
INVESTIGATION OF A MULTIMODAL

ELECTROSPRAY PROPULSION SYSTEM FOR

SMALL SPACECRAFT

ETUDE D’UN SYSTEME DE PROPULSION DE

TYPE ELECTROSPRAY MULTIMODAL POUR

ENGINS SPATIAUX DE PETITE TAILLE

A Thesis Submitted to the Division of Graduate Studies
of the Royal Military College of Canada

by

Peter Lane Mallalieu, P.Eng.

Second Lieutenant

In Partial Fulfillment of the Requirements for the Degree of
Master of Applied Science in Aeronautical Engineering

October, 2022
© This thesis may be used within the Department of National Defence but copyright for

open publication remains the property of the author.



INVESTIGATION OF A MULTIMODAL ELECTROSPRAY PROPULSION SYSTEM FOR
SMALL SPACECRAFT

ETUDE D’UN SYSTEME DE PROPULSION DE TYPE ELECTROSPRAY MULTIMODAL
POUR ENGINS SPATIAUX DE PETITE TAILLE

2Lt Peter Lane Mallalieu Candidate, MASc in Aeronautical Engineering
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Abstract

Spacecraft have scaled down at a faster rate than the propulsion systems required for orbital
maneuvers. As a result, the majority of small satellites launched into orbit do not have propulsion
capabilities. The addition of a micro-propulsion system would allow for greater mission capability
for earth-orbiting satellites. Electrospray thrusters are a promising micropropulsion technology
which could be used to meet the propulsion needs of small satellites, or for fine attitude control
of larger spacecraft. Electrospray thrusters operate by applying strong electric fields to electrically
conductive propellants which are ejected at high speeds to produce thrust. These thrusters have
many benefits over other forms of propulsion such as highly efficient propellant usage, the lack of
any compressed gases required for operation, and no requirement for a neutralization process.

Combining multiple forms of spacecraft propulsion using a single common propellant is referred
to as multimodal propulsion. A multimodal system would potentially provide a thruster with
the capacity of selecting either high specific impulse mode or a high thrust mode. Interestingly,
electrospray thrusters have the ability to operate in different modes based on the type of particle
being emitted. Thus, this thesis investigates a micro-propulsion system which combines a droplet
and ion mode electrospray emitter into a unified system using EMI-BF4 as the common ionic liquid
propellant. Two porous wedge emitters each were manufactured using Laser milling: a high relative
thrust droplet mode emitter fabricated from a commercially available P3 borosilicate glass; and a
high efficiency ion mode emitter fabricated from a carbon xerogel substrate (fabricated in-house).

To characterize the multimodal thruster, a full beam and time-of-flight (ToF) experimental setup
were developed at the RMC Advanced Propulsion and Plasma Exploration Laboratory (RAPPEL).
The full beam experimental setup placed the thruster in close proximity of a beam collector aligned
with a suppression grid designed to eliminate secondary electrons. A custom Einzel lens and
Bradbury-Nielsen gate were used to focus and deflect the emitted beam, allowing for the flights
times of emitted particles to be measured at the collector. These times were then used to indirectly
estimate the thrust and specific impulse of thrusters operated within the low-pressure Bell-Jar
chamber. The electrospray thruster was operated using a custom high voltage bi-polarity switch
which alternated between positive and negative voltage of 0 to 3kV every three seconds. Both
full beam and ToF measurements were successfully made for the multimodal thruster. The ion
mode emitter had an onset voltage around 1400 V with an estimated thrust performance of 0.14
µN and specific impulse of 4040 s. Droplet mode had an onset voltage around 1375 V with an
estimated performance of thrust at 14.5 µN and specific impulse of 140 s. The prototype thruster
described in this research has demonstrated how various electrospray emitters could be combined
into a multimodal system which could provide effective thrust for small spacecraft.
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Résumé

Les engins spatiaux se sont réduits à un rythme plus rapide que les systèmes de propulsion
nécessaires aux manœuvres orbitales. En conséquence, la majorité des petits satellites lancés en
orbite n’ont pas de capacités de propulsion. L’ajout d’un système de micro-propulsion permet-
trait une plus grande capacité de mission pour les satellites en orbite terrestre. Les propulseurs à
électropulvérisation sont une technologie de micropropulsion prometteuse qui pourrait être utilisée
pour répondre aux besoins de propulsion de petits satellites, ou pour le contrôle d’attitude fin
d’engins spatiaux plus grands. Les propulseurs à électropulvérisation fonctionnent en appliquant
des champs électriques puissants à des propulseurs électriquement conducteurs qui sont éjectés à
grande vitesse pour produire une poussée. Ces propulseurs présentent de nombreux avantages par
rapport à d’autres formes de propulsion, tels qu’une utilisation très efficace du propulseur, l’absence
de gaz comprimé requis pour le fonctionnement et aucune exigence de processus de neutralisation.

La combinaison de plusieurs formes de propulsion d’engins spatiaux à l’aide d’un seul propulseur
commun est appelée propulsion multimodale. Un système multimodal fournirait potentiellement
un propulseur avec la capacité de sélectionner soit un mode d’impulsion spécifique élevée, soit un
mode de poussée élevée. Fait intéressant, les propulseurs à électropulvérisation ont la capacité de
fonctionner dans différents modes en fonction du type de particules émises. Ainsi, cette thèse étudie
un système de micro-propulsion qui combine un émetteur d’électronébulisation en mode gouttelette
et ionique dans un système unifié utilisant EMI-BF4 comme propulseur liquide ionique commun.
Deux émetteurs poreux ont chacun été fabriqués à l’aide d’un fraisage au Laser : un émetteur en
mode gouttelette à poussée relative élevée fabriqué à partir d’un verre borosilicaté P3 disponible
commercialement ; et un émetteur à mode ionique à haut rendement fabriqué à partir d’un substrat
de xérogel de carbone (fabriqué en interne).

Pour caractériser le propulseur multimodal, une configuration expérimentale à faisceau complet
et temps de vol (ToF) a été développée au RMC Advanced Propulsion and Plasma Exploration Lab-
oratory (RAPPEL). La configuration expérimentale place le propulseur à proximité d’un collecteur
de faisceau aligné avec une grille de suppression conçue pour éliminer les électrons secondaires. Une
lentille Einzel et une porte Bradbury-Nielsen ont été utilisées pour focaliser et dévier le faisceau émis,
permettant de mesurer les temps de vol des particules émises au niveau du collecteur. Ces temps ont
ensuite été utilisés pour estimer indirectement la poussée et l’impulsion spécifique des propulseurs
actionnés dans la chambre Bell-Jar à basse pression. Le propulseur à électropulvérisation était
actionné à l’aide d’un commutateur bi-polarité haute tension personnalisé qui alternait entre une
tension positive et négative de 0 à 3 kV toutes les trois secondes. Les mesures du faisceau complet et
du ToF ont été effectuées avec succès pour le propulseur multimodal. L’émetteur en mode ionique
avait une tension de démarrage de 1400 V, une performance de poussée estimée de 0,14 µN et une
impulsion spécifique de 4040 s. Le mode gouttelette avait une tension de démarrage de 1375 V avec
une performance estimée de poussée à 14,5 µN et une impulsion spécifique de 140 s. Le propulseur
prototype décrit dans cette recherche a démontré comment divers émetteurs à électropulvérisation
pourraient être combinés dans un système multimodal qui pourrait fournir une poussée efficace
pour les petits engins spatiaux.
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1 Introduction

Spacecraft and the systems they support have an increasingly beneficial impact to daily life on
Earth. Communications, meteorology, and navigation all use Earth orbiting satellites to provide
valuable information which positively impact our day to day lives [1, 2, 3]. In Canada satellites play
a critical role in search and rescue operations and assisting farmers to optimize crop yields [4, 5].
Satellites are also used to track climate change by measuring arctic sea ice melt and pollution [6].
The knowledge gained by spacecraft being sent past our planet to the solar system and beyond
have the potential to produce untold benefits for humanity.

Overcoming the Earth’s gravity to launch objects into space has always been a costly and
complex challenge. At the beginning of the space age satellites launched into orbit were small due
to the limited capability of early rocket technology. From the 1960s to around 2010, there had been
a general trend of satellites becoming larger and more capable. In 1958, the United States launched
the Vangaurd-1 satellite, which weighed a mere 1.74 kg [7]. Just four years later in 1962, Canada’s
first satellite, “Alouette 1” was launched, having a mass of 145.6 kg [8]. Progressively overtime as
rocket technology improved, the size and weight of spacecraft increased allowing them to perform
more complex tasks in orbit. As of 2022, the International Space Station (ISS) has the combined
mass of approximately 420,000 kg [9]. While impressive, larger satellites and space stations remain
reserved for only the wealthiest nations on Earth who can afford them.

Recently, there has been a trend towards launching small satellites into space. Improvements
to manufacturing techniques and the advent of micro-electro-mechanical-systems (MEMS) has al-
lowed for the democratization of spacecraft missions. Smaller spacecraft, which have comparable
capabilities to their larger predecessors, now comprise the majority of satellites launched into orbit.
These small satellites also cost dramatically less to launch [10], which has allowed smaller countries,
universities, and companies to access space. As the democratization of space continues, the hope
is that innovation will accelerate [11].

While satellites have scaled down in size, it has been a challenge to develop propulsion systems
which are capable of operating in a low power regime with a small form factor. This challenge
has led to the vast majority of operational small satellites to omit a propulsion capability [12].
Spacecraft propulsion systems are used to launch spacecraft from Earth into space, and once in
space, to control attitude and perform orbital maneuvers [13, 14]. This research investigates micro
propulsion technology which can be used to enhance the capability of small satellites. The follow-
ing introduction details the various types of spacecraft propulsion and their application to small
satellites. Subsequent sections will detail the development and testing of a multimodal electrospray
thruster produced to help drive the technology forward.
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1.1. Rocket Propulsion

1.1 Rocket Propulsion

Spacecraft propulsion is dominated by rocket propulsion. Rockets are self-contained propulsion sys-
tems which convert potential energy from a propellant into a propulsive force. Following Newton’s
third law, propellant is ejected at high speeds out one side of a vehicle producing a thrust force
thus pushing the vehicle in the opposite direction. In reference to spacecraft the term “rocket” is
most commonly associated with orbital launch vehicles, which use large chemical boosters to lift
heavy objects away from the Earth’s gravitational pull into outer space. There are other types of
rockets such as electric propulsion (EP) which are used on spacecraft once in outer space. Since
all rockets follow the same physical principles it is useful to define relevant parameters which allow
them to be characterized and compared.

