiency, as discussed in multiple literature studies. However, an interesting result arises when
the applied voltage is ideally set equal to the breakdown voltage, in order to exploit the total electrical
envelope and obtain the maximum thrust. By substituting (13) and (14) into (9) and (12), the pro-
portionality for the maximum achievable thrust density and thrust-to-power can be derived, as shown
in (16). The AV considered in this model closely follows the maximum voltage envelope retrieved
experimentally in figure 5.

TN L PAVV (pd (e pd_p
<A>m“ d “(ln@d) “p (”ﬁ)“’”m(d”) In (pd) d (164)
2 12 2 12
<T> NS (16b)
P A
max In(pd)

Their asymptotic behaviour as d — oo is obtained under the verified hypothesis that a;,a;,as are
small compared to the order of magnitude of d and p:

lim (T) o d (17a)
d—oo \ A max
lim (T) xd. (17b)
d—oo \ P max

These promising results demonstrate that, if a sufficiently powerful PSU is available, both thrust
density T/A and thrust to power T/P increase as electrode gap is increased. A similar reasoning can be
applied to the asymptotic behavior with respect to pressure. Under the same assumptions, as p — 0o
maximum performances scale according to (16):

(T ,

pll{lgc <A)max xp (18a)
. T

plggo (P)max xp (18b)

The asymptotic behavior of thruster performances are verified by substituting experimental data from
figures 6 and 7 into (16). The corresponding results are presented in figures 10 and 11. In these plots,
vertical units are omitted, as only the qualitative shape of the curves is relevant to illustrate the asymp-
totic trends. Comparison with theoretical predictions indicates that, within the tested pressure range, the
thruster already operates in the asymptotic regime corresponding to p — oo in the tested pressure range.
In contrast, the tested gap values do not yet reach the regime asymptotically equivalent to d — oo, as a
dependence on In (d) is still visible. Therefore, the data are extrapolated to larger electrode gaps to evalu-
ate the theoretical trends under that condition.

5.4. EAD performance vs altitude

In previous sections, performances are presented according to their dependence on pressure. In this
experimental campaign, temperature O is held constant, so that air density depends solely on pressure,
p = p(p). Pressure values are then converted to altitude using the International Standard Atmosphere
model. The concept of density altitude /, is introduced as the altitude relative to standard atmo-
spheric conditions at which the air density would be equal to the indicated air density at the place of
observation [47]. Since density altitude is a function of temperature, the corresponding variation in
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ion mobility is also taken into account. Percentage variation of T/A and T/P as a function of density
altitude is shown in figure 12 for a fixed electrode gap d =20 mm and a given AV. The thrust density
exhibits a monotonic trend, whereas the thrust-to-power ratio displays a minimum, reflecting the differ-
ent rates at which pressure and temperature change with altitude. This graph can be used to define the
ceiling altitude for thruster operation, taking into account the platform on which it is installed.
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6. Conclusion

This work presented a study of the performance of EAD thrusters under varying atmospheric pressure p
and electrode gap d. Atmospheric conditions are critical in assessing the feasibility of thruster operation
in a given environment, while geometric parameters serve as tunable design variables to be optimized
based on the chosen thruster layout. An initial theoretical analysis revises and extends previous literat-
ure, introducing appropriate scaling laws for key performance metrics. Under simplifying assumptions,
dimensionless coefficients for thrust density (T/A) and thrust-to-power ratio (T/P) are derived, enabling
meaningful comparisons across different configurations. The theoretical model is validated through an
experimental campaign conducted in a low pressure chamber, where pressure was actively controlled
and other environmental variables, such as temperature, were monitored. Thrust was measured using

a load cell, while corona voltage V. and corona current i. were acquired using a voltage divider and a
contactless current probe, respectively. The primary focus was on thrust density and thrust-to-power
ratio, alongside the ignition voltage Vis, and breakdown voltage Vi, which define the operational envel-
ope of the thruster. Results show that reducing pressure, effectively simulating higher altitudes, negat-
ively impacts performance, with both T/A and T/P decreasing. Asymptotic analysis further reveals that,
when the thruster operates at voltages near breakdown conditions, both T/A and T/P exhibit mono-
tonic growth with increasing gap. Both Vig, and Vj, increase with pressure and gap, consistent with

the test regime being on the right-hand side of the Paschen curve. Due to their different dependencies
on pressure and gap, the electrical operating envelope expands as both parameters increase. These find-
ings confirm the predictive capability of the theoretical model. The model is intended to be applied only
under corona discharge regime. No significant deviations are expected until the pd product approaches
the minimum of the Paschen curve, namely Stoletov point, beyond which alternative scaling behavi-

ors may emerge. Finally, maximum achievable performance, under electrical limitations, are predicted
using obtained scaling laws and verified using experimental data. Future developments should include
testing under varying environmental temperature and humidity levels to fully characterize EAD thruster
behavior in realistic operating conditions, extending beyond the controlled environment of laboratory
experiments.
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