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Abstract

This work presents a multiparameter experimental investigation on the effects of geomet-
rical parameters on the performance of corona thrusters. A scaling model is presented in
order to define physically consistent reference values and dimensionless coefficients that
describe the main performance indicators. Airfoil collectors of different thickness and
chord are tested in a parallel array configuration at different spacings, gaps and voltages.
Direct thrust and electrical measurements are performed and used to determine the di-
mensionless coefficients. The results identify scaling relations and indicate that collectors
with short chord and adequate thickness maximize, within the investigated parameter
space, the performance parameters.

Keywords: EHD propulsion, DC Corona Discharge, Ionic Emitters configuration, At-
mospheric Ionic Thruster. Thruster.





Abstract in lingua italiana

Questo lavoro presenta un’indagine sperimentale multiparametrica sugli effetti dei parametri
geometrici sulle prestazioni dei propulsori a corona. Viene presentato un modello di scal-
ing per definire valori di riferimento fisicamente consistenti e coefficienti adimensionali che
descrivono i principali indicatori di prestazione. Profili di diverso spessore e corda ven-
gono testati in una configurazione multiprofilo a diversi spaziature, gap e tensioni. Sono
state effettuate misure dirette di spinta ed elettriche per determinare i coefficienti adi-
mensionali. I risultati evidenziano relazioni di scaling e indicano che i collettori con corda
corta e spessore adeguato massimizzano, nello spazio dei parametri indagati, i parametri
di prestazione.

Parole chiave: Propulsione EHD, Scarica a corona, Propulsore ionico atmosferico, elet-
trodi corona.
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1| Introduction

Since the beginning of the aviation era, aeroplanes have always been powered by moving
parts propulsive systems such as propellers and turbine engines with consequent high
consumption of fossil fuels. The new trend of scientific and technological development is
oriented towards the reduction of carbon emissions in favour of renewable energies. In
the aerospace sector, electrical propulsion techniques are regarded as a promising and
valid alternative to fossil fuel ones [3, 4]. Among all, ionic thrusters have been already
widely and successfully used for space applications [5, 10, 23]. Although nowadays they
are still not employed in atmospheric flight applications, in the last years the interest for
Electrohydrodynamic (EHD) propulsion in this field is rapidly growing as an alternative to
conventional engines. Ionic propulsion would provide several advantages for atmospheric
flight such as the high efficiency in terms of thrust-to-power ratio, absence of moving
parts, low maintenance, low noise emissions and the high sustainability of this kind of
propulsive system deriving from electric power consumption [7, 11, 17, 24, 25, 30, 31].

1.1. EHD Thrusters

An EHD thruster, in its simplest version, is composed by two electrodes separated by a
distance called gap. The ion emitter is typically a metallic wire of radius smaller than
100 µm, while the ion collector is a larger electrode with a conductive surface that can
assume different shapes. These simple devices exploit the corona effect to create an
ionic wind able to generate a net thrust. A strong asymmetric electric field between
the electrodes is imposed applying a sufficiently high voltage difference with a suitable
power supply. The electric field ionizes the gas surrounding the emitter, in turn creating a
corona discharge where the drifting motion of the ions transfers momentum to the neutral
molecules.

Starting from these basic elements, there was an evolution along the years that has led to
different configurations. The scientific progress has advanced from simple geometries with
cylindrical collectors to more sophisticated ones with airfoil collectors, with the objective
of optimizing the performance.
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Figure 1.1: Geometry and parameters of an EHD thruster in a multiple units wire-to-
airfoil configuration

As depicted in Fig. 1.1, in each unit the emitter and the collector are separated by a gap d.
The main geometric parameters for the collector are the chord c and the thickness t. This
configuration can be replicated along the y direction, with spacing S, to obtain a multiple
units configuration. The space between adjacent units is also indicated as thruster cell.

1.2. Physics of the ionization process in gases

1.2.1. Breakdown in uniform fields

The foundational study of electrical breakdown in gases was conducted by Townsend
[28]. This research involved measuring the current generated by a capacitor with two
parallel plates, under varying pressures, voltages, and gaps. The qualitative behavior of
the current in relation to the applied voltage is depicted in Figure 1.2.
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Figure 1.2: Current-Voltage curve for a gaseous discharge in a parallel plates capacitor

Townsend’s findings indicated that as soon as a voltage is applied, a small current can
be recorded, which is known as the "saturation current" or "background current". This
current is a result of natural breakdown caused by random thermal and photo-ionization
effects, and is usually very small, ranging from pico- to nano-amperes. The saturation
current remains relatively constant across a wide range of voltages. However, once the
voltage surpasses a certain threshold, V2, an exponential behavior is observed. This
behavior is caused by an avalanche mechanism, as depicted in Figure 1.3. Electrons
generated at the cathode are accelerated by the electric field of the capacitor, E = V

d
, and

the energy transferred through collisions with neutral atoms has the capability to ionize
the gas, leading to an exponential increase in the current.

Vd

Figure 1.3: Depiction of the avalanche mechanism

The mathematical representation of the avalanche breakdown can be formulated using
the following equation [19]:

I = Is

(
α

α− η
e(α−η)d − η

α− η

)
(1.1)

where I is the current measured at the anode, Is is the saturation current produced
at the cathode, d is the distance between the cathode and the anode, and α is the so-
called Townsend first coefficient. This coefficient is defined such that the exponential eαd
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represents the number of electrons produced by a single electron leaving the cathode and
undergoing an avalanche process.

In other words, α characterizes the rate at which the number of ionized particles increases
during the breakdown process. It is a measure of the ionization efficiency of the gas and is
dependent on several factors, including the pressure, the gap distance, and the nature of
the gas. The number of electrons produced by the avalanche process is affected by electron
losses due to reattachment and attachment, which is accounted for by the coefficient η.

Kinetic theory provides a first order functional form of the first ionization coefficient as a
function of the pressure, P , electric field E and temperature T

α = PA e

BP
E (1.2)

Table 1.1: Ionization constants at 300K

Symbol Value Unit

A 9.29 cm−1torr−1

B 295.18 cm−1torr−1

It is crucial to note that the avalanche breakdown regime is not self-sustaining. The
avalanche process relies on the generation of electrons at the cathode by external factors,
such as thermal and photo-ionization. However, at high voltages, after V3, the current
deviates from the exponential behavior due to the activation of secondary ionization mech-
anisms. Positive ions impacting the cathode surface can generate new ion-electron pairs,
and sufficiently energetic electrons can release photons that ionize neutral gas molecules
(particularly important in corona discharges). Townsend law can be modified with

I = Is

(
α

α− η
e(α−η)d − η

α− η

)
1− γ (e(α−η)d − 1)

(1.3)

The secondary emission effects are accounted for by the introduction of the second ion-
ization coefficient, γ, which changes the denominator of the cathode current. For air at
standard conditions, this coefficient has a value of γ = 0.01. It is important to note that
as the voltage is increased, the denominator in the equation approaches zero, at which
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point the avalanche process becomes self-sustaining, resulting in complete breakdown by
arcs or sparks. This is known as the Townsend criterion and is the voltage at which it
occurs is computed by means of Paschen’s law

Vb =
B Pd

ln (A Pd)− ln

(
ln

(
1 +

1

γ

)) (1.4)
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Figure 1.4: Breakdown voltage in air

It is crucial to emphasize that this mathematical treatment of the avalanche breakdown
is only valid when the impact of space charges is negligible. If this is not the case, the
presence of space charges can cause a distortion of the local electric field, leading to a
different type of electrical breakdown known as streamer breakdown. In this scenario, the
electric field is distorted, and the breakdown dynamics become much more complex. The
breakdown is characterized by the propagation of streamers, which are luminous filaments
that travel through the gas, ionizing it and creating channels for the flow of current.

1.2.2. Breakdown in non-uniform fields

In the presence of a non-uniform electric field, electrical breakdown can result in a diverse
range of stable discharges that are both luminous and audible. Unlike the case of a
uniform electric field, where breakdown usually occurs abruptly in the form of sparks or
arcs, a non-uniform distribution of electric field magnitude can lead to a more complex
and varied display of discharge phenomena.

The Townsend breakdown criteria cannot be used here because the mechanism depends
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on secondary effects at the cathode, as described by γ. The electric field strength at the
cathode is typically low due to its large curvature radius. In this case, it is possible to
have a partial breakdown, most commonly known as corona, in which ionization occurs
only in the vicinity of the anode in a region which is called the ionization region.

no ionization

onset streamers

glow

unstable

spark

electrode distance

vo
lta

ge

breakdown stre
amers

Figure 1.5: Qualitative representation of the different regimes for a pin-plate configuration
[19]

Fig.1.5 shows the different regimes for a pin-plate configuration as a function of the pin
voltage (positive) and the electrode spacing. It is possible to observe that, at low gaps,
Townsend mechanism applies and there is a sudden transition to spark and arc breakdown.
At sufficiently high gaps, Townsend mechanism loses its validity and the breakdown is
anticipated by two different regimes. As the voltage is increased, space charge density
near the anode becomes high enough to distort the local electric field and give rise to
streamer discharge. These luminous filaments are ionized channels of different lengths
and frequencies. The appearance of these streamers is called inception and the voltage
value at which they appear can be computed using a modified version of the Townsend
mechanism [8]

∫ x

0

e(α−η)x dx = Ncr (1.5)

In Eq.1.5, Ncr is the critical number density of space charges necessary to develop a
streamer, lnNcr is 18-20 for positive corona or 6-8 for negative corona [8]. It is however
possible to refer this criterion to a required electric field, Ei, necessary for corona inception.
The empirical calculations of this field (valid only for simple geometries) are due to Peek
[27]
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Ei = Ebδ(1 +
k1√
δre

) (1.6)

The field Eb is the magnitude of the breakdown field of the gas, δ is the is the gas number
density normalized to the gas density at ambient conditions, re is the electrode radius and
k1 is an empirical dimensional constant. It has been observed [15] that the value of the
inception field remains constant during the onset and the glow regime. The value of the
inception field can be related to a voltage, which is called inception voltage and is defined
as the voltage difference necessary to trigger the breakdown in the ionization region. This
parameter is of paramount importance for the performance of an EHD thruster.

When the voltage is further increased, the onset streamers become more frequent until
they stop and the discharge becomes self sustained due to secondary effects such as photo-
ionization. This regime is called glow.

(2)

(1)

(3)

γ
(4)

(5)

Figure 1.6: Qualitative representation of the ionization region around a positively charged
emitter wire.

Fig.1.6 shows the ionization region (2) near a small radius emitter (1). Highly energetic
electrons (4) emit photons that are capable of ionizing neutral molecules. The electrons
undergo the classical Townsend avalanche mechanism (3) while positive ions (5) migrate
towards the cathode. Far away from the anode, the electric field strength is not suffi-
cient enough to favour ionization and the positive ions undergo drift-diffusion processes
exchanging their kinetic energy with the neutral gas. The detailed mechanism for the
generation of an airflow, and therefore thrust, is provided in Chapter 2 along with the
development of a dimensionless model and theoretical estimations.
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A further increase in the voltage can give rise to more streamers which ultimately lead to
a complete breakdown via arcs or sparks.

1.3. State of the art of EHD thrusters

The behavior of an EHD thruster is evaluated using two primary performance param-
eters: the thrust-to-power ratio, T/P , and the thrust density, T/A. In Chapter 2, a
self-consistent dimensionless model will be developed alongside theoretical predictions to
explain the behavior of these parameters with respect to both physical and geometric
conditions. However, it is worthwhile to note that these quantities scale as follows:


T

P
=

µqd

Va

CTP

T

A
= ϵ0

V 2
a

d2
CTA

(1.7)

If we assume that both dimensionless coefficients have an order of 1, the two primary
performance indicators exhibit opposite behavior as the ratio of applied voltage to gap
distance, Va/d, increases. A low value of this parameter enhances the thrust-to-power
ratio, whereas a high value of the parameter enhances the thrust density. As a result, the
power density, represented by the parameter P

A
, which measures the power required per

unit area, increases with the third power of the voltage-to-gap ratio.