1.1.1 Basics of Rocket Propulsion

The absolute thrust (T ), typically measured in Newtons, can be explained by momentum. If the
propellant’s exhaust velocity (νe) is assumed to be constant and expelled axially in 1-dimension,
then thrust can be seen as the change in momentum on the rocket’s center of gravity. A rocket’s
thrust can be explained by Equation 1.1.

T = ṁνe +Ae(pe − p0) ≈ ṁνe (1.1)

Where ṁ is the exhaust mass flow rate of propellant, Ae is the rocket exhaust cross-sectional area,
and pe is the exhaust flow pressure at the exit, and p0 is the ambient pressure. The equation is
simplified when it is assumed that nozzle exit pressure equals the ambient pressure.

Figure 1.1: Generalized view of the parameters which impact the force or thrust a rocket produces.

A thrust force which varies with time can be explained by the total impulse (It) seen in Equation
1.2. This parameter equates to the total energy produced by a propulsion system for a particular
period.

It =

∫ t

0
Tdt (1.2)

One of the most common parameters used in rocketry is the specific impulse (Isp), which
represents the thrust produced per unit of propellant mass flow. The Isp measures how efficiently
a rocket uses its propellant to create thrust. For propulsion systems with self contained propellant,
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the Isp is directly proportional to the exhaust velocity νe. The Isp can be calculated using the
formula in Equation 1.3.

Isp =
It

mp g0
=

T

ṁ g0
=
νe
g0

(1.3)

Where mp is the mass of propellant and g0 is the standard gravitational acceleration at sea level
(9.81 m/s2). Both the total and specific impulse are described in the unit “seconds”. This metric is
a measure of how many seconds one pound of fuel can produce one pound of thrust.

The total change in velocity (∆V ) a rocket can produce is described using the Tsiolkovsky or
ideal rocket equation shown in Equation 1.4 below. The equation takes into consideration that as
thrust is produced, the mass of propellant being ejected from the rocket reduces the rocket’s overall
mass.

∆V = νe ln

(
m0

mf

)
= Isp g0 ln

(
m0

mf

)
(1.4)

Where mo is the initial wet mass (including the propellant) and mf is the final dry mass (without
propellant) of a . The ratio of the wet mass to dry mass (mo/mf) is referred to as the propellant
mass ratio.

Figure 1.2: The mechanisms behind the ideal rocket equation.

The ideal rocket equation is useful for comparing the overall performance of rocket propulsion
systems. It can also be used to calculate the propellant required for certain orbital maneuvers. The
∆V values of various orbital maneuvers in low Earth orbit (LEO), geosynchronous orbit (GEO)
can be seen in Table 1.1.

The burn time of a propulsion system is another useful metric for planning missions and con-
ducting orbital operations. The total burn time available to a rocket is calculated using equation
1.5.

tb =
mp Isp g0

T
(1.5)
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Table 1.1: The change in velocity “∆V” requirements for various spacecraft maneuvers [15, 16].

Typical Propulsion Requirements

Spacecraft Maneuver ∆V (m/s)

Annual Attitude Control 2-6
Annual Station Keeping (GEO) 50
Annual Drag Compensation 30
Transfer from Earth to LEO 9,700
Orbit transfer from LEO to moon 5,900
LEO to Mars transfer orbit 4,300

The efficiency (η) of a particular propulsion system can be summarized in equation 1.6. Effi-
ciency is determined by comparing the kinetic energy produced in the propulsion systems exhaust
compared to the total power (P) which is available to the system. The power available is depen-
dent on the type of propulsion. Chemical rockets obtain power from energy stored within chemical
bonds, while electric propulsion (EP) obtains power from external sources, such as solar panels.

η ≈
1
2 ṁν

2
e

P
(1.6)

1.1.2 Chemical Propulsion

Chemical rockets utilize a rapid series of reactions to extract energy stored within the chemical
bonds of a propellant. These chemical propellants produce tremendous amounts of thermal en-
ergy which is expanded through a converging-diverging nozzle to produce acceleration [17]. Many
historical spacecraft used chemical rockets as the primary form of propulsion. Examples include
the Atlas V rocket which launched the first humans to the moon and the Space Shuttle’s rocket
boosters. A summary of the different types of chemical propulsion is shown in Table 1.2.

Table 1.2: Typical performance parameters for the various type of chemical propulsion.

Chemical Rocket Parameters

Propulsion Type Thrust (N) Specific
Impulse (s)

Power
Range (W)

Common
Propellant

Ref

Solid Rocket 107 250 1011 Al, Mg, Zn [15]
Monopropellant Rocket 1-500 200 105 N2H4 [15]
Bipropellant Rocket 106 300-400 1010 LOX + H2 [15]
Cold Gas Thruster 0.1-100 50 50 N2, NH3 [15]

Chemical rockets can be broken down into three general types based on the type of propellant
used: solid, mono-propellant, and bi-propellant [17]. As its name would suggest, solid rockets
utilize solid chemical propellants. The propellant is often made up of many small grains or pellets
of highly combustible material. Solid propellants have many advantages such as their ease of
storage and their high launch reliability. Solid-rockets are often used in military applications such
as ballistic missiles, and as boosters to liquid rockets [18]. One drawback of solid propellants is
they lack the ability to be throttled, so once ignition has begun all of the propellant is burned.
Unlike solid propellants, liquid propellants can be fired in a series of impulses making them more
useful for a wide array of maneuvers. Mono-propellant rockets use a singular liquid propellant such
as hydrazine (N2H4) to produce thrust. The propellant is decomposed once it passes through a
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catalytic bed and the resulting hot gas is then expanded through a nozzle [19]. Mono-propellants
are typically used for attitude and orbital control for spacecraft where reliability outweighs the need
of high efficiency [17]. Bi-propellant rockets store two separate chemicals in different storage tanks:
a liquid oxidizer and a liquid fuel. When the rocket is fired, the two propellants are pressured
into a thrust chamber, where they react. An example of a bi-propellant system would be the liquid
oxygen (LOX) and kerosene used on the primary booster of the Saturn V rocket [20]. Bi-propellants
have the highest overall performance of chemical thrusters in terms of having both high thrust and
specific impulse. This performance requires complicated components, such as cryogenic cooling,
and turbo-machinery, to pressurize and pump propellant.

Cold gas thrusters are the simplest, and one of the most trusted forms of spacecraft propulsion
[13]. These thrusters operate in a similar fashion to a SCUBA tank, where a pressurized gas
propellant is connected to a release valve. Released gases accelerate through a nozzle thereby
producing thrust. While no chemical reactions occur during this process, cold gas thrusters are
often categorized as chemical rockets. These simple systems are limited by the size of the tanks
holding the propellant. The specific impulse of cold gas systems is typically low. The ability to
produce many small impulses and the relative simplicity of cold gas systems make them a useful
choice for certain applications [21]. Schematics of a few types of chemical propulsion can be seen
in Figure 1.3.

Figure 1.3: Overview of the various types of chemical rockets.

1.1.3 Electric Propulsion (EP)

The concept of using electricity to propel spacecraft reaches back to the advent of modern rocketry
at the turn of the 20th century [14]. EP (also known as electric rockets) utilizes an electrical power
source to accelerate propellant. Early on many EP concepts were developed, but it was not until
after the Second World War that the technology gained serious attention. Over time technological
advances such as solar panels, small electric power sources, and microelectronics have made EP a
viable option for spacecraft today [22, 23]. More recently, EP has been used for orbital transfers
between the Earth and the moon [24] and deep-space exploration [25]. Spacecraft can use a variety
of methods to obtain electric power such as nuclear reactors, batteries, fuel cells, or solar panels
[26]. The electric source varies based on the size and requirements of the satellite. As discussed
in equation 1.4 the ∆V produced by a rocket is directly proportional to the exhaust velocity
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of the propellant νe. Both the theoretical, and attainable exhaust velocities of EP systems are
several magnitudes greater than chemical rockets allowing for the more efficient use of propellant.
EP is generally broken into three categories, based on how the electrical power is used to create
thrust. Electric power can accelerate propellant gases through heating (electrothermal propulsion),
through the manipulation of electrically powered magnetic fields (electromagnetic propulsion), or
by directly applying a electrical force (electrostatic propulsion) [27]. Table 1.3 describes some of
the most established forms of EP and some in the developmental stage which are seen as promising
for small spacecraft applications.

Table 1.3: Typical performance parameters for various type of Electric Propulsion.

Electric Propulsion Parameters

Propulsion Type Thrust (N) Specific
Impulse (s)

Power
Range (W)

Common
Propellant

Ref

Electrothermal
Resistojet 0.2 100 - 300 10 - 100 N2, H2O [15, 28]
Arcjet 0.1 500 1k N2H4, NH3 [15]

Electromagnetic
MPD Thruster 0.5 - 50 1000 - 10k 104 - 106 Ar, Li [15]
PPT 1µ - 1m 500-1500 10 PTFE [15]

Electrostatic
Ion Thruster (GIE) 1m - 0.1 3000 100-5k Xe, I [15, 28]
Hall Thruster 0.01 - 1 1500 200-20k Xe, Kr [15, 28]
Electrospray, FEEP 1µ - 10m 225 - 5000 4 - 100 Various [28]

1.1.3.1 Electrothermal Propulsion

Electrothermal propulsion uses electric energy to produce thermal energy or heat. The thermal
energy is absorbed by a gaseous propellant which is then converted into kinetic energy as it is
accelerated through a nozzle [27].

Resistojets are a type of electrothermal propulsion which heat a gas propellant using an electric
heater. Propellant is excited while travelling through a chamber with an electric heating coil, which
is then accelerated through a nozzle. A schematic of a resistojet thruster can be seen on the left
hand side (LHS) of Figure 1.4. The system is a straight forward form of EP and has low power
requirements. The overall performance of a resistojet is constrained by the maximum temperature
of the electric heater, and the surrounding structural materials. The heat transfer from the heating
element to the structure leads to thermal efficiency losses not seen in other forms of EP. Many
propellants have been used by resistojets with the most common being hydrazine and ammonia
[28].

Arcjet thrusters heat the gaseous propellant using an electrical arc discharge. A typical thruster
will produce an arc between a central cathode rod and an interior chamber wall anode. Arc heating
allows the propellant to be directly heated at higher temperatures, with limited impact to the
surrounding structure. Limitations of arcjets come in the form of arc instability, electrode material
erosion, and higher electrical power requirements compared to a resistojet [29]. A sample arcjet
can be seen on the right hand side (RHS) of Figure 1.4.
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Figure 1.4: Schematics of a resistojet and arcjet thruster from [27].

1.1.3.2 Electromagnetic Propulsion

Electromagnetic propulsion (EMP) accelerate plasma by utilizing the interactions between cur-
rents within an ionized gas and magnetic fields [27]. The first step in both electromagnetic and
electrostatic thrusters is to take a stored propellant and convert it into an ionized gas. Often
referred to as plasma, an ionized gas contains large numbers of charged particles, such as ions
and electrons. These charged particles makes a plasma conductive, allowing it to be controlled by
electric and magnetic fields. Electromagnetic propulsion systems and some electrostatic thrusters
are sometimes referred to as “plasma thrusters” due to their use of ionized gases. EMP accelerates
charged particles using a magnetic field. When an ionized gas of a certain directional velocity (−→ν )

is exposed to an electric (
−→
E ), magnetic field (

−→
B ), and a charge density (ρ), a current density (

−→
j )

will form parallel to the electric field. The magnetic field will interact with the current to create a

force (
−→
fB) in the same direction as the flow. This force is referred to as the electromagnetic force

or the Lorentz force described in Equation 1.7 and visualized in Figure 1.5.

−→
f = ρ

−→
E +

−→
j ×
−→
B

−→
fB =

−→
j ×
−→
B (1.7)

Figure 1.5: Overview of the principles behind electromagnetic propulsion.

Magento-plasma-dynamic (MPD) thrusters are seen to be potentially the most powerful form
of EP in terms of theoretical thrust[30]. In order to produce high thrust, MPD’s require a large
supply of electric power [31], for example the electricity produced by a nuclear reactor [32]. MPD
thrusters could be a useful tool for long range space travel on spacecraft. A typical MPD thruster
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uses a rod-shaped anode electrode surrounded by a cylindrical anode as seen on the RHS of Figure
1.6. Similar to the arcjet thruster, a high current electric arc discharge is created between the
anode and cathode. Electrons emitted from the cathode collide with heavier particles, forming an
ionized gas. A self-induced magnetic field forms when the current returns from the cathode to the
power source. This magnetic field produces the Lorentz force which accelerates the ionized gas out
of the engine creating thrust. Some types of MPDs use externally induced magnetic fields formed
by magnets to further accelerate the ionized gas [33].

Pulsed plasma thrusters (PPTs) were one of the first space tested electric propulsion systems
having flown on the Soviet Zond II spacecraft in 1964 [27]. An example of a typical PPT, seen on
the LHS of Figure 1.6, operates using two plate electrodes placed close to a solid propellant. When
the electrodes are activated, an arc discharge ablates and then ionizes the solid material into a
plasma. This cloud of plasma creates an electrical connection between the two electrodes, allowing
current to pass between the two. The resulting Lorentz force accelerates the plasma creating thrust.
Between each burst of the electric arc, charges need to be replenished at the electrodes. This leads
to the thruster operating in a series of pulses instead of continuously. As the solid propellant is
ablated a spring pushes the remaining propellant between the electrodes so firing may continue.
PPTs are robust due to their simplicity and solid propellant.

Figure 1.6: Operational overview of a PPT from [17], and a MPD Thruster from [34].

1.1.3.3 Electrostatic Propulsion

Electrostatic thrusters produce thrust by applying an electrostatic force to accelerate ions or highly
conductive liquids to high speeds.

Ion thrusters, also known as gridded ion engines (GIEs), produce and accelerate positively
charged ions. GIE’s operate in three physical steps: ionization of a gas into plasma, acceleration of
ions, and neutralization of the ion beam. Propellant gas is injected to an ionization chamber where
a process such as electron bombardment or radio-frequency radiation is used to create plasma. The
produced ions are then accelerated by a series of grids which form a steep electric potential gradient.
The first grid (screen grid) is biased to a high potential which allows electrons to be “screened” from
the accelerating ions. The second grid (acceleration grid) has a low potential applied, so a strong
electric field between the two grids can accelerate the ions to high speeds. In some thrusters, a third
grid (deceleration grid) can be used to create more space between ion extraction and acceleration,
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and help to reduce grid erosion of the acceleration grid. As the thruster releases a beam of positively
charged ions, the spacecraft can develop a negative charge. This charge can cause some ions to
back stream towards the spacecraft, causing erosion and reducing beam strength. The final step
performed by an ion thruster is neutralization, where a stream of electrons is fired into the exhaust
plume to neutralise the positively charged ions. A schematic giving an overview of an ion thruster’s
operation may be seen in Figure 1.7. Noble gases such as xenon or krypton are common propellants,
since they are easily ionized into plasma and their heavy atomic mass increases thrust.

Between the ion thruster’s acceleration grids there is a region of positive charge. The ion current
which can be obtained from these grids is limited by the space charge. The closer the grids are,
the less voltage is needed to produce a desired electric field. Space charge is described by Child’s
law for a 1-D assumption shown in Equation 1.8.

ji =
4ε0
9

√
2qi
mi

V 3/2

d2
(1.8)

where ε0 is the permittivity of free space, V is the discharge voltage, d is the distance between the
two grids, q is the charge, and m is the mass of a particular ion.

Figure 1.7: LHS - Schematic of the mechanisms behind an ion engine from [27]. RHS - The ESA’s
T6 Ion thruster being fired during testing from [35].

Hall Thrusters or Hall Effect Thrusters (HETs), like ion thrusters, use a strong electrostatic
field to accelerate ions. HETs utilize magnetic fields for propellant ionization, and electric fields
to accelerate ions, creating thrust. A radial magnetic field is formed using permanent magnets,
or magnetic coils on both the inner and outer sections of the thruster. This field is used to
contain electrons within the thruster, so that they can be used for ionization. Once a propellant
is introduced, it becomes ionized through collisions with these electrons. The produced ions have
a large enough mass that they cannot be contained by the magnetic field and are accelerated by
an axial electric field produced by a set of electrodes. Figure 1.8 shows a schematic of the HETs
principles of operation and an example thruster being tested. HET’s acceleration region have both
ions and electrons present which allows these thrusters to avoid the space charge limitation that
impact ion thrusters. Like ion thrusters, HETs typically use heavy noble gases such as krypton or
xenon as propellant. Hall thrusters come in two major variants: the stationary plasma thruster
(SPT), primarily developed in Russia, or thruster with anode layers (TAL), developed in the USA
[36].

Electrospray thrusters are an emerging form of EP, with the ability to produce precision attitude
control on larger satellites [38], and perform orbital maneuvers on small satellites [39]. They operate
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Figure 1.8: LHS - Schematic of the mechanisms behind an Hall Thruster from [36]. RHS - The
HT100 Hall thruster produced by SITAEL from [37].

in a similar manner to ion engines. The primary difference is that electrosprays use electrically
conductive liquid propellants, instead of inert gases. These propellants can be thought of as a soup
of positive and negative ions. Since ions already exist in the liquid propellant there is no need for
electrosprays to perform an ionization process. A strong electric field is formed by applying a large
voltage difference between an emitter and an extraction grid. The conductive propellant reacts to
the field and deforms into a liquid meniscus, extending outward towards the extractor grid in a
cone shape called a Taylor cone [40]. At the apex of the meniscus the electrostatic forces overpower
the liquid’s surface tension forces and produces a stream of liquid droplets, ions, or a combination
of both. The particles are then accelerated to high speeds producing thrust. Figure 1.9 gives a
schematic of how an electrospray thruster operates. The type of particles emitted from the thruster
depends on several factors, which are discussed in Chapter 2.

Electrospray thrusters have several different modes of operation. When purely emitting liquid
droplets, the thruster is operating in droplet mode. The droplet mode of operation has traditionally
been called a colloid thruster. Ionic liquid (IL) propellants are the focus of most research due to
their excellent vacuum properties and ability to emit pure ions [41]. When an electrospray thruster
emits only ions, it is said to be operating in an ion mode or in the purely ionic regime (PIR). Ion
mode electrosprays have also been called ionic liquid ion sources (ILIS) in order to distinguish them
from Field Emission Electric Propulsion (FEEP). The thrust and specific impulses are dependent
upon the mode of operation. Droplet mode produces a higher relative thrust, while ion mode
produces a higher specific impulse in the range of several thousand seconds.

Electrosprays have several benefits compared to other forms of EP. First, as mentioned earlier,
there is no requirement for an ionization process. Second, the propellant can be fed from a reservoir
to the emitters by capillary action caused by the electrostatic forces. This process eliminates the
need for pressurized components or pumps to transport propellant. In spacecraft, it is optimal
to have fewer moving parts and if possible remove pressurized gases, as these can cause failures
during launch or in orbit. Third, since propellants contain both anions and cations, electrospray
thrusters have the ability to produce a quasi-neutral beam. This can be achieved by emitting both
positive and negative ions in close proximity, or by conducting bi-polar operation, where a positive
beam is fired for a period followed by a negative beam. When emitting a quasi-neutral beam,
there is no need for a neutralization process. The main drawback of electrosprays is that they are
only capable of producing low amounts of thrust in the range of µN to mN. A single emission site
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from these thrusters produces low thrust in the range of tens of nN to µN [42]. In order to obtain
useful thrust levels, electrosprays use large arrays of hundreds or thousands of emitters being fired
simultaneously.