0 500 1000 1500 2000

10.

20.

30.

40.

6.7

16.

26.

36.

Figure 1.7: Reference values for the thrust to power and thrust density of an EHD thruster

As shown in Fig. 1.7, a theoretical ionic thruster is capable of achieving a higher thrust-
to-power ratio than conventional jet propulsion, with values of up to 2 N

kW
. However, the

thrust density is orders of magnitude smaller and power requirements don’t scale well
with the thruster’s frontal area.
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For optimal design, it is imperative to ensure high efficiency and low weight, and these
results suggest that there is still ample room for improvement in both the geometric
parameters and the practical application of this technology. Nevertheless, the field of EHD
propulsion has seen several remarkable outcomes in recent years. This section highlights
some of the most intriguing research, including the EHD propulsion aeroplane, Ionocraft,
and Polimi experimental thrusters.

1.3.1. MIT Aeroplane

In 2018, a remarkable achievement was made by a team from MIT [32], who successfully
propelled a heavier-than-air airplane using corona discharge technology during level flight.
This breakthrough was the culmination of years of extensive research and development
in this field, which were spearheaded by [9, 22]. Through their studies, they were able
to measure and analyze the variations of thrust density and thrust to power for different
gaps and emitter radii, which laid the foundation for the eventual success of the project.

Figure 1.8: Picture of the MIT EHD aeroplane [32]

The airplane, named the EHD airplane, is depicted in Figure 1.8 and was designed with
an on-board power and energy supply, allowing it to perform short, self-sustained flights
within a controlled laboratory environment. The key component of the aircraft was a dual
stage thruster, which utilized an array of 4 NACA0010 airfoils as collectors and 200 µm
stainless steel wire as emitters held at a distance of 60mm. The half wing span is 1m. A
qualitative representation of the dual stage thruster is given in Figure 1.9.
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First Stage Second Stage

20 kV -20 kV

60 mm

Figure 1.9: Qualitative depiction of the MIT airplaine dual stage thruster [32]

The performance indicators for the airplane are reported in the following table.

Table 1.2: Performance parameters of the MIT EHD airplane

Name Value SI unit

Thrust Density 3.56 N/m2

Thrust to Power 5.16 N/kW

Velocity 5 m/s

Distance 50 m

The detailed geometry was found by means of an optimization procedure which had the
total wingspan as objective.

1.3.2. Ionocraft

The lifter by Khomich and Rebrov [16] is another example of a thruster that has suc-
cessfully achieved flight. Unlike conventional aircraft, this particular thruster takes off
vertically and is able to lift its own weight due to its impressive power-to-weight ratio.
This exceptional ratio was achieved through the use of a lightweight design and a wireless
power transmission system, which eliminates the need for on-board batteries. Figure 1.10
shows a picture of the ionocraft.
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Figure 1.10: Picture of the ionocraft [16]

The lifter consists of an array of evenly spaced wires acting as emitters, positioned in front
of drop-shaped airfoils serving as collectors, arranged in an offset manner. This realizes
an array of 28 cells with a total span of 580mm. The particular geometry is shown in
1.11 and Table 1.3 reports the numerical values of such parameters.

Figure 1.11: Geometric parameters of the Ionocraft
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Table 1.3: Geometric parameters of the Ionocraft

Name Value Description

rc 3mm Collector Curvature Radius

lc 17mm Collector Length

dw 80 µm Emitter Diameter

d 8.2mm Gap

D 19mm Collector Spacing

Interestingly enough, the collectors have a much smaller chord with respect to the MIT
airplane (which used 100mm NACA0010 airfoils). The corona discharge is powered by
a voltage that ranges from 11 kV to 13 kV which correspond, respectively, to the voltage
required to achieve lift and the breakdown voltage. The performance parameters for the
thruster are reported in the following table:

Table 1.4: Performance parameters of the MIT EHD airplane

Name Value SI unit

Thrust Density 3.77 N/m2

Thrust to Power 5.15 N/kW

1.3.3. Rotary Ionic Engine

Another noteworthy application of ionic engine technology is the rotary ionic engine by
Chirita et al. [7, 11–13]. In this case, propells blades have metallic pins attached to their
ends which play the role of emitters. The collector is a grounded cylindrical box that
encapsulates the rotor.
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Figure 1.12: Depiction of the geometric of the ionic propeller by [7]

The propeller system, shown in Figure 1.12, uses the corona effect to generate a torque
on the blades which results in the generation of a net thrust force. The system is powered
by a 35 kV potential. Several studies were performed to improve the resulting RPM and
thrust, leading to innovations such as the use of contra-rotating propellers [7] and toroidal
grounded electrodes instead of cylindrical ones [12]. The system can reach 2500 RPM and
generate 800mN of thrust.

1.3.4. PoliMi Thrusters

At the Aerospace Department of Politecnico di Milano, two experimental setups are
present which allows for in depth investigations of the physics of ionic engines.

c

(a) Velocity Measurement Setup (b) Direct Thruster Measurement Setup

Figure 1.13: Detail of the two experimental setups at the DAER

The two setups, shown in Figure 1.13, consists of a setup that, by means of Pitot or hot
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wires probes, allows to investigate the airflow generated by the ionic wind. This setup
has been used in 2021 [1] to find the optimal airfoil thickness for airfoils with a chord
of 100mm and in 2022 to investigate the airflow generated by different anodes geometry.
In the same year [2], a direct thrust measurement setup was also introduced in order
to validate and improve previous models which were able to compute the thrust given
a particular airflow distribution relying on a set of assumptions. The latter consists of
support structure, on which the thruster is mounted, and 3 load cells to measure the
forces.

This setup was also used to investigate the effect of increasing the anodic density in the
performance parameters.

1.4. Research Parameters

The primary design variable in this work is the shape of the collectors, identifying the
thickness and the chord as the main parameters which are used to generate a corresponding
NACA 4-digit airfoil.

t [mm]

c [mm]15 4025 100

6

10

14

Spacing
tests

2

Figure 1.14: Parameter space of airfoils collectors

Fig. 1.14 shows the studied airfoil shapes. The investigated chords are 15, 25, 40 and
100 mm. Each chord family presents airfoils with variable thickness of 6, 10 and 14
mm. A further airfoil with chord 25 mm and thickness 2 mm was introduced during the
tests to corroborate the experimental trends. Each configuration will be indicated using
CxxTyySzz, where xx indicates the chord in mm, yy the thickness in mm and zz the
spacing between units in mm.
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Figure 1.15: Periodic single and double emitter configurations (geometrical parameters
are not to scale)

The general criteria for defining this space are exposed in what follows: airfoils with very
long chords are not efficient since they introduce a large amount of parasitic drag due
to wall stress. Thus, there is no use in extending the space towards the right side since
long airfoils are not an efficient solution for the design of an EHD thruster. Decreasing
the chord while keeping the thickness constant would, on the one hand, keep a similar
discharge section and consequently a similar electrical thrust; on the other hand, the t/c

shape parameter would increase leading to bluff shapes and worsening the aerodynamic
performance. Also an increase of thickness keeping the same chord leads to bluff bodies.
Consequently, extensions towards the top and left of the parameter space are not viable
either. This indicates that a local optimum could be found in the bottom zone of the
parameter space, particularly on the left side. However, this region is bounded by some
technical limits, since thin and short airfoils may create structural and manufacturing
issues. First, these shapes have a lower stiffness compared to thicker airfoils and may
introduce misalignments in the electric and motion fields. Secondly, manufacturing such
electrodes may lead to several problems depending on the technology, such as the accuracy
of 3D prototyping and milling or the preparation of composite structures (for the present
work, the limiting factor is presumably the spatial accuracy of the 3D printer).

The dependence of the performance indicators on the gap d is of uttermost importance
since the scaling introduced in §2 uses that dimension as a reference for all the other
lengths. For this reason, specific tests are devoted to explore the dependence on the gap
value. Other tests introduce the voltage variation, since the electric field scale is set by
Va and d. Further tests are introduced in order to study the dependence on the spacing
S, a topic already considered on a smaller parameter space in [1].

Moreover, additional experiments are performed by exploring the differences between the
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single emitter (SE) and double emitter (DE) configuration shown in Figure 1.15, since in
a previous work [2] the double emitter system was shown to have a beneficial effect both
on the thrust density and on the thrust to power ratio in a periodic configuration.

The chances of varying c, t, d, Va, S potentially give rise to an enormous number of com-
binations, for which it is necessary to establish an investigation criterion, keeping the
laboratory time within reasonable limits. In what follows, the parameters are varied sep-
arately starting from a standard configuration based on previous investigations, namely:

gap d = 20 mm; voltage Va = 20 kV; spacing S = 35 mm; single emitter. (1.8)

In particular, an initial evaluation is performed for all airfoils in Fig. 1.14 with this
standard configuration. Then, a subspace with chord 25 mm (thick line in Fig. 1.14)
is selected for further tests, including the spacing dependence in both single and double
emitter configuration. Afterwards, the C25T6 airfoil is selected for a study of the gap and
voltage dependence.
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In this chapter the governing equations for EHD propulsion are derived starting from first
principles. The derivation will highlight how the relevant dimensional quantities interact
and will clearly show the mechanism behind the generation of the EHD force.

2.1. Governing Equations

In the drift region, chemistry and ionization, are not relevant therefore it is possible
to treat the ions and neutral gas as two different ideal mixtures. The conservation of
momentum for the ions and neutral gas, respectively, reads [6]

mqnq(
∂v
∂t

+ v · ∇v) = −∇Pq +∇ · σvisc
q + qnqE −mqnqν

coll(v − u)

mn(
∂u
∂t

+ u · ∇u) = −∇P +∇ · σvisc +mqnqν
coll(v − u)

(2.1)

(2.2)

The main difference with the Navier-Stokes equations is highlighted be the presence of
the Coulomb force qnqE and the collision term mqnqν

coll(v− u). The first indicates that
the electric field is responsible for the acceleration of the charged ions while the second
one accounts for the momentum transfer during collisions, occurring with frequency ν,
between the two species. In order to solve equation 2.1, the following assumptions are
made

• Steady state.

• The convective term v · ∇v can be neglected

• No viscous effects

• Ions are a perfect gas with Pq = nqkBT at constant temperature

Using these assumption on 2.1, the ion velocity can be obtained

v = u +
q

mqνcoll
E − kBT

mqνcoll
∇nq (2.3)
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Equation 2.3 indicates that the ion velocity has three main contributions

1. Convection, due to collisions with the neutral gas

2. Acceleration due to the electric field

3. Diffusion

The last term is usually dropped as it is negligible for EHD propulsion. The term multi-
plying the electric field is relevant and is often indicated as µq and called ion mobility.

The expression for the ion velocity can be substituted into equation 2.2 to get

mn(
∂u
∂t

+ u · ∇u) = −∇P +∇ · σvisc + qnqE (2.4)

This shows that the neutral gas feels a Coulomb force, more properly called EHD force,
that is the result of collisions with the ions.

The complete equations for the drift region are derived precisely from these assumptions.
In order to simplify the notation, it is possible to indicate

• mqnq = ρq, space charge density

• mn = ρ, neutral gas mass density

In order to write the complete equations for the drift region some additional equations
are needed to close the problem. Space charges will influence the electric field distribution
following Maxwell’s law of electromagnetism

∇ · E =
ρq
ϵ0

(2.5)

The ions obey the conservation of electric charge equation that, in steady state conditions,
reads

∇ · ρqv = 0 (2.6)

Substituting equation 2.3 into 2.6 it is possible to obtain the complete model for the drift
region
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∇ · E = ρq/ϵ0

∇ · ρq(µqE + u) = 0

ρu · ∇u = −∇P + µ∇2u + ρqE

(2.7)

2.2. Dimensional Analysis for a thruster in still air

The main physical parameters chosen to start building dimensionless quantities are

1. Applied voltage, Va.

2. Gap, d.

The nondimensionalization of the equations is carried out starting with the following
relations:

1. x = d x̂, the reference system is made dimensionless by the gap d.