Figure 1.9: LHS - Schematic of the mechanisms of Electrospray and FEEP. RHS - Busek’s BET-
300-P Electrospray thruster designed for high precision control of small satellites from [43].

FEEP thrusters come from the same family as electrosprays. These thrusters also use an electric
field to accelerate charged particles from highly conductive liquid propellant. The main difference is
that a FEEP thruster extracts ions directly from a liquid metal ion source (LMIS). Common metals
used are Indium, Cesium, and Gallium [28]. These metals can be launched as a solid, and then
melted into a liquid propellant while in orbit. While an additional heating device is required, most
metals used have low melting points, such as Gallium which melts at 29.76 ◦C. FEEP thrusters
cannot produce a quasi-neutral beam, so a neutralizer is required to operate this thruster.

1.1.4 Other Spacecraft Propulsion Systems

1.1.4.1 Propellantless Propulsion

There are a variety of propulsion concepts, which are currently being researched and experimented
on, that harness naturally occurring celestial energy in space to create propulsion. Some examples
include solar sails and electrodynamic tethers.

The sun constantly emits photons, which radiate throughout the solar system. These photon
particles collide with satellites, imparting their momentum in the process. Some of these particles
are absorbed by satellites, but the majority are reflected. This solar radiation pressure (SRP) can
cause a perturbation to a satellite’s orbit, which over time can have a noticeable impact in its
trajectory [44]. Similar to how sailboats harness the wind for movement, a solar sail or light sail
utilizes SRP to create propulsion in space. The Japanese Aerospace Exploration Agency (JAXA)
demonstrated the first use of a propulsive solar sail in their 2010 IKAROS mission to Venus [45].
The CubeSail mission has shown that there is an interest in deploying solar sails on small satellites
[46]. The concept is seen to have a large future potential in many applications, such as long term
interplanetary travel [47]. A photograph of a solar sail deployed in space can be seen in Figure
1.10.

Naturally occurring magnetic fields in space could also be used to provide a source of propellant-
less propulsion. Electrodynamic tethers (EDTs) are long conductive wires which can be deployed
from satellites to produce a propulsive force [49]. These can only be used when orbiting celestial
bodies which have a strong magnetic fields such as planets. Using Earth as an example, tethers
from satellites in LEO could extend many kilometers into the ionosphere, and collect an electric
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Figure 1.10: Deployed solar sail from the LightSail2 mission from [48].

charge as it interacts with charged particles. The electric current formed in the wire interacts with
the Earth’s magnetic field, which produces a Lorentz force capable of accelerating or decelerating
a satellite. EDT’s have been demonstrated on several space shuttle missions [50] and the concept
has been proposed as a cheap method of de-orbiting satellites [51]. Another concept known as a
magnetic sail uses a magnetic field to either accelerate or decelerate the charged particles in solar
wind [52].

1.1.4.2 Nuclear Propulsion

Utilizing the energy released by nuclear reactions has been a proposed method of spacecraft propul-
sion since the start of the space era. Nuclear fission and fusion are seen as the most promising
current technology to allow for future long term space travel [26]. Overall, nuclear propulsion has
experienced a slow development due to budgetary, safety and political reasons [14].

Thermal Nuclear propulsion uses the heat released by nuclear reactions to pressurize and eject
a propellant at high speeds. This method of propulsion is similar to a chemical rocket, except
the energy comes from nuclear rather than chemical bonds. Twenty rocket reactors were tested on
Earth during the 1950-1970s for NASA’s Rover and Nuclear Engine for Rocket Vehicle Applications
(NERVA) programs [53]. Recently, NASA has started to partner with the commercial sector to
develop concepts for new thermal nuclear rockets [54].

Scientists have also investigated using a series of mini nuclear explosions to propel spacecraft re-
ferred to as pulsed nuclear propulsion [55]. NASA’s project Orion in the 1950s and 1960s attempted
to develop a pulsed nuclear propulsion vehicle, though it was unsuccessful [56].

Instead of using nuclear reactions to directly propel a spacecraft, on-board nuclear reactors
could be used to produce large amounts of electricity. This electricity could be used to supply the
energy required for a variety of spacecraft subsystems including EP. The use of Nuclear electric
power sources could open the door for spacecraft to utilize high power EP systems such as MPDs
[57] and the Variable Specific Impulse Magentoplasma Rocket (VASIMR) [58].
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1.2 Small Satellites

The advent of small capable satellites has led to a revolution in space. Over the last decade, there
has been a trend in the space industry to deploy small, low cost satellites. As the barrier to space is
lowered, it is anticipated that the rate of innovation and progress within the industry will increase.
While small satellites will not completely eliminate the need for larger satellites, the numerous
benefits they provide show great promise for the future.

As can be seen in Figure 1.11, the number of small satellites being launched into space has been
growing rapidly in the last decade. This upward trend is expected to continue, as small satellites
start to be used by large commercial enterprises. Another important factor seen in this figure is
the number of nanosats launched with propulsion capability. As shown in Figure 1.11 less than 7%
of the total number of nanosats (1-10 Kg) launched have any kind propulsion capability [59].

Figure 1.11: The number of nanosatellites which have been launched over the last few decades. Data
shows that the majority of nanosatellites launched are CubeSats, and how few of these satellites
have a propulsion capability [59].

It is common to categorize satellites by their total mass. A satellite is considered to be small if
it has a mass less than 500 kg [60]. Small satellites are further broken down into several categories
[61], which can be seen in Figure 1.12.

A common and established type of small satellite are CubeSats [64]. The CubeSat concept was
introduced to create a common standard form for small satellites with the goal of being compact,
light weight, and using standard commercial off the shelf (COTS) components. A 1U or single
unit CubeSat has the dimensions of 10 cm x 10 cm x 10 cm and weighs approximately 1 kg.
Larger CubeSats such as 2U, 3U, 6U, etc., are also commonly used configurations. This puts most
CubeSats within the size category of Nanosats. CubeSats have seen a huge adoption and more
than 1,600 of them have been launched into orbit as of 2022 [59].

Femto-satellites are currently the smallest category of satellites. These include satellites with
a total mass of less than 100 grams. Many of the satellites in this category are referred to as
Chipsats, due to there resemblance to small computer microchips. In 2019 the KickSat-2 mission
successfully deployed over one-hundred Chipsats called sprites using a single 3U CubeSat[63]. This
mission clearly demonstrated the growing trend of smaller and cheaper satellites.

Instead of developing one powerful satellite, which comes in and out of range as it orbits, a
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Figure 1.12: The classification of satellites based on mass. The image on the upper RHS is a
nanosatellite from the University of Toronto’s CanX-4,5 mission from [62]. The bottom RHS shows
Cornell University’s “Monarc” Chipsat which is a femto satellite from [63].

constellation containing a large number of small satellites can be launched in many different orbits
to obtain continuous coverage of Earth. Satellite constellations have been deployed in orbit for
many decades. The global positioning system (GPS) first launched in the late 1970s, triangulates
a position on the surface of the Earth by using four satellites which are in direct view of the
position [65]. Using small satellites, the concept of constellations has been amplified to the point
where hundreds or thousands of satellites could be used to form mega-constellations. It has been
proposed that these large groupings of small satellites would be cheaper, more robust, and offer
more complete coverage compared to traditional constellations [66]. The SpaceX company’s Starlink
program has gained approval for an initial constellation of 1,584 small satellites, and has applied
to expand the mega-constellation to 12,000 satellites long term [67]. Figure 1.13 shows the results
of a simulation which presents the satellite coverage of the complete (12,000 satellites) StarLink
constellation. Many other companies such as Boeing, OneWeb, and several Chinese firms have
plans to launch mega-constellations with thousands of small satellites [67].

As tens of thousands of satellites are put into orbit, the total amount of objects surrounding
the planet is continuously increasing. At a certain point, the orbits around Earth could become
saturated by a swarm of orbital debris [68]. Similar to an electron avalanche, a series of collisions
between orbital objects could experience exponential growth, leading to a layer of tiny projectile-
like objects surrounding the Earth. In 2011, the Canadian Armed Forces (CAF) launched the
“Sapphire” satellite designed to observe and track objects in space [69]. Sapphire tracking data is
used to predict potential collisions with space debris.
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Figure 1.13: A simulation of the StarLink constellation’s satellite coverage of Earth assuming the
purposed 12,000 small satellites are launched from [67].

1.2.1 Propulsion Miniaturization

The many types of spacecraft propulsion have not been scaled down at the same rate as other
spacecraft components. The scaling of a thruster’s physical size does not lead to a linear change in
performance. Many electrical components of spacecraft are designed to use the same MEMS tech-
nology previously developed for use in computers and cell phones [70]. Small spacecraft propulsion
systems do not have other industries from which to obtain and adapt technology. There is currently
a plethora of research underway to investigate propulsion geared toward small satellites [60, 71].

Figure 1.14: LHS - Aerojet’s prototype “GR-1” green monopropellant chemical thruster, capable
of thrust in the 1 N range and Isp 231 s from [72]. RHS - Busek’s “BHT-600” Hall thruster which
can achieve approximately 39 mN of thrust and 1500 s specific impulse from [73].

While being able to produce large amounts of thrust, chemical thrusters are limited by relatively
low Isp. As chemical thrusters are scaled down the theoretical Isp will not increase, but several
factors could cause it to decrease. Some of these factors include:
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• Many hydrocarbon-based propellants used in chemical rockets have difficulty producing ad-
equate atomization in small combustion chambers. This leads to losses from incomplete
combustion of the propellant [74].

• Miniaturized chemical thrusters have much higher losses from viscous forces. The smaller
geometry leads to additional viscous losses, since boundary layers next to walls will be pro-
portionally larger [75].

• The transfer of thermal energy from the hot gas exhaust to the rocket’s structure increases
when scaled down. The thermal transfer can be compensated for by reducing the exhaust
temperature from the combustion chamber, but this will cause a reduction to the Isp. A
cooling system could be added, but would be complicated in a small scale [75].

• Several propulsion system components such as valves, regulators, and propellant tanks are
difficult to miniaturize.

Even with the limitations which come with scaled-down chemical rockets, they can still be fit to a
small satellite [76]. Electrothermal thrusters share most of the same challenges of chemical thrusters
due to the mechanisms of expanding a hot gas through a nozzle.

EP systems which generate and utilize plasma, such as MPDs, GIEs, and HETs, all must con-
front the challenge of ionization when they are scaled down. The ionization process relies upon
collisions between electrons and larger neutral particles. Only a certain portion of gaseous propel-
lant fed into an ionization chamber will become plasma. The non-ionized neutral gas particles do
not contribute to propulsion, so it is important that these thrusters maximize propellant ionization.
The propellant utilization efficiency (αu) [15], can be calculated using Equation 1.9

αu =
ṁi

ṁp
=
Ib
e

M

ṁp
(1.9)

where the mass flow rate of ions (ṁi) is compared to the total propellant mass flow rate (ṁp). The
equation assumes that the exhaust particle beam is only comprised of singly charged ions. In the
elaborated equation Ib represents the ion beam current, e is the element charge of an electron, and
M is the atomic mass of the chosen propellant. In order to obtain a high ionization efficiency the
distance an electron travels between each collision needs to be minimized. This distance, referred
to as the mean free path (λm), can be explained with Equation 1.10.

λm =
1

neQ
(1.10)

Q is the collision cross-section area (m2), and ne is the number density of electrons. In order to
maintain a certain probability of ionization, the mean free path will vary based on the size of the
ionization chamber. In small ionization chambers, the ne is increased to obtain the desired mean
free path. The resulting plasma density is higher in small chambers. This increased plasma density
leads to efficiency losses caused by:

• Increased heat flux which leads to thrusters becoming too hot, to the point of melting. In-
creased heat requires an additional cooling system to be designed, or for reduced performance
to be accepted.

• A higher number of particles will collide with the thruster’s walls causing erosion and geo-
metric changes. In many cases, such as with the an ion engine or Hall thruster, erosion is
the primary life-limiting factor, meaning the thruster erodes away before it can use all the
available propellant [77, 78].

The magnetic fields used to trap particles within a thruster’s ionization chamber are also impacted
when thrusters are scaled down. In order to keep electrons within an ionization chamber, they must
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be within a magnetic field’s Larmor radius (rL). The rL needs to be scaled based on the size of
the thruster as noted in Equation 1.11. As an ionization chamber decreases in size, more powerful
magnets are required to contain electrons. In order to accommodate more powerful magnets, small
HETs often require higher power electromagnetic coils or larger permanent magnets.

rL =
meve
eB

(1.11)

Here me is the mass of an electron, ve is the thermal velocity of the electron, and B is the magnetic
field strength. Due to the reasons above, plasma based propulsion systems generally have higher
efficiencies at higher power.

Propulsion systems which use highly conductive liquid propellants, such as Electrospray and
FEEP, do not need to perform a gas ionization process. The emission sites of these thrusters are
typically on the scale of microns. For these thruster types the challenge is not with scaling down,
rather it is with scaling up. Single emission sites do not produce adequate thrust for most spacecraft
applications. To achieve higher thrust levels, electrosprays use large arrays of emissions sites. The
ion electrospray propulsion system (iEPS) thruster developed by the Massachusetts Institute of
Technology (MIT) contains 480 emission sites within a 1cm2 area [79]. Figure 1.15 shows examples
of current state-of-the-art electrospray and FEEP thrusters [28].

Figure 1.15: LHS - Accion System’s TILE 3 electrospray thruster [80], RHS - Enplusion NANO
FEEP Thruster [81]

Figure 1.16 (A) shows the various types of propulsion compared by their thrust and specific
impulse. Looking at this in isolation, it may be concluded that chemical rockets are capable of
high thrust missions, while hall thrusters and ion thrusters are best suited to missions where higher
specific impulse is required. This conclusion does not take into account the limited power available
to EP propulsion systems on small satellites. The majority of small satellites use a combination of
solar panels and batteries to produce power. A 3U CubeSat will typically produce approximately
20-30 watts of power [12]. This is the total power allocated to the entire satellite, of which propulsion
is considered a secondary payload. Figure 1.16 (B), shows that only PPTs and electorspray/FEEP
are capable of operating in this low power regime.
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Figure 1.16: Graphs showing a comparison of propulsion systems for small satellites from [60]. LHS
- Compares thrust (µN) to specific impulse (s). RHS - Compares the required system power (W)
to the nominal thrust (µN).

1.3 Mission Capability of Micro Propulsion Systems

Satellites in space can benefit from the enhanced capability and flexibility which a propulsion system
provides. This section describes a variety of orbital maneuvers beneficial to small satellites.

1.3.1 Orbital Altitude and Inclination

To change orbits, a propulsion system produces a change in velocity, either in the direction of
motion (prograde burn), or against the direction of motion (retrograde burn). In this case the goal
of a burn is to change the altitude and or inclination of satellite.

To better describe changes in orbit, an example small satellite in LEO that is required to overfly
several locations around the globe will be used. For simplicity, the satellite has a circular Keplerian
orbit. The satellite’s velocity can be described by Equation 1.12:

ν =
µ

r
(1.12)

where µ is the Earth’s gravitational parameter (398,000 km3/s2) and r is the radius (km) of the
satellite from the Earth’s center. A method to change the altitude (r) of a satellite from one
circular orbit to another is called a Hohmann transfer. This maneuver requires one burn to move
a spacecraft into a transfer orbit, and a second burn to move off the transfer into the final orbit.
The change in velocity required by these burns can be calculated using Equation 1.13 and 1.14.

∆V1 =

√
µ

r1

(√
2r2

r1 + r2
− 1

)
(1.13)
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∆V2 =

√
µ

r2

(
1−

√
2r1

r1 + r2

)
(1.14)

Here r1 is the radius of the original orbit and r2 is the radius of the final orbit. To change the
inclination of the satellite between two circular orbits where the radius does not change, an engine
burn needs to be performed along an orbit where the two orbits intersect. The change in velocity
required to change the direction can be described by Equation 1.15.

∆Vi = 2νsin
∆i

2
(1.15)

The maneuvers described above have assumed that a rocket burn produces an instantaneous
change to velocity. In actuality, these impulsive maneuvers are often performed using high thrust
propulsion, where the required change in velocity is achieved with a short burn period. Since most
EP systems have low thrust, a significant amount of time is required to obtain adequate velocity
change for orbit changes. These long duration burns are referred to as non-impulsive or continuous
burns. To change the altitude of a 500 kg satellite from an orbiting radius of 800km to 20,000 km
using EP, it is estimated to take anywhere from 113 to 400 days. For changes to inclination the
transfer times could be even longer [82]. When a continuous burn is conducted it sends a satellite
into a spiral trajectory. A visual representation of the spiral trajectory, caused by a continuous
burn, can be seen in Figure 1.17. The change in velocity required to move from one circular orbit
to another using a continuous burn could be estimated using Equation 1.16.

∆νcon =

(
µ

r1

)
−
(
µ

r2

)
(1.16)

Figure 1.17: Matlab simulation of a spiral orbit formed when continuous thrust is applied to a small
satellite. In the simulation a 3U Cubesat with a mass of 4 kg starts at a circular equatorial orbit
with an altitude of 1000 km. If the satellite’s propulsion system provides a continuous 0.45 mN of
thrust, it would take approximately 2 years and hundreds of orbits to escape Earth’s gravity.
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1.3.2 Orbital Station Keeping

Satellites which are orbiting the Earth do not experience an ideal Keplerian orbit. Several astro-
nomical effects are constantly working to set a satellite off its desired course. These phenomena
are commonly referred to as perturbations.

To alleviate congestion, space law recommends that at the end of an Earth orbiting satellite’s
lifetime, it must be de-orbited within a 25 year period [83]. Most CubeSats (due to the lack of
propulsion) are placed into low orbits, so that they will naturally decay into the atmosphere. At
these low altitudes, the decay is mostly caused by aerodynamic drag, due to the rarefied air particles
of Earth’s outer atmosphere. The force caused by atmospheric drag can be described by Equation
1.17.

FD = −1

2
ρCDAν

2
rel (1.17)

Where ρ is the atmospheric density at a given altitude, CD is the coefficient of drag, A is the area of
the satellite depending on its attitude, and νrel is the relative velocity of the satellite with respect
to the atmosphere. The density of the atmosphere decreases roughly exponentially with increasing
altitude, which means that as a satellite drops in altitude the drag force becomes more pronounced.

At an altitude of around 800 km and above the SRP begins to have a greater perturbing force
than atmospheric drag. The amount of force exerted on a satellite by solar radiation depends on
many factors, such as the solar cycle, solar flares, and if a third body such as the Earth is blocking
the sun. In orbits around the Earth, this energy can be generally represented by the solar radiation
constant Gsc = 1350W/m2. The radiation will impart a momentum (P = Gsc/c = 4.57x10−6 N/m2)
on orbiting spacecraft where c is the speed of light. The force this momentum causes can be
described by Equation 1.18.

FSRP = PCrefA (1.18)

Where Cref is the reflection coefficient representing how well a satellite reflects solar radiation.
The shape of the Earth also causes perturbations. The Earth is not perfectly round and has

an oblate shape having approximately a 22 km larger radius at the equator when compared to the
poles. This variation in shape impacts an orbit’s trajectory, which over time can change various
orbital parameters, such as inclination. In astrodynamics, these impacts are referred to as the J2
perturbation.

While atmospheric drag, solar radiation pressure, and J2 are the primary perturbations within
LEO, there are many other perturbation forces in space. The gravitational force of large celestial
bodies such as the moon, the sun, and even Jupiter have an impact on a satellite’s trajectory. To
counteract all of these perturbations, occasional impulses from a propulsion system can be used.
This type of propulsion is especially important for satellites which are expected to have a long
lifetime, or need to maintain a precise orbit.