2. E = (Va/d) Ê, The electric field is scaled by the ratio of the applied voltage and the
gap.

3. ρq = ρ0 ρ̂q, the space charge density is scaled by a reference value.

4. u = u0 û, the hydrodynamic velocity is scaled by a reference value.

5. P = P0 P̂ , the pressure is scaled by a reference value.

The reference values ρ0, u0, P0 are progressively exposed in what follows. The introduction
of the aforementioned scaling in Eqs. 2.7 yields

∇̂ · Ê =
ρ0

ϵ0
Va

d2

ρ̂q

∇̂ · ρ̂q

Ê +
u0

µq
Va

d

û

 = 0

û · ∇̂û = − P0

ρu2
0

∇̂P̂ +
ρ0Va

ρu2
0

ρ̂qÊ +
ν

u0d
∇̂2û

(2.8)

Eqs. 2.5 represent the dimensionless version of the drift region equations, provided that
ρ0, u0, P0 are properly defined. As for the charge density, a reference value can be defined
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in such a way that the multiplicative term in the first equation has order 1:

ρ0 = ϵ0
Va

d2
. (2.9)

As it will be shown later, this assumption leads to retrieve the Mott-Gurney law for the
current density [26], which is a proper model for the current density in a 1D geometry.

Under the hypothesis of no external convection, only collisions between ions and neutral
gas molecules are responsible for the creation of a mean flow. This suggests that the
order of magnitude of the kinetic energy of the flow ρu2

0 is comparable to the ion potential
energy ρ0Va, and leads to set

u0 =

√
ρ0
ρ
Va =

Va

d

√
ϵ0
ρ

, (2.10)

where Eq. 2.9 was used. The pressure reference term is similarly defined using the kinetic
energy term because ionic thrusters in still air create a suction force that results in a
negative pressure gradient at the inlet section, thus it is convenient to set

P0 = ρu2
0 = ϵ0

V 2
a

d2
. (2.11)

Using the aforementioned assumptions the dimensionless equations become
∇̂ · Ê = ρ̂q

∇̂ · ρ̂q
(
Ê +Rvû

)
= 0

û · ∇̂û = −∇̂P̂ + ρ̂qÊ +
1

Red
∇̂2û ,

(2.12)

where two new dimensionless numbers appear:

Red =
u0d

ν
=

Va

ν

√
ϵ0
ρ

,

Rv =
u0

ui

=
1

µq

√
ϵ0
ρ

.

(2.13)

(2.14)

Red is a Reynolds number based on the gap, appearing in the momentum equation. It is
generally related to the size of the thruster through the gap, and in the present experiment
ranges from 1000 to 4000 depending on the applied voltage value.
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Rv, appearing in the ion transport equation, is the ratio between the reference convective
velocity u0 and the reference ion drift velocity ui = µqVa/d. For a thruster in still air,
Rv ∼ 10−2 and is typically negligible.

According to the previously defined reference values, the current density can be made
dimensionless in the following form:

j = ρq (µqE + u) = ϵ0µq
V 2
a

d3
ȷ̂ , (2.15)

where the dimensionless quantity is

ȷ̂ = ρ̂q

(
Ê +

1

µq

√
ϵ0
ρ

û
)

. (2.16)

In 2.3 it will be shown that in 1D, under suitable assumptions, the dimensionless current
density becomes ȷ̂ = 9/8, which in Eq. (2.15) yields the dimensional functional form of
the current density predicted by the Mott-Gurney law [26].

Using the reference values defined above for the local quantities, it is possible to compute
reference values for the integral quantities.

2.2.1. Thrust

The thrust force generated is defined as the integral of the EHD force density. In a 2D
framework as in Fig. 1.1, the derived value is a thrust per unit span, where the span b

extends along the z direction, normal to the xy plane defined in figure:

T

b
=

∫
Ω

ρqEx dΩ (2.17)

where Ex is the x component of E and Ω is the 2D section in the xy plane of a volume
extending along the z direction with constant cross section. Using the chosen reference
values, the thrust integral becomes

T

b
= ϵ0

V 2
a

d

∫
Ω̂

ρ̂qÊx dΩ̂ = ϵ0
V 2
a

d
CT (2.18)

and the thrust coefficient CT turns out as a dimensionless thrust integral. Besides thrust,
another force must be considered: the aerodynamic drag D on the electrodes (negligible
for the emitters in the present study). The difference between thrust and drag may be
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called effective thrust :

Te = T −D . (2.19)

Using the aerodynamic scaling laws, it is possible to express this quantity through a
dimensionless coefficient:

Te

b
= ϵ0

V 2
a

d
CT − 1

2
ρu2

0 c CD = ϵ0
V 2
a

d

(
CT − 1

2

c

d
CD

)
= ϵ0

V 2
a

d
CTe . (2.20)

The effective thrust coefficient CTe = CT − 1
2
(c/d)CD inherently accounts also for the

aerodynamic drag. It is interesting to observe that the efficiency, defined as the ratio
between the electrical thrust and the drag [29], increases as the ratio c/d decreases, i.e. it
increases by shortening the airfoil chord with a given gap:

θ =
T

D
= 2

d

c

CT

CD

. (2.21)

2.2.2. Electrical power

The power consumption per unit span can be computed using the integral

P

b
=

∫
Ω

j · E dΩ . (2.22)

The application of the presented scaling yields

P

b
= µqϵ0

V 3
a

d2

∫
Ω̂

ȷ̂ · Ê dΩ̂ = µqϵ0
V 3
a

d2
CP (2.23)

where CP is the power coefficient.

2.2.3. Mechanical power

The mechanical power transferred to the gas is the volume integral of the mechanical
power of the EHD force

Pu

b
=

∫
Ω

u · ρqE dΩ . (2.24)

The latter is scaled as
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Pu

b
= ϵ0

V 3
a

d2

√
ϵ0
ρ

∫
Ω̂

ρ̂qû · Ê dΩ̂ = ϵ0
V 3
a

d2

√
ϵ0
ρ

CPu (2.25)

where CPu is the mechanical power coefficient.

2.2.4. Performance parameters

Several performance parameters can be put in dimensionless form according to the pre-
vious scaling, always accounting for the drag effects.

The effective thrust to power ratio can be expressed as

Te

P
=

µqd

Va

CTe

CP

=
µqd

Va

CTPe . (2.26)

A meaningful frontal area A = S b can be defined, with reference to Fig. 1.1, as (frontal
size × span) or (spacing × span) on the yz plane. In this way, an effective surface thrust
density can be defined as

Te

A
= ϵ0

V 2
a

Sd
CTe = ϵ0

V 2
a

d2
d

S
CTe = ϵ0

V 2
a

d2
CTAe , (2.27)

having introduced the effective surface thrust density coefficient

CTAe =
d

S
CTe . (2.28)

Once a suitable reference area has been defined, the extension to an effective volumetric
thrust density is straightforward by considering a volume A l, where l is the thruster size
(or a meaningful length) along the x direction:

Te

Al
= ϵ0

V 2
a

Sld
CTe = ϵ0

V 2
a

d3
d2

Sl
CTe = ϵ0

V 2
a

d3
CTV e , (2.29)

having introduced the effective volumetric thrust density coefficient

CTV e =
d2

Sl
CTe (2.30)

Finally, the mechanical-to-electrical power ratio can be introduced as electro-mechanical
efficiency, describing the fraction of electrical energy that is converted into mechanical
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energy:

η =
Pu

P
=

1

µq

√
ϵ0
ρ

CPu

CP

, (2.31)

and in dimensionless form becomes CPu/CP .

All the scaled quantities are presented in the summary tables 2.1 and 2.2.

Table 2.1: Integral quantities

Name Symbol Reference Value Dimensionless Coefficient

Effective Thrust
Te

b
ϵ0
V 2
a

d
CTe

Electrical Power
P

b
µqϵ0

V 3
a

d2
CP

Mechanical Power
Pu

b
ϵ0
V 3
a

d2

√
ϵ0
ρ

CPu

Table 2.2: Performance parameters

Name Symbol Reference Value Dimensionless Coefficient

Thrust to Power Ratio
Te

P

µqd

Va

CTPe

Surface Thrust Density
Te

A
ϵ0
V 2
a

d2
CTAe

Volumetric Thrust Density
Te

Al
ϵ0
V 2
a

d3
CTV e

Electro-mechanical Efficiency
Pu

P

1

µq

√
ϵ0
ρ

CPu

CP

2.3. 1D Theory for a thruster in still air

The scaling model of §2 is applied here to a simple 1D geometry, with the aim of solving the
scaled equations in this framework and obtain relevant scaling laws for the performance
parameters.

The 1D geometry can be imagined as an emitter plane facing a parallel collector plane,
separated by a gap d. The x axis spans from the emitters x = 0 to the collectors x = d,
or 0 ≤ x̂ ≤ 1 in the scaled domain. To model such a system, Kapztov’s hypothesis [15]
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is used to describe the ionization region using Peek’s boundary condition [27] and setting
the dimensionless electric field at the emitter as

Ê(0) =
Eid

Va

=
Vi

Va

= V̂ −1 , (2.32)

where the inception voltage and field are related by Vi = Eid and V̂ is the scaled voltage
defined in Eq. (??).

2.3.1. Solution of the 1D equations

Eqs. (2.5) for electric field and current are reduced here to the case of the 1D geometry:
∂Ê

∂x̂
= ρ̂q

∂

∂x̂
ρ̂qÊ = 0 .

(2.33)

The second equation can be integrated to yield an integration constant which is the
dimensionless current density

ρ̂qÊ = ȷ̂ , (2.34)

and substituting this expression in the first Eq. (2.33) it is obtained

Ê
∂Ê

∂x̂
= ȷ̂ . (2.35)

Using the condition Ê(0) = Vi/Va = V̂ −1 this equation can be solved leading to

Ê(x̂) =

√
2 ȷ̂ x̂+ V̂ −2 . (2.36)

This expression for the electric field can be integrated on the scaled domain [0,1]: the left
hand term becomes the potential difference across the gap, which in dimensionless form
is Va/Va = 1, and the result is the equation

1 =
−V̂ −3 + (2ȷ̂+ V̂ −2)3/2

3ȷ̂
, (2.37)

which admits the following closed form solution for ȷ̂ ≥ 0:

ȷ̂ =
9− 12V̂ −2 +

√
(3− 2V̂ −1)3 (3 + 6V̂ −1)

16
. (2.38)
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Figure 2.1: Current density curve

This function, plotted in Fig. 2.1, has distinct asymptotic behaviours in the low and high
voltage limits. When the voltage starts rising from the inception voltage, (V̂ − 1) is small
and the current density trend is nearly linear,

ȷ̂ = 2 (V̂ − 1) +O[ (V̂ − 1)2] . (2.39)

When the voltage is high, the function has the asymptotic behaviour

ȷ̂ =
9

8
− 3

2
V̂ −2 +O(V̂ −3) , (2.40)

so that when V̂ → ∞, i.e. under the choked condition E(0) → 0, the Mott-Gurney law
ȷ̂ = 9/8 is correctly recovered [22, 26].

2.3.2. Thrust and electrical power coefficients

In 1D, the integral for the thrust reads

CT =

∫ 1

0

ρ̂qÊ dx̂ = ȷ̂ . (2.41)

The ideal thrust coefficient without drag is therefore equal to the dimensionless current
density, constant on the domain. The electrical power coefficient integral is

CP =

∫ 1

0

ȷ̂ Ê dx̂ = ȷ̂

∫ 1

0

Ê dx̂ = ȷ̂ = CT . (2.42)
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Hence, for a 1D configuration

CTP =
CT

CP

= 1. (2.43)

2.4. Dimensional Analysis with the addition of a Mean

Flow

The issue of the addition of the mean flow is a crucial aspect to consider when examining
the motion of a thruster in relation to a still air volume. It is essential to understand the
impact that this addition has on the generated thrust force and the power consumption
of the thruster.

The velocity, denoted as U , of the moving thruster is determined by the equilibrium
condition T (U) − D(U) = 0, where T (U) is the thrust force generated by the thruster
and D(U) is the drag force experienced by the vehicle.

It is important to note that analyzing the functional form of T (U) requires expensive
wind tunnel testing. Hence, it is imperative to study what the dimensionless model can
tell us about this dependence.

To construct suitable reference values for the dimensionless model, the gap is chosen as
the main geometric scaling length, and the applied voltage is chosen as the main electrical
quantity. The mean flow velocity can be scaled with a u∞ term that represents the order
of magnitude of such velocity.



∇̂ · Ê =
ρ0

ϵ0
Va

d2

ρ̂q

∇̂ · ρ̂q

Ê +
u∞

µq
Va

d

û

 = 0

û · ∇̂û = − P0

ρu2
∞
∇̂P̂ +

ρ0Va

ρu2
∞
ρ̂qÊ +

ν

u∞d
∇̂2û

(2.44)

The first dimensionless number, Rv, represents the ratio between the neutral gas and ion
velocity and indicates the weight of the convective term in the equations. This number
is significant because it helps us understand the importance of the convective term in
relation to the other terms in the equations and its effect will be thoroughly explored.
The second dimensionless number, Red, represents the Reynolds number based on the
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convective velocity and the gap.


∇̂ · Ê = ρ̂q

∇̂ · ρ̂q
(
Ê +Rvû

)
= 0

û · ∇̂û = −∇̂P̂ +

(
1

Rv

1

µq

√
ϵ0
ρ

)2

ρ̂qÊ +
1

Re∞
∇̂2û

(2.45)

Upon examining the velocity ratio dimensionless number, Rv, we can see that it acts as a
denominator in the volumetric EHD force. This implies that the addition of a mean flow
results in a reduction of the significance of this term.

This observation is intuitive since in the still case, it was the collisions between ions
and neutral gas that generated the air flow. However, in the presence of a mean flow, the
airflow is already present, and the effect of collisions becomes less evident in the equations
as the velocity is increased.

Therefore, the addition of a mean flow has a damping effect on the volumetric EHD force,
making it less significant.

2.5. 1D Theory with a mean flow

Equations are now simplified in the case of a 1D motion. The conservation of mass in
the case of a 1D flow show that this velocity is equal everywhere in the domain and it is
assumed to be equal to its reference value, u∞. The addition to this hypothesis yields the
following drift region equations


∂

∂x̂
Ê = ρ̂q

∂

∂x̂
ρ̂q

(
Ê +Rv

)
= 0

(2.46)

After integrating the two differential equations over the interval [0,1] and applying Peek’s
boundary condition, we obtain an algebraic equation that describes the current density
as a function of the dimensionless voltage and the dimensionless velocity ratio.

1 =

−
(
V̂ −1 +Rv

)3

+

√((
V̂ −1 +Rv

)2

+ 2ȷ̂

)3

3ȷ̂
−Rv (2.47)
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The algebraic equation that describes the current density as a function of the dimensionless
voltage and the dimensionless velocity ratio has a rather complex closed-form solution,
which is crucial for understanding the behavior of the system since the dimensionless
current is equal to the power coefficient. This solution is conveniently presented in Figure
2.2.

1.5 2.0 2.5 3.0 3.5 4.0
V


0.5

1.0

1.5



0 0.1 0.2 0.3

Figure 2.2: Current density dependence on the scaled voltage for different values of the
convective term.

Upon examining Figure 2.2, it becomes apparent that the dimensionless current increases
significantly as the effect of the convective term is amplified. This increase can be at-
tributed to the fact that the presence of a mean flow will extract more ions from the
ionization region, leading to a higher current consumption.

The addition of a mean flow alters the ion flow behavior, resulting in more ions being
expelled from the thruster’s ionization region. As a result, a higher current is required to
maintain the desired thrust force. This effect is more pronounced at higher values of the
dimensionless velocity ratio, indicating that the velocity of the thruster relative to the
still air volume has a significant impact on its power consumption.

2.5.1. Thrust coefficient

The thrust coefficient was defined as the volumetric integral of the thrust density term.
In a 1D formulation, this coefficient is equivalent to a surface thrust density and the
volumetric integral reduces to a line integral.
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CT =

∫ 1

0

ρ̂qÊ dx̂ = ȷ̂

∫ 1

0

Ê

Ê + Rv

dx̂ (2.48)

This integral admits a, rather complex, closed form solution, which is not reported for
brevity.
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Figure 2.3: Thrust coefficient dependence on the scaled voltage for different values of the
convective term, Rv.

Figure 2.3 reports the thrust coefficient functional dependence on the dimensionless volt-
age for different values of the convective term, Rv. It is possible that the behaviour of
this value is similar to the case of the thruster in still air as it exhibits similar low and
high voltage limits. Increasing the convective term increases the thrust coefficient but
this increase is smaller if compared to the power coefficient; moreover, the actual thruster
suffers from the addition of aerodynamic drag which increases as the mean flow velocity
is increased.

2.5.2. Thrust to Power coefficient

The thrust to power coefficient is defined as the ration of the thrust coefficient and the
power coefficient. The power coefficient asymptotic values increases significantly, being
equal to the current density coefficient, as the mean flow value increases whereas the
thrust coefficient undergoes a less significant increase.
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Figure 2.4: Thrust to Power coefficient dependence on the scaled voltage for different
values of the convective term, Rv.

Figure 2.4 shows the behaviour of the thrust to power coefficient as a function of the
dimensionless voltage and for different convective term values. It is possible to conclude
that the 1D model predicts a substantial loss in the thrust to power. This is also worsened
by the presence of aerodynamic drag which reduces the generated thrust.

These results are of critical importance for any future application of this technology. A
reduction of the total thrust to power means that, for a given power requirement, the
thruster will be able to generate less thrust as the velocity increases greatly limiting the
speed of ionic thrusters.

2.6. 2D Theory

The dimensionless model can be applied to a study case in which the geometry is two
dimensional. It should be remarked that only a few closed form solution exist and that
a general solution for the wire-airfoil case is not possible. The goal of this section is
not to solve the 2D drift region equations but to express the performance parameters as
integrals on the cathode shape. The thrust and power coefficients are defined as integrals
on the entire volume of the thruster, and this expression is not useful. Expressing these
volumetric integrals as surface integrals, on the cathode shape, would be more useful since
it would create a link between these indicators and the cathode shape, which is required
for this thesis. The geometry that will be studied is depicted in Figure 2.5.
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Figure 2.5: 2D geometry framework. The cartesian reference system is shown in blue and
the intrinsic reference system is shown in red.

A single emitter-collector configuration, immersed in an infinitely large domain, will be
studied. The emitter boundary is called, ∂Ωe and the cathode boundary will be called
∂Ωc. To solve the integrals, we will assume that the cathode shape, in 2D it is a curve,
can be parameterized using a free coordinate, u, and the curve (xc(u), yc(u)). It is also
necessary to introduce the intrinsic reference system which is the reference system aligned
with a current filament. The 2D equations read

{
∇̂ · Ê = ρ̂q

∇̂ · ȷ̂ = 0 .
(2.49)

2.6.1. Power Coefficient

The power coefficient is defined as the integral of the dot product between the current
density and the electric field. Using the properties of the divergence we can write

∇̂ · ȷ̂V̂ = ȷ̂ · ∇̂V̂ + V̂ ∇̂ · ȷ̂ = ȷ̂ · Ê (2.50)

In this equation, the definition of the electric field and the zero divergence of the current
density have been used. It is therefore possible to compute the power coefficient using

CP =

∫
Ω̂

ȷ̂ · Ê dΩ̂ =

∫
Ω̂

∇̂ · ȷ̂V̂ dΩ̂ =

∮
∂Ω̂

V̂ ȷ̂ · n̂ d∂Ω̂ . (2.51)

The surface integral can be decomposed into the integral on the emitter surface, the
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cathode surface and the boundary at infinity. The latter vanishes because at infinity the
current density is zero.

CP =

∫
∂Ω̂e

V̂ ȷ̂ · n̂ d∂Ω̂ +

∫
∂Ω̂c

V̂ ȷ̂ · n̂ d∂Ω̂ . (2.52)

To further simplify the integral we can use the fact that the potential at the collector
surface is zero therefore the integral vanishes and is one at the emitter. Actually, it is
also possible to add an arbitrary constant to such field without changing the solution. We
could also assume that the potential is zero at the emitter and -1 at the collector. It is
therefore possible to express this integral both at the emitter and at the cathode surface.

CP =

∫
∂Ω̂e

ȷ̂ · n̂ d∂Ω̂ = −
∫
∂Ω̂c

ȷ̂ · n̂ d∂Ω̂ . (2.53)

The latter is the most useful definition since it connects the current density distribution
at the cathode surface with the shape of the cathode. The minus sign is due to the fact
that the current is directly towards the collector and can be rewritte using the following

CP =

∫
∂Ω̂c

ȷ̂ d∂Ω̂ . (2.54)

2.6.2. Thrust Coefficient

The computation of the thrust coefficient integral is more involved than the one concerning
the power coefficient. It is possible to use the electromagnetic stress tensor to use the
divergence theorem as done previously but it is not possible to make the integral at
the emitter surface vanish hence it is not useful for our purposes. It is, however, more
convenient to use the fact that the current filaments start at the emitter surface and end
at the cathode surface. The volumetric integral can therefore be performed integrating
the quantities along a current filament, first, and then at the cathode surface.

CT =

∫
Ω̂

ρ̂qÊx dΩ̂ =

∫
∂Ω̂c

∫
s

ρ̂qÊx ds d∂Ω̂ . (2.55)

Lets focus on the current filament integral. It is possible to express this integral as

∫
s

ρ̂qÊx ds =

∫
s

ρ̂qÊs cos(θs) ds =

∫
s

ȷ̂ cos(θs) ds (2.56)
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In this case we have separated the intrinsic component of the electric field and the pro-
jection on the x-axis. The integral of the cosine angle would yield the x-axis length of the
current filament.

1

x

y

x/d

Figure 2.6: Lengths and dimensions of the 2D geometry

Using the reference frames introduced in Figure 2.6 we can say that

∫
s

cos(θs) ds = ∆Lx = 1 + x(u)/d , (2.57)

We can use this fact to integrate the current filament integral by parts

∫
s

ȷ̂ cos(θs) ds = ȷ̂

(
1 +

x(u)

d

)
−
∫
s

∂ȷ̂

∂s
cos(θs) ds . (2.58)

The last integral vanishes because the derivative of the current density in the intrinsic
frame corresponds to the divergence of the current density field expressed in the intrinsic
frame which is zero. Hence we get the expression of the thrust coefficient integral

CT =

∫
∂Ω̂c

ȷ̂

(
1 +

x(u)

d

)
d∂Ω̂ . (2.59)

This equation is similar to the one of the power coefficient but weighs the current density
by a factor which increases as the distance from the emitter is increased. This is natural
since, the more an ion travels, the more collisions it makes with neutral gas molecules.

2.7. Simple Analytical solutions

This section is devoted to the investigation of simple closed form 2D solutions which
assume a particular distribution of the current density at the cathode surface and compute
the power and thrust coefficient.
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2.7.1. Wire to Infinite Plate

The case of a pin-plate configuration was extensively studied by Warburg and Sigmond
[14]. The functional dependence provided is

ȷ̂ =
cos4(θ)

1 +
1

2
sin2(θ)

(2.60)
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Figure 2.7: Warburg’s 2D current distribution.