1.3.3 De-orbiting

As mentioned in section 1.2, debris orbiting Earth, especially in LEO, could soon become a
widespread problem. To prevent a future where orbital collisions become a serious problem, it
is important satellites or debris, which are no longer serving a function, be removed from orbit. At
the end of a satellite’s service life, propulsion systems can be used to decelerate satellites toward
the Earth, where they will be destroyed in the atmosphere.

Disposal orbits are close to the Earth’s surface where satellites would naturally decay due to
atmospheric drag and be destroyed. Putting a satellite into a disposal orbit instead of completely

20



1.4. Multimodal Propulsion

de-orbiting, lowers the required ∆V a propulsion system would need, while obtaining the desired
effect. Graveyard orbits are designated areas where satellites can be put at the end of their life.
These orbits are selected to be far away from any densely populated parts of space around the
Earth. Graveyard orbits are often used when a satellite does not have the required ∆V to de-orbit
back into the Earth’s atmosphere. While graveyard orbits solve a short term problem, it is not the
ideal solution in the longer term. Having the propulsion capability to de-orbit would allow small
satellites to have higher operational orbits.

1.3.4 Attitude Control

Attitude Determination and Control Systems (ADCS) is typically a standard feature on most
spacecraft. After a satellite is launched into orbit, a process called de-tumbling occurs, where any
unwanted rotation is eliminated. Once a satellite is settled, attitude determination can be used to
position a satellite in any required direction, for example orienting solar panels toward the sun. The
colloid micro-newton thruster (CMNT), developed by Busek, was used for high precision attitude
control on the Laser Interferometer Space Antenna (LISA) mission [84].

1.3.5 Formation flying

A grouping of satellites following the same orbital trajectory gives expanded reach not possible
with a single satellite. The satellites in a constellation act like a large extended antenna. Several
spacecraft missions could use formation flying as a way to reduce costs and increase mission flex-
ibility [85]. Small satellites are suited to formation flying since they are individually less complex
compared to larger satellites and cheaper to deploy on a large scale [86]. In order for a constellation
to complete a mission, the relative spacing between satellites needs to be maintained. This spacing
is usually achieved using a propulsion system. The University of Toronto has launched several
CubeSat missions to demonstrate formation flying. The CANX-2 mission, which launched in 2008,
contained several technologies needed for formation flying, such as propulsion systems and precise
position sensors [87]. The CANX-4 and 5 mission flown in 2014 demonstrated the relative position
control between two CubeSats to a control accuracy of one meter [88].

1.3.6 Interplanetary Travel

Having seen great success in LEO, small satellites are now becoming mature enough to be launched
into interplanetary space [89]. The first interplanetary CubeSat mission, NASA’s Mars Cube One
(MarCO), was launched in 2018 [90]. Building off that success there are 13 interplanetary small
satellites planned for launch on NASA’s Artemis 1 mission to the moon [91]. Future missions
involving interplanetary travel will require adequately miniaturized propulsion systems [92].

1.4 Multimodal Propulsion

The various modes of propulsion available to spacecraft discussed in section 1.1 each have their
strengths and weaknesses. Chemical rockets exhibit high thrust and have low fuel efficiency or Isp,
while EP thrusters exhibit low thrust, but high Isp. There is a growing interest in developing ways
to combine the strengths of high thrust and high Isp modes of propulsion on a single spacecraft.
This ability to operate in different modes is referred to as hybrid propulsion. On large spacecraft,
multiple propulsion systems with their own subsystems can be implemented at the expense of space.
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Hybrid propulsion can provide more efficient propellant usage, expanded mission capability, and
satellite mission flexibility.

The joint European Space Agency’s (ESA) and JAXA’s BepiColombo mission, to orbit and
study the planet Mercury, demonstrates how multiple propulsion modes can be integrated. The
satellite used in the mission is comprised of three primary units, the JAXA’s Mercury Magne-
tosphere Orbiter (MMO), ESA’s Mercury Planetary Orbiter (MPO), and the Mercury Transfer
Module (MTM), which are used to deliver the two orbiters from Earth to Mercury [93]. Figure
1.18 shows the configuration of the three modules at launch. For the 7 year voyage, the MTM
is equipped with a hybrid propulsion system comprised of a high thrust bi-propellant chemical
thruster, and a high Isp xenon ion engine propulsion system [94]. The MPO utilizes a separate
hybrid propulsion system where a set of bipropellant chemical thrusters capable of 22 N of thrust
are used for orbital insertion and ∆V correction, while a second set of monopropellant chemical
thrusters producing 5 N of thrust are used for attitude control [95]. Finally, after being placed into
orbit by the MPO’s propulsion system, the MMO uses its own cold gas thruster for attitude control
[96].

Figure 1.18: The BepiColombo mission satellite. LHS - The satellite components during orbital
launch, RHS - satellite in a cruise flight configuration from [97].

Taking hybrid propulsion a step further, multimodal propulsion is the integration of two or more
propulsion modes into a system which utilizes a common propellant source [98]. A multimodal
propulsion system integrating two different modes is sometimes referred to as bi-modal or dual
mode propulsion. Multimodal systems share all the same benefits of hybrid mode propulsion with
the added benefit of increased mass savings and mission flexibility. On smaller spacecraft, where
physical space comes at a much higher premium, it is ideal to combine many propulsion modes into a
single unified system. Having multiple modes of operation can greatly expand the possible missions
a satellite can undertake. This means additional adaptability in orbit, and also lowers research
and development costs, since a single multimodal system can be used in many mission types. Two
identical satellites could be launched into orbit and perform different missions depending on how
propellant is used.

Many multimodal concepts are in varying levels of development. Multimodal propulsion has
been demonstrated in space by the University of Tokyo’s PROCYON mission. The small satellite
(50 Kg) used in the mission was equipped with the “ion thruster and cOld-gas thruster unified
propulsion system” (I-COUPS). Both the ion thruster and cold gas thruster use a common xenon
gas propellant [99]. PROCYON successfully demonstrated how the I-COUPS propulsion system
could propel a micro-spacecraft in deep-space missions [100].
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The combination of monopropellant chemical thruster, and an ion mode electrospray have been
investigated. Finding a propellant which is conductive enough to be used in electropraying, and will
still react as a chemical propellant is challenging. This type of propellant is referred to in literature
as Energetic Ionic Liquids (EIL) [28]. The Electric Propulsion Laboratory at the University of
Illinois has tested a purposely designed chemical/electrospray propellant called FAM-110A in both
modes of operation [101, 102]. This work has shown the capability of the concept and has generated
interest for future research.

Figure 1.19: Comparison between a theoretical hybrid, and multimodal propulsion system inte-
grating a monopropellant chemical thruster, with an electrospray [103, 98].

Current concepts for multimodal propulsion do have some drawbacks. When many modes of
propulsion are combined into a system, the performance of each mode is generally not as high as
any state-of-the-art stand alone thruster. This comparison is illustrated in Figure 1.19 and tables.
One of the main hurdles in combining two modes together is finding an optimal propellant which
can operate in both modes of operation.
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1.5 Concluding Remarks

An overview of the various types of spacecraft propulsion (section 1.1), small satellites (1.2), orbital
maneuvers performed by satellites (1.3), and the concept of multimodal propulsion (1.4) have
been introduced. Electrospray thrusters, described in section 1.1.3.3, can be operated in either
a relatively high thrust droplet mode or a high specific impulse ion mode. In this research, the
development of a multimodal system, where a droplet and ion mode electrospray are unified using a
single propellant is investigated. Since both modes of operation utilize the principles of electrospray
thrusters, the concept is suited to providing a more flexible, light-weight propulsion system to the
small satellites of today and in the future. Chapter 2 contains an overview of the mechanisms, and
design considerations, and testing methods of electrospray thrusters.
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2 Electrospray Theory Overview

This chapter will review the fundamental theories and operational modes of electrospray propulsion.
The different forms of electrospray emission are important to highlight since understanding these
different modes is critical to forming a multimodal system. The different types of electrospray
emitters, propellants, manufacturing techniques, and performance testing methods will be covered.

2.1 Electrospray Phenomena and Applications to Propulsion

The concept of electrospraying is over a century old. As early as 1882, Lord Rayleigh predicted
that a liquid with a particular charge could become unstable and eject small droplets into fine jets
[104]. In a series of experiments from 1914-1917, Zeleny demonstrated that when a sufficiently
strong potential is applied to conductive liquids, they deform into a cone shape and form a liquid
jet [105, 106, 107]. In 1964, Taylor developed an analytical model for describing the cone shape
formed during electrospraying [40]. Taylor proposed that the cone shape is a result of a balance
between the surface tension force of a liquid and the pressure force caused by the electric field.
This characteristic cone shape is referred to as a Taylor cone [40].

Around the same time as Taylor’s work, droplet emission electrosprays, called colloid thrusters,
were being proposed as a form of spacecraft propulsion [108]. Thruster designs and methods
of measurement were developed in the early 1960s [109, 110]. Krohn distinguished between the
different modes of electrospray operation, including a liquid jet of droplets, a liquid jet accompanied
by ions, and ion emission [110]. Various designs also investigated bipolar operation to create a
quasi-neutral droplet stream and the use of linear slit geometries to increase thrust density [111].
More advanced colloid thrusters designed in the early 1970s were able to produce 111 µN thrust
per emitter [112] and operate by using large emitter arrays with Isp values above 1,000 seconds
[113, 114]. Despite good performance records, research in these colloid thrusters dwindled after the
1970s, due to the high voltages (10-20 kV) required for operation and rudimentary micro-fabrication
techniques at the time [108].

While propulsion was on the backburner, research into electrosprays continued. Mass spectrom-
etry (MS) is a method used to measure the mass-to-charge ratio of ions. Ions produced by electro-
spray were first used in MS by Dole [115]. Further developments in Electrospray Ionization (ESI)
on large biomolecules by Fenn resulted in him being awarded a Nobel Prize [116]. Investigations
into the various modes of electrospray emission were investigated by Cloupeau and Prunet-Foch
[117]. This research coined the term “cone-jet” for a Taylor cone which emits a continuous jet of
droplets. Electrospraying has been used in many applications such as a method of drug delivery
[118], nano-particle material deposition [119], and air purification [120].