Where θ is the angle between the centerline and the line connecting the electrode to a
particular plate point. In this case, the cathode surface can be easily parameterized, with
a reference to the system used in Figure 2.6, using x(u) = 0, y(u) = u. The integrals read

CP = CT =

∫
∂Ω̂c

ȷ̂ d∂Ω̂ =

∫ ∞

−∞
ȷ̂
√

x′(u)2 + y′(u)2 dû =
4

3
. (2.61)

This result is important because it shows that, in the case of a wire to infinite plate
configuration, the power coefficient is able to reach values higher than the 1D limit (which
is 9/8 = 1.2). In this case, the limit provides a power coefficient equal to 1.33. In the
case of a finite plate, if this integral is computed up to a certain point, the coefficients
will be lower. In particular for a plate of whose height is half the gap, the coefficients will
be 0.47.
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2.7.2. Wire to Cylinder

The wire to cylinder case is an interesting 2D configuration. The cylinder is not an
aerodynamic shape but it can be seen as a prototype for more sophisticated airfoil shapes.
The radius of cylinder is R. Moronis et al. provide the current distribution at the cathode
surface as a function of the angle, ϕ, and a dimensionless parameter called a, which, for
a 30 µm emitter is

a =
(re
d

)0.0083

+

(
R

d

)0.7

= 0.942 +

(
R

d

)0.7

(2.62)

The dimensionless current distribution is

ȷ̂ = cosh−3a(ϕ) (2.63)

Using this equation the power and thrust coefficient integrals can be computed using the
proposed integrals

CP = 2
R

d

∫ π

0

ȷ̂ dϕ

CT = 2
R

d

∫ π

0

ȷ̂

(
1 +

R

d
(1 + cos (π − ϕ))

)
dϕ .

(2.64)

(2.65)
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Figure 2.8: Performance indicators for the wire to cylinder case.

Figure 2.8 shows the behaviour of the main performance parameters, computed from the
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surface integrals, as a function of the dimensionless cylinder radius R/d. These data, com-
ing from numerical correlations, are not valid as the cylinder radius increases indefinitely
hence, when R/d → ∞, the curves do not approach the flat plate limit. It is however clear
that increasing the collector radius will increase both the power and thrust coefficients.
To account for aerodynamic drag we should use the cylinder Reynolds number which can
be computed using the scaling model presented in previous sections.

The drag coefficient can be computed using the following formula, which is valid for the
Reynolds numbers used in this work

CD =
24

Re
(
1 + 0.15 Re0.687

)
+ 0.42 (2.66)

The aerodynamic drag contribution can therefore be added to the thrust coefficient term
using Equation 2.20.
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Figure 2.9: Performance indicators for the wire to cylinder case with the addition of
aerodynamic drag.

With the addition of aerodynamic drag the thrust coefficient is much lower. Tho order
of magnitude of the dimensionless coefficient shows both qualitative and quantitative
agreement with the experimental data provided in the next sections.

This method allows for fast computations of the performance indicators for any shape,
provided that a suitable definition of the functional form is provided. Numerical compu-
tations and experimental measurements can provide some empirical fitting of the current
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distribution which can be used by a fast optimization routine to select the best shape
given a required gap to voltage ratio.
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A custom made experimental setup was employed in order to perform direct thrust and
electric measurements.

Figure 3.1: Photo of the experimental setup

The test rig, already used in a previous work [2], is depicted in Fig. 3.2 and its components
present major modifications in the support structures. The results are analysed in a
reference system consistent with Fig. 1.1, with axes referred to the collectors; thus the
directions are x (chordwise), y (normal to the airfoils chords) and z (spanwise).
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Figure 3.2: Experimental Setup

3.1. Setup Components

The test rig was constructed using 3D printing technology, specifically the Fortus 450MC
and Delta Wasp 2040 printers, which utilized Acrylic Styrene Acrylonitrile (ASA) and
Polylactide (PLA) as building materials. These materials were chosen for their strong
mechanical properties and ease of use in the printing process.

3.1.1. Ring and Load Cells

The ring serves as a circular and rigid structural component that plays a crucial role in
supporting the thruster structure and transferring loads to the load cells.
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Figure 3.3: Structural Ring

PWC6 load cells by HBM were used to measure the load. These load cells guarantee a
precision of 0.1 g in an absolute measurement. The full scale load is 0.75 kg. The load
cells are fed with an input DC voltage of 10V by a signal conditioner that serves also the
purpose of amplifying the output voltage. This instrument is calibrated to produce a 0V

output when unloaded and a gain of 10 V
kg

.

4xM6

130

106 12 350 55

1525
.4
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22
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2

Figure 3.4: Technical drawing of the PW6C Load Cells (dimensions are given in mm)

The load cells are conveniently positioned in a radial configuration on a grounded metal
plate. By distributing the loads uniformly through the ring and onto the load cells, the
test rig is able to accurately measure the forces and torques generated by the thruster.
This configuration also ensures that the test results are reliable and consistent, which is
essential for conducting accurate experiments and obtaining meaningful data.
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Ring Structure

Load Cell

Top Screw

Bottom Screw

Figure 3.5: Detail of the mounting mechanism (not to scale)

To enhance the accuracy and precision of force transfer in the test rig, a new mounting
system was developed and is illustrated in Figure 3.7. Each load cell is equipped with a
screw featuring a 90° conical hole at the end. Three screws with cone-shaped ends that
have a 60° angle are then threaded in a radial arrangement onto the ring structure. The
structure is then placed on top of the load cell, so that the top and bottom screws make
contact with the load cell’s screw. This setup promotes repeatability in the positioning
process and improves the measurement precision. By ensuring that contact and force
transmission occur at a single point, which is a fixed distance from the load cell’s mounting
point, the lever arm is kept constant, leading to more consistent and accurate results.

3.1.2. Airfoil Collectors

The cathodes consist of 5 NACA airfoils with a span of 120mm grounded by means of a
aluminum strip.

(a) Detail of the collector support system
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(b) Detail of the airfoil cap design for the C25T6 air-
foil

Figure 3.6: Airfoil Collectors

The support system for the airfoils is designed to accommodate a wide range of chord sizes,
from 25mm to 100mm. As depicted in Figure 3.6, the system consists of two supports
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with rectangular slots, which are mounted onto the collector’s base using a precision
template to ensure accurate and discrete inter-collector spacings of 5mm.

To secure the airfoils, they are slid into the rectangular slots, with each airfoil being fitted
with two end caps that leave a 0.5mm air gap to provide insulation from end effects.
These end effects occur due to the intensified electric field at the ends of the airfoils,
which can potentially lead to dangerous sparks. A more detailed analysis of the behavior
of the end effects is provided in the following sections.

The grounding connections are realized by means of 5 wires that connect the airfoil ground-
ing strips to a small support threaded in one of the four legs. A single copper wire then
connects this support to the mains earth. This is to ensure that mechanical stresses won’t
affect the measurements.

3.1.3. Anode Base

High Voltage 
Connection

Pegs

Mounting

Figure 3.7: Detail of the Anode Base

The anode base serves as the housing for the wire emitters, which consist of 30 µm con-
stantan wires that are tensed above the collectors. Custom-made pegs are used to regulate
the inter-emitter spacing, and discrete variations of the gap can be achieved using the test
rig. To prevent electrical losses and ensure operator safety, suitable insulating protections
are employed to cover the ends of the emitters. Although not shown in the figure for
clarity, these protections are an essential feature of the design.

The anode base is mounted at the top of the structural length and serves as the starting
point for the high voltage connection. This connection is made using well-insulated cables
that transmit the voltage from the power supply to the PMMA tower. A thin wire bridge
is then responsible for the connection from the tower to the anode bases. This system
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strikes an excellent balance between ensuring operator safety and using thin wires that
do not affect the mechanical measurements.

3.2. Electrical Circuit

−
+ Vg

Rb

Rp1 Rp2

Rs

Voltage Divider

Figure 3.8: Electric circuit

Fig. 3.8 gives a detailed view of the electrical components and connections. A 0.996MΩ

ballast resistor Rb is connected at the output of the voltage supplier. The purpose of this
resitor is of protection in the case of the appearance of sparks and of partially linearizing
the I − V characteristic of the circuit. The voltage drop across the ballast is in the order
of 0.5 kV during nominal operation and increases only in the event of a malfunction.

A voltage divider, with total resistance of 152.9MΩ and output resistance of 15.3MΩ is
connected in parallel with the thruster to measure the voltage between the electrodes.
The input to output voltage is 1/1000 enabling safe probing of high voltages via an
oscilloscope.

A shunt resistor of variable resistance, Rs, can be mounted to probe the current con-
sumption waveform of the thruster. In particular, a 4W 100Ω resistor, which results in
a good compromise between precision and safety, is used for measuring the current wave-
form during nominal operation and for investigation purposes. A low wattage 1.16 kΩ

resistor is used to measure the onset voltage, which is associated with close-to-zero values
of current.

3.3. Measurement Instrumentation
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3.3.1. Power Supply

The required voltage is generated by the Glassmann PS/FC20R06 power supply which is
capable of delivering up to 6mA for a voltage which can vary from to 0 to 20 kV.

Figure 3.9: Glassmann PS/FC20R06 power supply

The power supply, shown in Figure 3.9, features precise control for the applied voltage
and the maximum current along with an integrated ammeter and voltmeter. The am-
meter was used to measure the total current supplied to the thruster and measurement
instrumentation with a precision of 0.005mA.

3.3.2. Signal Conditioner

Figure 3.10: Signal Conditioner

The purpose of using a signal conditioner is to amplify the signals generated by each load
cell prior to them being transmitted to the oscilloscope. This particular signal conditioner,
shown in Figure 3.10, is a custom-built instrument that was previously employed in other
studies. The device comprises a front panel that houses a power switch and a display
that is not utilized for this research. On the rear panel, there are four nine-pin input
connectors, four BNC output connectors, and a GND/FLOAT switch that allows for the
selection of whether to connect the instrument to the ground or not. Inside the casing, the
electronics include linear potentiometers that enable the adjustment of zeros and gains
for each input channel, which can be fine-tuned using a screw. The signal conditioner is
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equipped with two different types of operational amplifiers, the OP37 and the MAX437.
These amplifiers were chosen due to their ability to measure lift and drag in a wind tunnel,
with the OP37 having a higher signal-to-noise ratio compared to the MAX437. Despite
this difference, both amplifiers met the requirements for this thesis and were not replaced.
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In this chapter, load and electrical measurements are described. The total thrust was
directly measured by means of the 3 load cells. Electrical measurements of voltage and
current were also performed to compute the required power.

4.1. Load Measurements

The structure is placed onto the load cell arrangement via the screw mechanism described
in Section 3.1.1. The load cells measure the weight of the structure, which decreases when
the thruster is turned on and generates an upwards force. The order of magnitude of the
structure weight is 1.5 kg, and the order of magnitude of the thrust force is 5 g.

In order to compute the thrust a rigorous linearization procedure was employed. In
principle, the output signal is a nonlinear function of the applied weight. This is not a
function of the weight distribution since the mechanism introduced to precisely load the
load cells transmits only point loads and no torques. The total load can be represented
as the sum of the structure weight and a variable weight δW

son = f (Wtot) = f (Wstruct + δW ) . (4.1)

The function can be linearized with a Taylor series expansion around Wstruct,

son = f (Wstruct) + f ′ (Wstruct) δW = soff + ksys δW , (4.2)

where δW is a known weight, ksys is the system calibration constant, and son, soff are
the output signals when the thruster is respectively loaded and unloaded. Frequent and
repeated measurements of the system calibration constant were taken during the entire
experimental campaign by loading the structure with a small known weight of around
10 g, which was measured precisely using a precision scale available at DAER. Deviations
from the mean value are in the order of 0.4%.
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The effective thrust is computed by taking the difference soff − son between the load cell
output signal when the thruster is switched off and on, and multiplying this value by the
calibration constant of the system:

Te = ksys (soff − son) . (4.3)

Multiple measurements are taken to ensure repeatability and perform uncertainty esti-
mation. Repeatability of the measurement is concerned with the estimation of the effect
of the tension of the wires which carry the electrical current through the thruster. These
wires can also transmit load and affect measurements, so to ensure a stationary tare,
multiple measurements are taken. Uncertainty estimation is performed by computing the
standard deviation from the mean of the multiple measurements and using a t-Student
distribution to account for the low number of points to compute the 1σ uncertainty level.
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Figure 4.1: Example of the thrust measurement acquisition process for the C40T10S35SE
configuration

Figure 4.1 shows an example of the measurement process. This method can help reducing
the overall uncertainty below 0.05 g.

All measurements are referenced to a single cell and reported in dimensionless formulation
by scaling with the reference value Tref = ϵ0V

2
a /d and the span b,

CTe =
Te

5 Tref b
. (4.4)
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4.2. Electrical Measurements

The measurement of electrical quantities was performed in order to compute the total
power consumption and derived performance indicators. The reference circuit model is
described in Figure 3.8. The voltage between the electrodes was measured using the
voltage divider which was in parallel with the system.

Vc =
Rd,tot

Rp

Vm , (4.5)

where Vc is the voltage drop across the entire voltage divider, Vm is the measured voltage,
Rd,tot = Rp1 + Rp2 is the total resistance in parallel with the thruster and Rp is the
equivalent parallel resistance between the output resistance of the divider, Rp2, and the
oscilloscope input impedance, zin. The latter is equal to 1MΩ.

Rp =
Rp2 zin
Rp2 + zin

. (4.6)

It is worthwhile to note that the voltage divider gain is 1/1000 but, because of the addition
of a low impedance scope measurement system, the actual ratio is 6.77/1000. The thruster
current consumption can be recovered by subtracting the current flowing through the
measurement unit from the total current, measured with the power supply ammeter,

Ic = Itot −
Vc

Rd,tot

. (4.7)

The thruster power consumption can therefore be computed multiplying the current and
the voltage P = VcIc . Similarly to the thrust measurements, the power consumption is
made dimensionless and referenced to a single unit:

CP =
P

5 Pref b
. (4.8)

4.2.1. Uncertainties

All measurement uncertainties are assumed uncorrelated and with symmetrical distribu-
tion, hence the RSS (Root-Square-Sum) method can be used to compute propagation of
errors, starting from the general form described by previos equations:
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w2
Y =

n∑
i=1

(
∂Y

∂xi

)2

w2
xi

(4.9)

where wY is the measurement uncertainty of Y , ∂Y
∂xi

is the sensitivity of Y to variation of
the i-th variable xi, and wxi

is the measurement uncertainty of xi.

4.2.2. Inception Voltage

The inception voltage is a crucial parameter that plays a significant role in the dimension-
less model presented in Chapter 2. It represents the voltage at which the first streamer
discharge is observed, and a non-zero current, usually in the order of magnitude of 0.1 µA,
can be measured. The inception voltage is an important parameter to consider since it
characterizes the voltage range where the thruster starts generating thrust. Moreover,
it can provide useful information on the onset of the electrical breakdown process in the
thruster, which is a crucial phenomenon to understand for the proper functioning of the
device.

The inception voltage is typically measured by gradually increasing the voltage applied
to the thruster and monitoring the current response until a non-zero current is detected.
However, background noise generated by the measurement system can introduce uncer-
tainty to the measurement. To account for this uncertainty, the non-zero current is defined
as the mean value greater than three times the root-mean-square (rms) noise signal, known
as the "3σ criterion". In other words, the measured current must be greater than three
times the standard deviation of the background noise in order to be considered a valid
signal for determining the inception voltage.
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Figure 4.2: Inception voltage measurement for the C25T6S35SE configuration, the confi-
dence interval corresponds to the ±3σ band
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Figure 4.2 shows an example of such measurement which was performed by inserting a
1.10 kΩ shunt resistor Rs as in Fig. 3.8. Preliminary tests show that this method ensures
an uncertainty in the order of 200V.

4.3. Measurement Acquisition

Data from the analog output of the load cells, voltage divider, and shunt resistor were
acquired by an oscilloscope. The choice of parameters such as time window and sampling
frequency depends on the instrumentation from which the output is generated.

During the tests involving thrust measurement, the output signal for each load cell was
received from the signal conditioner to the oscilloscope. The time window was set to 2 s,
while the sampling frequency was equal to 50 kHz for each acquisition. These values were
selected based on the fact that the overall force applied to the load cells corresponds to the
sum of three contributions: a stationary signal (which is equal to the structure weight and
thrust), a high-frequency noise, and a low-frequency parasitic weight signal (which is due
to the structural relaxation process of the wires and other members). By taking multiple
acquisitions of a short time frame and adopting statistical post-processing of the data,
it was possible to eliminate the high-frequency noise and check that the low-frequency
parasitic signals are negligible. The oscilloscope was set in hi-res mode to increase the
resolution from three to four significant digits and limit the quantization error.
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5| Results

This chapter discusses the results of the experimental campaign.

5.1. Current Waveform Measurement

This section presents the findings concerning the thruster’s current consumption waveform
in time and frequency domain. To obtain these results, the scope sampling frequency was
set to 1GHz and a thruster off acquisition was performed to ensure that no significant dis-
turbance is present below 100MHz (radio frequency range). The C25T6S35 configuration
was used to perform this study.

An acquisition was made without the protection caps to study the end effects.
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Figure 5.1: Current in time and frequency domain for the C25T6S35 configuration with
no end effect protection

Figure 5.1 shows the current waveform in time and frequency domain for the studied
configuration. It is possible to see that, the current is the superposition of a mean value
(in the order of 1mA) and peaks with an amplitude comparable to the mean value. These
peaks are associated with breakdown streamers occurring at the airfoil ends. These are
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not physical and are caused by the fact that the grounding strip was cut and glued to the
airfoil leaving the sharp edges unprotected. The sharp edges, even though the potential
is 0V, intensify the local electric field at the cathode. This can give rise to a plethora of
parasitic phenomena which increase the current consumption and favour the formation of
streamer discharges. These discharges have an audible component (as demonstrated by
the PSD in Figure 5.1b) and a high frequency component. The increase in current can
be explained by the ignition of a second corona discharge at the cathode as hypotesized
by Barret et al. [22].

To limit the effect of the airfoil ends a range of solutions was tested. Initially, a few layers
of high end self rubbing tape carefully applied at the two ends (with an electrical rigidity
of 40 kV/mm and higher) were used. The results are shown in the following figure
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Figure 5.2: Current in temporal and frequency domain for the C25T6S35 configuration
with self-rubbing tape as protection

As it is possible to see from Figure 5.2, the performance is worsened since breakdown
streamers and inverse corona are amplified. It is hypothesized that this is due to the fact
that insulating materials do not change the electric field distribution which is still able
to ionize the air present in air pockets below the self rubbing tape and the formation of
anode-directed luminous streamers was observed.

For this reason custom PLA caps were designed and printed for each airfoil in the pa-
rameter space. The caps are mounted at the airfoil end so that they leave a 0.5mm air
gap allowing space charges to move freely but, because of their design, the formation of
ionized channels is discouraged. This is due to the fact that this channel would be too
long; thus requiring too much power to be maintained [19].
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Î
[m

A
]

(a) Current

102 104 106 108

f [Hz]

10-4

10-2

100

Î
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Figure 5.3: Current in temporal and frequency domain for the C25T6S35 configuration
with PLA caps as protection

Figure 5.3 shows that the current, in this configuration is half of the value reached by
unprotected airfoils and is repeatable. High frequency unstable discharges are still present
but the magnitude is reduced and the spectral power has lost at least on order of magni-
tude across the entire frequency range.

5.2. Chord and Thickness dependence

In this section, the effect of the chord and of the thickness on the performance of the
thruster is presented. The evaluation is done in the standard conditions (1.8). Figure 5.4
shows the behaviour of the effective thrust, power and effective thrust to power coefficients
for the different airfoils investigated as a function of the thickness.



56 5| Results

0.1 0.2 0.3 0.4 0.5 0.6 0.7

t

d

0.30

0.35

0.40

CTe

C15 C25 C40 C100

(a) Effective Thrust Coefficient

0.2 0.3 0.4 0.5 0.6 0.7

t

d

0.6

0.7

0.8

0.9

CP

C15 C25 C40 C100

(b) Power Coefficient

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

t

d

0.3

0.4

0.5

0.6

0.7
CTPe

C15 C25 C40 C100

(c) Effective Thrust to Power Coefficient

0.2 0.3 0.4 0.5 0.6 0.7

t

d

4.4

4.6

4.8

5.0

Vi (kV)

C15 C25 C40 C100

(d) Ignition Voltage

Figure 5.4: Evaluation of the performance indicators, for each chord, as a function of t/d
(d = 20mm).

The behaviour of CTe, shown in Figure 5.4a, is influenced by electrical and aerodynamic
parameters. On one hand, increasing the thickness has a beneficial effect on the generated
electrical thrust since the discharge section increases [1]. On the other hand, an increase
in the thickness increases the t/c ratio which makes the airfoil less aerodynamic; moreover,
it decreases the S/t parameter causing a worsening of the aerodynamic performance due
to blockage effects [1]. The combination of these effects results in the presence of a local
maximum as function of thickness for a given chord. Both the C100 and C40 families
present this maximum in the corresponding T10 airfoil while the T14 airfoil suffers from
blockage effects. The C25 family presents this maximum in the T6 airfoil since the C25T10
airfoil has a shape with poor aerodynamics. The local maximum for the C15 chord family
should presumably appear on the left, outside the investigated parameter space.
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Figure 5.5: Evaluation of the performance indicators, for each thickness, as a function of
c/d (d = 20mm).

Figure 5.5 shows the behaviour of the performance parameters for each thickness and
variable chord. It is possible to see that decreasing the chord with respect to well-known
100mm case [1, 2, 32] is generally beneficial. Indeed, the thrust coefficient always admits
a local maximum whereas the power coefficient increases. This means that the thrust to
power has a local maximum.

This is because a reduction of the chord decreases the weight of the drag in the effective
thrust coefficient CTe = CT − 1

2
(c/d)CD, after Equation (??). This is possible until the

t/c parameter becomes too large, leading to a bluff airfoil which favours flow separation
and the related drag increase.

Overall, the global maximum for CTe in the parameter space is represented by the C25T6
airfoil. It remains unclear whether the C15T2 airfoil, not present in this parameter space
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because of manufacturing issues, could have a higher thrust. However, the investigated
trends indicate that smaller and thinner airfoils could presumably increase the effective
thrust in the order of 15 %.

Figure 5.6: Distance between emitter and maximum thickness section of the airfoil for
two collectors of different chord and equal thickness

The power coefficient, being less influenced by aerodynamics, shows a simpler behaviour.
Similarly to the thrust coefficient, increasing the thickness produces an increase of the
power coefficient because also the discharge section grows. Decreasing the chord also
increases the power coefficient. This is probably due to the fact that a decrease in the
chord has the effect of compressing the airfoil shape closer to the emitter, as shown in
Figure 5.6. This flattens the leading edge and moves the section with maximum thickness
closer to the emitter, leading to an increase in current consumption.

As for thrust to power, CTPe shows the combination of every effect mentioned so far. It
is interesting to observe that, as the chord is decreased, there is a slight increase of CTPe

followed by a decrease. This indicates that a further extension of the parameter space by
reducing chord and thickness, although beneficial for the total trust, would not necessarily
improve CTPe.