Around the turn of the millennium, there was a renewed interest for electrospray as a method of
spacecraft propulsion. It was found that Electrospray propulsion was a useful method to perform
precision attitude control on larger spacecraft. In 2008, the Busek company developed the colloid
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micro-newton thruster (CMNT) to perform fine attitude control on the ESA’s Laser Interferometer
Space Antenna (LISA) Pathfinder mission [121]. The CMNT became the first electrospray propul-
sion unit operated in space after the launch of the LISA Pathfinder mission in 2015 [122]. Advances
in micro-manufacturing techniques led to the small satellite revolution discussed in Chapter 1. Con-
sequently, there has been an increased focus on the development of micro-propulsion systems as the
primary form of propulsion for small satellites. The opportunity has led companies, such as Busek
[43], as well as newer start-ups, including Enpulsion [123] and Accion systems [124], to develop
electrospray technology for micro-spacecraft propulsion. Research within Universities is still very
active.

2.1.1 Principles of Electrospray Emission

To produce thrust, electrospray propulsion accelerates charged particles using an electric field. The
field is formed between an electrospray emitter and an extractor electrode. In the presence of a
strong electric field, highly conductive liquids will deform into a cone-shape. The applied field
draws free ions from propellant to the surface of the liquid. This layer of high charge density causes
a physical bulge in the liquid toward the extractor intensifying the electric field. This process
continues until the electrical forces on the surface of the liquid exceed the surface tension forces
causing particles to be ejected. Taylor developed an ideal mathematical model of the electrospray
cone formation, assuming that the liquid being used is a perfect conductor and that the electric
field is in the normal direction from the surface of the liquid [40]. Based on these assumptions
the cone structure forms due to the balance between the surface tension force of the liquid (Pγ),
the electrostatic pressure (PE) caused by the electric field, and the pressure difference between the
conductive liquid and its surroundings (∆p). The counteracting forces which cause the formation
of a Taylor cone can be seen in Figure 2.1.

Figure 2.1: Schematic of a Taylor cone and the forces which influence its formation. The liquid flow
rate (Q) is drawn towards the emission site. The cone shape is formed by the equilibrium between
the liquid surface tension force (Pγ) and the electrostatic pressure force (∆p).
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The pressure force caused by the surface tension of a liquid is described in Equation 2.1.

Pγ = γκc (2.1)

In this equation γ is the surface tension coefficient of the liquid and κc is the surface curvature of
the liquid. The electric pressure on the liquid caused by the electric field can be described using
the normal of the Maxwell stress tensor seen in Equation 2.2.

PE =
1

2
ε0E

2
n (2.2)

In this equation ε0 is the electrical permittivity of free space and En is the electric field in the
normal direction of the liquid cone’s surface. The electric field En is described in equation 2.3

En =

√
2γcot(θT )

ε0r
(2.3)

where θT is the Taylor cone half angle, as seen in figure 2.1, and r is the distance from the cone’s
apex to a position on the surface of the liquid. The equilibrium at any point along a Taylor cone
is a result of the force balance seen in Equation 2.4.

PE + ∆p− Pγ = 0 (2.4)

In a situation where propellant is passively fed to the emitter and there is no external pressurization,
the applied liquid pressure (∆p) can be considered to be negligible. Under this assumption the
equilibrium of forces is described by equation 2.5.

PE = Pγ (2.5)

At the apex of the Taylor cone where the electric field is strongest, a stream of charged particles
is ejected. This occurs when the surface tension forces of the liquid have been overcome by the
electrostatic forces. These charged particles come in the form of liquid droplets, ions, or some
combination of both. The type of emission is based on several factors including the geometry of the
emitter, the electric field strength, the liquid propellant flow rate, and the properties of a chosen
propellant. The assumption of equilibrium at the surface of a Taylor cone is true, up to the region
of emission. The distance where equilibrium can no longer be assumed has been analytically defined
using Equation 2.6 [125],

r∗ =

(
εε0Q

K

) 1
3

(2.6)

where ε, Q, and K are the electric permittivity, flow rate and electric conductivity of the liquid
being used.

2.1.2 Droplet Emission

Electrosprays emitting purely droplets can take many forms including a pulsating jet, conejet and
multi-jets as shown in Figure 2.3 [117]. The conejet mode of emission is best able to maintain
a consistent controllable emission of droplets. (Note: In this thesis, unless otherwise stated, the
droplet mode electrospray will be synonymous with a conejet emission.)

In order to produce an electrospray emission, a certain applied voltage threshold must be
surpassed. The voltage at which an electrospray beam is produced is known as the onset voltage
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Figure 2.2: Several modes of droplet electrospray emission. Conejet emission can be seen in a and
b. Multi-jet emission can be seen in part c and d from [117].

(Vonset). Many factors such as the tip radius of an emitter (r) and distance between the tip radius
and the extractor electrode (d) have a large influence on an onset voltage. If it is assumed that an
electrospray emission site has a hyperboloid shape and the extractor electrode is a flat plate, then
Vonset can be determined analytically using Equation 2.7 [126].

Vonset =

√
γr

ε
ln

(
4d

r

)
(2.7)

The beam an electrospray produces is comprised of charged particles which carry a current (I) that
can be measured. The emission current of a droplet mode electrospray is characterized by Equation
2.8 [125].

I ∝
√
γKQ

ε
(2.8)

The flow rate can have a large impact on the resulting electrospray emission. Once an emission
site begins emitting droplets, a portion of the liquid is ejected away from the Taylor cone. When
this happens, a minimum flow rate (Qmin) is required to maintain a consistent conejet emission.
(Qmin) is characterized by Equation 2.9 [125].

Qmin ≈
γε0εr
ρK

(2.9)

In this equation, ρ represents a propellant’s density and εr is the relative dielectric constant of a
propellant. At low flow, near and below (Qmin), electrosprays have been shown to emit ions in
addition to droplets.

2.1.3 Mixed Ion-Droplet Emission

Electrospray emitters being operated at low Q using propellants which have high conductivity can
emit ions in addition to droplets [127]. The process by which ions are emitted from a conductive
liquid is called field evaporation. Common models outlining the field evaporation process are
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outlined in the following section 2.1.4. Operation in the mixed Ion-Droplet mode is generally
unwanted for the purposes of propulsion, since the combination of both emission modes leads to
inefficient emission.

The charge to mass ratio (q/m) of a particle is an important factor to determining its velocity.
Charged droplets have a much smaller q/m compared to ions. This equates to ions being accelerated
to higher velocities than droplets. If both droplets and ions are being emitted simultaneously, most
of the thrust is produced by the larger droplets. When this occurs, the energy used to accelerate ions
is much greater than any additional thrust they produce. The losses caused by this wasted energy
are referred to as the polydispersive inefficiency [128, 129]. Whenever an electrospray thruster
releases particles, which have varying mass and charge, it will cause inefficiencies. For this reason,
it is ideal to produce a uniform particle beam.

Figure 2.3: The various modes of electrospray emission from a Taylor cone.

2.1.4 Ion Emission

In 2003, an electrospray using an ionic liquid (IL) propellant, demonstrated operation in a pure ion
mode [130]. Propulsion in ion mode is desirable because of the high specific impulses which can
be achieved. Ions are emitted from an electrospray through the process of field evaporation. The
rate at which ions evaporate from the surface of the liquid can be estimated using equation 2.10
[131, 132],

je =
kT

h
σ exp

(
− E
kT

)
(2.10)

where k is the Boltzmann constant, T is the liquid’s temperature, h is Planck’s constant, σ is the
free charge density at the liquid surface, and E is the required activation energy for evaporation.
Many methods of approximating E have been developed. A method commonly used in electrospray
research can be seen in Equation 2.11 [133],

E = ∆G−

√
q3En
4πε0

(2.11)
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where ∆G is the solvation energy for a particular ion. From Equation 2.11, if temperature remains
constant as the electric field strength increases, the activation energy for ion evaporation decreases.
The electric field strength needed for ion emission can be estimated using Equation 2.12.

En ≈
4πε0
q3

∆G2 (2.12)

Ion solvation energies are typically in the range of 1-2 eV, which would equate to an electric
field strength around 1− 2 · 10−9V/m for ion emission.

2.2 Types of Electrospray Emitters

There are three common types of electrospray emitters: capillary, externally-wetted, and porous.
Each emitter type uses a different process to transport propellant from the reservoir to the Taylor
cone emission site. A schematic of these three emitter types can be seen in Figure 2.4. Emitter
selection plays an important role in design, since certain emitters are better suited to the various
modes of electrospray operation. In this section, we will review the three types of emitters and
review the theory behind their use.

Capillary emitters have been used since the inception of electrospray science. These emitters
use small syringe-like channels through which a liquid propellant flows toward the tip. Capillary
emitters will typically be a pressurized system, so propellant is externally forced toward the emission
site. Previous studies at RAPPEL have used capillary emitters controlled using pressurized nitrogen
gas [134]. Capillary emitters are often used when aiming to achieve droplet mode emission. They
have also been able to achieve ion mode emission using highly conductive ILs [130]. For ion mode
operation, the small emitter geometry needed to achieve low flow rates often leads to failure due
to clogging and overflow of propellant [135].

Figure 2.4: The three common types of electrospray emitters used for propulsion.

Externally-wetted emitters are coated in a layer of propellant, which migrates to the emitter
apex once a sufficient electric field is applied. Inspired by tungsten tip emitters used by liquid metal
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ion sources (LMIS), externally-wetted emitters were first used with IL propellants in 2004 [136].
The solid structure emitters are often cone-shaped to assist with the formation of Taylor cones.
This emitter type has shown that numerous IL propellants with lower conductivity were capable
of achieving operation in ion mode, even if they had poor performance when used with capillary
emitters [137]. Only a limited selection of propellants can be used with externally-wetted emitters,
since liquid directly exposed to a vacuum environment will evaporate. Externally-wetted emitters
also often have multiple emission sites and off-axis emission which reduces efficiency [138].