It is worth noting that in Figure5.4 the dimensionless coefficients trends correspond to
the dimensional trends. In fact, as presented in tables 2.1 and 2.2, each dimensional
quantity can be written as the product of the relevant coefficient and reference factor, as
for instance Te = CTeTref , and in the data above the reference factors are constant, given
the experiment conditions. Instead, other results in the followings, as the ones about the
gap effects, include also combined variations of coefficients and reference factors.
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Figure 5.7: Effective Volumetric Thrust coefficient behaviour based on the cell volume
and collector volume

Figure 5.7 shows the behaviour of the Effective Volumetric Thrust Coefficient as function
of the collector thickness. In Figure 5.7a the reference volume is the one of a thruster unit
S (d+ c) b and is an indicator of the spatial size of a single unit or cell; this indicator can
be useful in studying the benefits of a multiple units configuration. In Figure 5.7b the
reference volume (t c b) is proportional to the volume of a collector, and it is an indicator
of the mass of the airfoil, if the collector is fully filled. Both these coefficients suggest that
moving towards shorter and thinner collectors is beneficial.

The most important design parameters available for an optimization process are CTAe,
CTV e and CTPe. A local optimization must account for the weight assigned to each per-
formance indicator and consider structural and manufacturing parameters. It is however
clear that airfoils with large chords are inefficient and a reduction is suggested. In this
work, the C25 family is identified as the global optimum since it results in an acceptable
trade-off between the above parameters.

5.3. Spacing variation

The dependence on the spacing between units has already been studied by several authors
[1, 9, 21]. In particular, a study on the C100 family [1] found that reducing the spacing
between units results in a trade-off between the total thrust generated, which decreases
by aerodynamic blockage as the spacing diminishes, and the surface thrust density, which
presents a local maximum. Another work [21] showed that lowering the emitter spacing
(i.e. increasing the emitter density) is not always beneficial because of the electrostatic in-
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teraction between close wires. This is known as shielding, as it limits the corona inception
of closely packed wires.
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Figure 5.8: Ignition Voltage as a function of S/d (d = 20mm).

Figure 5.8 shows the behaviour of the ignition voltage as function of the spacing between
C25 airfoils under the standard conditions (1.8). The differences between airfoils of differ-
ent thicknesses are not clearly measurable since they fall within experimental errors. It is
however evident that decreasing the spacing favours the electrostatic interaction between
the emitters, and this results in an increase of the ignition voltage.
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Figure 5.9: Influence of the inter-collector spacing on the thruster performance for a SE
configuration

Figure 5.9 shows the behaviour of all the performance parameters versus the spacing, for
thrusters with one emitter per collector (SE configuration) as in the previously presented
results. The plots of CTe and CP show the experimental data points as well as the relevant
fits, already introduced in a previous work [1]:

T

b
= k1

(
1− k2e

−k3s
)

P

b
= k4

(
1− k5e

−k6s
) . (5.1)

The fits for CTAe and CTPe are derived from the previous ones. Figure 5.9a shows that CTe

decreases as the spacing is reduced. This effect is believed to be a combination of both
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the aerodynamic blockage and the electrostatic shielding, progressively important as the
spacing decreases. The power coefficient shows a similar behaviour but the exponential
trend is less visible. This is because the power is less influenced by aerodynamics than by
the electrostatic interaction, which is more important at small spacings.

CTAe increases as the spacing is decreased but reaches a local maximum, then it drops
following the effective thrust. The C25T2 airfoil reaches the highest effective thrust den-
sity CTAe because aerodynamic losses become important only at very low spacings, given
the fact that the airfoil (NACA0008) has a low t/c and hence a favourable slender shape.

Overall, Figure 5.9d shows that a global maximum, in the considered space, is found for
the C25T2 airfoil which maximises the effective thrust density coefficient given a desired
effective thrust to power and viceversa.
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Figure 5.10: Influence of the inter-collector spacing on the thruster performance for a DE
configuration.
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Figure 5.10 shows the same analysis, repeated for the C25 family in a double emitter (DE)
periodic configuration. In this case the spacing is S between collectors and S/2 between
emitters, as in Figure 1.15b. It is possible to see that at large spacings, a DE configuration
boosts the generated thrust keeping the same power consumption, a behaviour already
evidenced in [2].

Again, it is possible to fit with an exponential behaviour both the effective thrust and the
power consumption. The effective thrust density admits a local maximum, reached by
the C25T2 configuration, but the value is smaller than for the SE configuration. In fact,
a DE configuration becomes unfavourable at low spacings because the double number of
emitters may more easily cause the shielding phenomenon [21]. Accordingly, there is a
performance drop for the C25T2 airfoil even if it is thin and aerodynamically capable of
working at low spacing.

The curves in Figure 5.10d show that C25T2 still exceeds C25T6 in the DE case, although
the differences are small, and at large spacings the two airfoils have a similar CTPe.
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Figure 5.11: C25T2 performance in SE and DE configuration; the arrows indicate increas-
ing spacings

Further details about the C25T2 are presented in Figure 5.11, which compares its SE and
DE performance curves. It is seen that the DE configuration maximizes the thrust to
power at high spacings while the SE configuration maximizes the surface thrust density
at low spacings.
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5.4. Gap and voltage characterization

A variation of the gap d will cause a variation of all the dimensionless parameters intro-
duced in Chapter 2 since d is chosen as scaling factor for all the lengths; for this reason, a
detailed study of the gap influence can assess the capability of the dimensionless param-
eters to describe the underlying physics. The analysis include voltage variations, since
d and Va contribute to determine the electric field. The C25T6 airfoil, which maximises
CTe for a 20mm gap, was chosen for this investigation. The measures are performed in
the nominal corona regime, before the onset of breakdown which occurs at lower voltages
when the gap is reduced. The investigation spans a range of gaps 10 ≤ d ≤ 30 mm and a
range of voltages 3 ≤ Va ≤ 20 kV.
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Figure 5.12: Influence of the voltage and gap variation on the dimensional performance
indicators

Figure 5.12 shows the variation of the dimensional parameters with respect to the gap and
the applied voltage for the C25T6S35 single emitter configuration. The ignition voltage,
depicted in Figure 5.12a, increases as the gap is increased, with an apparently obvious
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trend. However it is noteworthy that this phenomenon is related to what is shown in
Figure 5.8, where a decrease in spacing S results in an increase of the ignition voltage
Vi: in fact, according to the scaling introduced in §2, the dimensionless spacing is S/d, so
an increase in the gap should give similar effects to a reduction of the spacing, i.e. a gap
increase with constant inter-emitter spacing and an emitter spacing reduction at constant
gap should have similar physical effects. This is indeed confirmed by comparing Figure 5.8
and 5.12a.

The other dimensional parameters exhibit a behaviour consistent with the scaling of §2:
for instance, the effective thrust is Te = CTe Tref = CTe ϵ0V

2
a /d, and Figure 5.12b shows

that Te mainly follows the reference factor V 2
a /d, growing with V 2

a and decreasing as the
gap is increased. Also the power follows its reference factor V 3

a /d
2 and varies inversely with

the gap; accordingly, the effective thrust to power ratio exhibits the opposite behaviour,
scaling as d/Va. The latter is not easy to determine at low voltages since it is defined
as the ratio of two quantities that tend to zero as the applied voltage decreases, and
correspondingly the error bars are inherently emphasized.

In general, the trends in Figure 5.12 do not indicate that CTe, CP , CTPe are constant,
however their trends are masked by the reference factors, and need a separate analysis.
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Figure 5.13: Influence of gap and voltage variations on the behaviour of the dimensionless
coefficients

For the same data of Figure 5.12, the behaviour of the dimensionless coefficients as a
function of scaled voltage and gap are presented in Figure 5.13. The use of the scaled
voltage Va/Vi automatically includes the influence of the ignition voltage. In this case, the
discrete points represent experimental data while the solid lines are modelling functions.
For both the effective thrust and power coefficient the following expansion is adopted:

f

(
Va

Vi

)
= c0 + c1

(
Va

Vi

)−1

+ c2

(
Va

Vi

)−2

. (5.2)

The series is truncated at order 2 in order to avoid over-fitting. The coefficients can
depend on d, and a constraint c0 + c1 + c2 = 0 is imposed in order to ensure that when
the scaled voltage is 1 no thrust is generated (Va = Vi condition or low voltage limit).
Under the opposite condition Va ≫ Vi (high voltage limit) the functions inherently tend
to constant values.

The trends of the coefficients CTe, CP , CTPe can now be analyzed in detail. The effective
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thrust coefficient, as the gap is decreased, shows an initial increase and then a decrease
indicating d = 20mm as a local maximum. On one hand, decreasing the gap increases
both t/d and S/d which are beneficial, up to a certain extent, to CTe. On the other
hand, the c/d parameter, which represents the weight of the drag coefficient in CTe =

CT − 1
2
(c/d)CD, also increases. This opposite behaviour explains the presence of a local

maximum.

The power coefficient dependency on the gap exhibits the same local maximum found in
CTe with the difference that the variations around this maximum are smaller, especially
at high gaps. The explanation for this trend is, once more, due to opposite behaviour
of the geometrical dimensionless parameters: increasing t/d and S/d increases the power
coefficient, whereas increasing c/d reduces it.

The model for the effective thrust to power coefficient CTPe was assumed to be the ratio of
the fitting functions for CTe and CP . In 2.3, using a simple 1D formulation without aero-
dynamic drag, it is shown that CTP is a constant. As a comparison, in Figure 5.13b data
points tend to a constant trend at high scaled voltages, consistently with Equation (5.2).
However, at low voltages, the fits ratio becomes less reliable because both the effective
thrust and the power coefficient tend to zero. As regards to the dependence on the gap,
when d increases CTPe decreases, indicating a trend that is opposite to the dimensional
value.

5.5. Effect of the Grounding Strip Length

The grounding strip length is an important geometrical parameter for the performance
of the thruster. Its effect is not discussed in the present literature; Barret et al. used
airfoils with an unspecified grounding strip length [32], Komich et al. used metal sheets
[16] and all previous works grounded the 45% of the cathode surface [1, 2]. It is possible
to hypothesize that, for airfoils with a large chord, the difference between partially and
fully grounded airfoils is negligible due to the fact that the extent of the metal surface
is larger than the distance required for ions to be neutralized by surface processes. It is
however unclear if this effect still holds for shorter cathodes and if there is a dimensionless
parameter which governs this phenomenon.
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a

Figure 5.14: Ground Strip (in red) over an airfoil. The parameter a represents the x-axis
length of the strip.

To perform this evaluation, the T10 airfoils of each chord family were studied in the
standard configuration (1.8) at a variable grounding strip length which corresponds to
45%, 80% and 100% of the airfoil chord. To evaluate the result, the a/d dimensionless
parameter was used
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Figure 5.15: Performance indicators for the T10 airfoils as a function of the a/d dimen-
sionless parameter

Figure 5.15 shows the behaviour of the main performance parameters as the length of
the grounding strip is changed. It is possible to see that the inception voltage, except
for the C15T10 airfoil, doesn’t experience large variations indicating that the length of
the conductive strip is not relevant for the inception of corona discharges. The thrust
coefficient, expect for the C15T10, airfoil is also not affected by the dimensionless param-
eter’s variations and it is hypothesized that, relative differences, are, if present, within
the current uncertainty level.

The power coefficient shows an interesting trend. It is possible to see that increasing the
a/d parameter will cause a decrease in the electrical power consumption. This indicates
that the behaviour of the power coefficient is actually controlled by the a/d parameter
rather than the c/d. The explanation behind these variations is complementary to the
one given in Chapter 5.2.
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Finally, the thrust to power coefficient shows the combined effect of the two previously
mentioned parameters indicating that a fully grounding airfoil with a smaller chord is
more efficient than an equivalent partially grounded airfoil.

5.6. Emitter Degradation

The emitter degradation is a crucial topic for any future application of this technology.
The goal of this section is not rigorously evaluate the performance of the emitter as a
function of time but to show what the emitting surface looks like and evaluate its changes
during the tests. All images were captured with Hitachi TM3000 electronic microscope
available at DAER laboratory.

30

~30

Surface profile

Figure 5.16: SEM image of a new wire.

Figure 5.16 shows the surface detail of a new and unused constantan wire. It is possible
to see that the diameter is roughly 30 µm as per specification but the surface profile is not
regular. The profile has crests of a size of less than 1 µm which are likely due, because of
the regularity, to the manufacturing process. Overall the surface is clean and presents no
major damage or contaminant.
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Figure 5.17: SEM image of a used wire

Figure 5.17 show the same wire after approximately 1 h of intermittent use (estimation
carried out with respect to the number of tests performed with this wire and the mean
duration of such tests). This picture was taken after a spurious 5% increase in the current
consumption was noticed. In particular, it is hypothesized that Figure 5.17a shows the top
of the emitter, i.e. the side which is not facing the collector, and 5.17b shows a side-view
(on the right, the side facing the collector and on the left the other side). It is possible
to see that the side not facing the collector presents accumulation of contaminants of
variable size ( 1 µm to 30 µm) which are caused by the presence, in the atmosphere, of
small particulates which are electrically attracted to the emitter during use. The emitting
side shows visible signs of surface damage which result in small irregularities in the surface.
It is hypothesized that surface reactions occurring at the emitter are the cause of such
damage. The presence of arks and sparks can further damage the emitter rendering
the entire wire unusable. This problem is a major concern for any future application of
this technology as this level of degradation might not be acceptable in a operating ionic
thruster.
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6| Discussion and Conclusion

In this work, a thorough investigation has been conducted to study the effect of various ge-
ometrical parameters on the overall performance of the thruster. The experimental setup
involved measuring the generated thrust using load cells, in conjunction with recording
the electrical data such as current and ignition and working voltages.

The scaling model introduced in this study is a crucial step towards understanding the
relationship between the experimental data and the setup conditions. This model involves
scaling all the lengths with respect to the gap, and defining dimensionless coefficients for
all the physical quantities of interest. With this approach, it is possible to reduce the
number of free parameters, making it easier to comprehend the correlations between the
different parameters.

The most important discovery made by this study is the fact that the airfoil chord can be
significantly decreased from the previous 100mm value. This can improve the performance
since the parasitic drag is minimized but can also make the thruster smaller and the
corresponding support structures lighters.

Parameter New Value Previous Value Improvement

Thrust Coefficient 0.40 0.34 17 %
Thrust to Power Coefficient 0.65 0.60 8 %
(Cell) Volumetric Thrust Coefficient 0.10 0.03 230 %

Table 6.1: Comparison between the dimensionless performance indicators of the new
C25T6 airfoil and C100T10 airfoil at the standard configuration 1.8

Table 6.1 shows the different dimensionless parameters of the old C100T10 airfoil and
the new C25T6 airfoil. It is possible to see that the new configuration optimizes the
thrust and the thrust to power by a noticeable amount which shows that the previous
configuration developed too much parasitic drag. The biggest increase, however, is seen
in the volumetric thrust density coefficient, having used the total cell volume S(c + d).
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This result is promising because it opens the possibility to use compact and efficient
multi-staged thrusters.

Parameter Value SI Unit

Thrust per unit Span 65 mN/m

Thrust to Power 4.4 N/W

(Cell) Volumetric Thrust Density 40 N/m3

Table 6.2: Dimensional parameters for the C25T6S35 optimized configuration at the
standard configuration 1.8

Table 6.2 reports the new performance indicators for the C25T6 optimized configuration.
These results have opened the possibility of studying the optimal configurations at dif-
ferent spacings showing that there are two possible optimal configurations that optimize
either the thrust density or thrust to power.

(a) Small Spacing Optimal Configuration (b) Large Spacing Optimal Configuration

Figure 6.1: Depiction of the two optimized configuration found by this work

The first configuration, called S10SE, uses C25T2 airfoils, in single emitter configuration,
which are thin and can be placed at a 10mm spacing optimizing the thrust density
coefficient whereas the second configuration, called S40DE, uses the same airfoils but in
double emitter configuration at a spacing of 40mm optimizing the thrust to power ratio.

Configuration CTAe T/A CTP T/P P/A

S10SE 0.39 4.42N/m2 0.55 3.5N/kW 1.25 kW/m2

S40DE 0.22 1.94N/m2 0.79 5.06N/kW 0.38 kW/m2

Table 6.3: Performance indicators for the two optimal configurations found
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Table 6.3 reports the performance indicators for the two configurations found. It is pos-
sible to see that the S10SE configuration generates a significant amount of thrust per
unit area but a large amount of power is required to feed that area whereas the seond
configuration generates half of the thrust but requires 3 times less power.

At this point, a general optimization procedure is required in order to choose the correct
configuration. This optimization, however, should be performed once the requirements
are set which can come in many forms.

The results of this work underscore the need for further investigation in two key areas.
First, leveraging these findings, we can identify specific requirements that any future ionic
thruster must meet. It is then possible to implement an optimization procedure to fine-
tune the thruster’s geometric parameters to meet these requirements and optimize its
performance.

Secondly, it would be valuable to conduct additional research into the fundamental physics
of the thruster. Specifically, it is possible to experimentally test the scaling model with
external convection to validate it. Additionally, exploring a range of environmental condi-
tions could simulate different operating environments for the thruster and provide further
insights.
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A| Voltage Behaviour of different

airfoils

This chapter provides an analysis of the voltage dependence of performance indicators
for different airfoils in the parameter space, which was conducted in parallel with the
evaluation presented in Section 5.2. The purpose of these studies was two-fold: first, to
gain diagnostic insights into the performance of the airfoils, and second, to validate the
results obtained from the parameter space evaluation and the dimensionless model. By
examining the agreement of the full voltage curve with the considerations given in Section
5.2, this chapter is able to provide further validation for the findings.

A.1. C100 airfoils
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Figure A.1: Voltage dependence of the thrust and thrust to power coefficient of the C100
airfoils
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A.2. C40 airfoils
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Figure A.2: Voltage dependence of the thrust and thrust to power coefficient of the C40
airfoils

A.3. C25 airfoils

1.5 2.0 2.5 3.0 3.5 4.0
Va

Vi

0.1

0.2

0.3

0.4

CTe

C25T2 C25T6 C25T10 C25T14

(a) Thrust Coefficient

1.5 2.0 2.5 3.0 3.5 4.0
Va

Vi

0.2

0.4

0.6

CP

C25T2 C25T6 C25T10 C25T14

(b) Power Coefficient

Figure A.3: Voltage dependence of the thrust and thrust to power coefficient of the C25
airfoils
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A.4. C15 airfoils
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Figure A.4: Voltage dependence of the thrust and thrust to power coefficient of the C15
airfoils
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B| Hot Wire Emitters

This appendix is devoted to the study of the effect of the emitter temperature to improve
the efficiency of ionic thrusters.

Kulumbae et al. [20], performed a similar study and found that increasing the emitter
temperature has the positive effect of reducing the ignition voltage. This is due to the
fact that increasing the emitter temperature does not affect the drift region properties
(such as mobility, density, ...) as long as the power transferred to the air is small. For
this reason, increasing the temperature can facilitate the ionization of the gas and hence
decrease the temperature [20].

Recalling Peek’s formula for the inception field (explained in 2.32), it is possible to com-
pute an estimation of the ignition voltage solving Poisson’s equation in an axial-symmetric
configuration

Vi = Ebδ(1 +
k1√
δre

)re ln

(
d

re

)
(B.1)

Changing the temperature will affect δ which is the gas number density ratio. Using the
ideal gas law, P = nkBT it is possible to see that the gas number density decreases linearly
with the temperature. The effect on the ignition voltage is therefore, calling α = k1√

re
,

Vi,HOT

Vi,COLD

=
δ + α

√
δ

1 + α
. (B.2)
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Figure B.1: Effect of the wire temperature on the inception voltage.

Figure B.1 shows that increasing the wire temperature has a huge effect on the incep-
tion voltage as increasing the wire temperature to up to 300K (3 times the ambient
temperature, TA) can decrease the inception voltage by more than 60 %. This model,
although simple, has been validated by [20] with temperature up to 700K and showed
that deviations from this trend are within 5 %.

This can potentially have a huge impact on the performance of EHD thrusters for two
main reasons. First and foremost decreasing the inception voltage means that, in order to
maintain the same dimensionless voltage V̂ , the applied voltage can be decreased. This
will negatively impact the thrust since the reference value depends on V 2

a but greatly
improve the thrust to power ratio. It is in fact true that if the applied voltage is reduced
to a factor of 60 % the thrust to power ratio will experience a relative increase of 60
%. This can boost the performance of configurations that have a low thrust to power
ratio. Moreover; this decrease in the inception voltage can limit, or even eliminate the
shielding effect making the thruster able to fly in multiple emitter configurations or at
very low spacings. However, it is also true that the power required to heat the wire must
be accounted for in the general power consumption balance.

The general power balance equation for the heated wire, per unit length, reads

RwI
2
w = cwh(Tw − Ta) (B.3)

Where Rw = Ra(1 − αT (Tw − Ta)) is the wire resistance at a temperature Tw, Iw is the
current flowing in the wire, cw = 2πre its circumference and h the heat transfer coefficient.
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In particular, h = Nu k
2 re

where Nu is the Nusselt number and k the air thermal conductivity.
It was estimated that the ratio between the wire Reynolds number, computed using the
reference velocity at 20 kV, and the square of the Grashof number is small, around 10−4,
at 1000K, indicating that forced convection prevails over natural convection. For this
reason, the following empirical correlation was used to compute the Nusselt number

Nu = 0.39 + 0.51
√
Re . (B.4)

This formula is due to Kramers [18] and is valid for a Reynolds number (computed using
the incoming flow temperature) between 2.5 and 1500 (in our case the emitter Reynolds
number is 5).

Using this correlation, the balance equation can be solved to find the current and power
consumption of the hot wire.
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Figure B.2: Current and power consumption of a hot wire

Figure B.2 shows that the current consumption, for a 30 µm platinum wire, is very high
and it gets worse as the wire diameter is increased (because more power is required to
keep the wire temperature).

B.1. Performance Computation

As mentioned in previous sections, a possible improvement is due to the fact that increas-
ing the temperature will decrease the inception voltage hence the thruster will require a
smaller voltage to operate in the same condition. Using the fact that the C25T6 in the
standard configuration, reported in 1.8, has a CTe of 0.4 and a CP of 0.5 at V̂ = 4 the
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total power, per unit length, required to drive the thruster will be the sum of the corona
power and the hot wire power

P = µqϵ0
V 3
a

d2
0.5 +RwI

2
w . (B.5)

The applied voltage required to drive the thruster at V̂ = 4 will be Va = 4Vi hence
increasing the temperature can potentially have a beneficial effect.
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Figure B.3: Effect of the wire temperature on the total power consumption for different
values of the inception voltage.

Figure B.3 shows that the functional dependence of the total power consumption admits
a minimum at a high temperature only if the inception voltage is high. In the case of the
standard configuration the inception voltage is 5 kV so no improvement is possible.
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Figure B.4: Effect of the wire temperature on the total thrust to power consumption for
different values of the inception voltage.

The Thrust to Power being defined as the ratio of the thrust and the total power con-
sumption will also show the effect of the reduced thrust. Figure B.4 shows that the
improvements, even assuming a large inception voltage are negligible.

Overall, increasing the wire temperature does not have a beneficial effect on the perfor-
mance apart for very power demanding configurations that require a high voltage. The
benefits of using a hot emitter in configurations where the thruster has a very high in-
ception voltage still needs to be evaluated because the improvement on the dimensionless
coefficients strongly depends on the working V̂ point. Even in this case, the wire diameter
would have to be very small to limit the power consumption which might not be feasible
for robustness requirements.
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