With the knowledge that low propellant flow rates were needed to obtain ion mode emission,
research began on using porous substrates as electrospray emitters. Porous structures transport
liquid from a reservoir to the emitter tip through capillary action. Since the liquid travels between
the pores of the material, it is not directly exposed to its surroundings. This allows porous emitters
to incorporate the high efficiency ion mode found in externally-wetted emitters with the internal
structure of a capillary emitter. A material’s porosity and mean pore size influence the attainable
propellant flow rate. Porous emitters were chosen as the focus of this research due to the advantages
stated above and their use in several state-of-the-art designs [139, 124]. Several different types of
porous emitters can be seen in Figure 2.5.

The development of porous emitters started relatively recently and has quickly become a major
area of research. Krpoun produced and tested small capillary electrospray emitters which were
filled with small ceramic beads in 2008 [140]. The beads were used to increase hydraulic impedance
of ILs with the goal of obtaining ion mode emission. Around the same time Legge was the first to
develop a porous electrospray emitter which operated in ion mode [141, 42]. These porous tungsten
emitters showed that the current produced by a single porous tungsten emitter was greater than a
comparable externally-wetted emitter. Following on from this work, Courtney developed an array
containing 480 electrospray emitters made from porous nickel [142]. The emitters experienced a
high rate of failure, due to electrochemical effects, which led to the formation of solid deposits
clogging the pores. Coffman developed an electrospray thruster using a porous borosilicate glass
filter [143]. This material has the advantage of being easily commercially available. Borosilicate
glass is not a conductive material. In order to apply the required potential needed for operation,
a separate conductive electrode in contact with the borosilicate is required. One of the main
drawbacks of borosilicate glass emitters is that they lack pore uniformity. To mitigate the lack
of uniformity other materials have been explored. Carbon xerogel is a material used to produce
porous electrospray emitters which has greater pore uniformity and small pore sizes [144, 145, 146].
The pore uniformity increases the overall efficiency, while smaller pore size increases impedance,
promoting ion emission.

Initially many of the porous materials being tested as electrospray substrates had shorter than
expected lifespans. The reduced lifetime was caused by chemical reactions, produced between the
propellant and electrode when high voltage was applied. This electrochemistry resulted in solid
particle deposits, which clogged porous emitters. Work by Brinker demonstrated that by applying
the voltage to an upstream distal electrode separated from the emitter by propellant would greatly
reduce the electrochemical effects at the emitter tips [147, 148]. The insights from this work have
led to distal electrodes being a common component of several thruster designs.

Aside from the substrate material, several additional factors need to be considered when working
with porous emitters. Porous emitters have been developed in several different geometries including
a square based pyramid [149], cone [150], and triangular prism (also known as porous wedge or
edge emitter) [151]. As discussed in section 1.1.3.3, to increase thrust density, electrospray emitters
are arranged into densely packed arrays. Courtney showed that porous wedge emitters produced
numerous emission sites from a single emitter [152]. Using porous wedge emitters can produce
comparable results to conical emitter arrays, while reducing complexity and manufacturing time
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Figure 2.5: Examples of porous substrates developed for electrospray propulsion. (A) A capillary
emitter filled with 5µm ceramic beads from [140]. (B) Linear array of porous tungsten emitters
from [141]. (C) Single porous borosilicate glass emitter from [143]. (D) Array of porous carbon
xerogel emitters from [146].

[151].

2.2.1 Flow through a Porous Medium

When using porous emitters, liquid propellant is most often transported from the reservoir to the
emission site passively through capillary action. The volume of liquid per unit area (Qs) through
a porous medium can be described using Darcy’s Law seen in Equation 2.13,

Qs = −κ
µ
∇P (2.13)

where κ is the porous materials permeability, µ is the viscosity of the propellant, and ∇P is the
pressure gradient. The pressure drop between the emission site and the porous bulk for a conical
emitter can be described by equation 2.14 [142] and for a wedge emitter in equation 2.15 [153].
Figure 2.6 can be used as a reference to these equations by visually showing the various parameters
involved with flow in a porous medium.

∆Pconical =
µ

2πκ

Q

1− cos(θT )

[
tan(θT )

rt
− cos(θT )

H

]
(2.14)
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∆Pwedge =
µQsite
κθwedge
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1

λ
ln
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)
− 1

2πR2
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2πR2
λ )
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2πR2
λ )

)
(2.15)

In these equations, rt is the radius at which the conical structure becomes spherical, Qsite is the
flow rate at an emission site, θwedge is the specified angle of a porous wedge, based on the upstream
radius (R1) and the downstream radius (R2), λ is the distance between each emission site along
the apex of a porous wedge, and K0 and K1 represent the Bessel function of the second order.

Figure 2.6: Flow through porous geometry used in electrospray propulsion. LHS - Flow through a
porous cone emitter adapted from the work done by Courtney [142]. RHS - Flow through a porous
wedge emitter adapted from the work done by Wright from [153].

Permeability is the degree to which a material allows a fluid to pass through it. The permeability
of a porous substrate can be estimated using the Kozeny-Carman equation [154]. The equation
considers a material’s effective particle diameter (Deff ) and porosity (φp) as seen in Equation 2.16.
Porosity is the measurement of the void space within a material from a scale of 0-1.

κ =
D2
eff

180

φ3p
(1− φp)2

(2.16)

The propellant reservoir has an impact on the emission produced by porous emitters. Typically,
a porous emitter is accompanied by a porous reservoir with larger pores. The porosity of the
reservoir has been shown to have a direct impact on the propellant flow rate. A study by Courtney
showed the results of a P5 grade (Dpore 1 - 1.6µm) borosilicate glass emitter paired with P4 grade
and P0 grade borosilicate glass reservoirs [152]. The results showed that the emitter attached with
the P4 reservoir resulted in mostly ion emission, while the emitter attached to the P0 reservoir
had mostly droplet emission. The effect of reservoir porosity on flow rate can be explained by the
interfacial pressure jump (Pint) seen in Equation 2.17

Pint = − 4γ

Dpore
−Qκ (2.17)
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2.3 Propellants

In the early days of electrospray propulsion, propellants were based on organic liquids. Propellants
such as doped glycerol [110, 114, 134] and Octoil [109] were common during the development of
colloid thrusters in the 1960s and 1970s. Due to the relatively low conductivity of these early
propellants, the extraction voltages required to produce electrospray emission were extremely high.
In the early 2000s, room temperature IL propellants were tested with Colloid thrusters [155]. ILs
had been developed throughout the 20th Century and for the majority of that period were used as
solvents [156]. These liquids, commonly referred to as molten salts, are entirely comprised of cations
and anions. ILs were found to have three distinct advantages for use as an electrospray propellant.
First, their high conductivity made electrospray propulsion more practical as emissions could be
achieved at lower applied voltages. Second, ILs have negligible vapour pressure, which means they
are extremely resistant to evaporation. Finally, the presence of cations and anions means that both
positive and negative emissions can be produced. This bipolar operation can eliminate the need for
a separate neutralizer component, common in other forms of electric propulsion (EP). A summary
of IL properties which are commonly used for propulsion is shown in Table 2.1.

Table 2.1: The properties of ILs which are commonly used in electrospray propulsion.

Ionic Liquid Properties

Ionic Liquid M+

(amu)
M−

(amu)
Conductivity
“K” (S/m)

Density
“ρ”

(g/cm3)

Surface
Tension

“γ”
(dyn/cm)

Viscosity
“µ” (Pa ·

s)

Reference

EMI-BF4 111.2 86.8 1.36 1.24 45.2 0.038 [157, 158, 159]
EMI-Im 111.2 280.2 0.88 1.52 35.8 0.028 [157, 160]
EMI-Beti 111.2 380.2 0.34 1.6 28.7 0.061 [157, 160]
EMI-GaCl4 111.2 211.5 2.2 1.53 48.6 0.013 [157, 161]
BMI-I 139.2 445 0.069 1.44 54.7 1.11 [157, 162, 163]
EMI-FAP 139.2 126.9 0.57 1.71 35.3 0.0745 [164, 165]

In 2003, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI-BF4) was the first IL propellant
to obtain a pure ion mode emission at room temperature [130]. Since this discovery, there has
been a great deal of research into the use of many IL propellants for electrospray propulsion. ILs
have become so common that an entire sub-category of electrsprays called ionic liquid ion sources
(ILIS) has been created. EMI-BF4 has been the most widely tested IL for electrospray propulsion.
A handful of other ILs, such as EMI-GaCl3, which have demonstrated ion mode emission at room
temperature [166]. The IL EMI-Im is capable of operating in both a pure droplet mode and an
almost purely ion regime at room temperature [167]. Temperature plays a role in IL performance,
as many ILs are able to emit purely ions when subjected to elevated temperatures [168]. The
chemical structure of the common IL EMI-BF4 can be seen in Figure 2.7.

In addition to individual ions called monomers, ILs can also emit clusters of ions which have
heavier atomic masses. For example, an ion which is attached to a neutral particle is called a dimer.
Using the example of EMI-BF4, a single ion of BF−

4 would be considered a negative monomer, and
that same ion attached to a neutral particle (EMI-BF4)BF−

4 would be negatively charged dimer.
The various ILs all emit different compositions of monomers and larger clusters. The composition
is based on the liquid’s properties and several other factors such as emitter geometry. EMI-BF4

will typically emit a beam comprised of half monomers and half dimers [136].
Larger clusters of ions have a tendency to break apart into neutral particles or ions with lower
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Figure 2.7: Chemical diagram of the ionic liquid EMI-BF4. The dashed grey lines represent the
weak bonds between the anion and cation.

mass. This process, called fragmentation, can have a detrimental effect on the performance of an
electrospray thruster. The resulting neutral particles caused by fragmentation will reduce thrust.
A visualization of fragmentation can be seen in Figure 2.8.

Figure 2.8: Example of an EMI-BF4 monomer ion, dimer ion and fragmentation.
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2.4 Emitter Fabrication Techniques

Fabricating an electrospray emitters is a complex challenge. There are several conventional and
MEMS manufacturing techniques which have been used to fabricate emitters. Capillary and
externally-wetted emitters have been fabricated using methods such as reactive ion etching (RIE),
additive manufacturing techniques such as 3D printing and traditional computer numerically con-
trolled (CNC) machining [140, 169]. To manufacture porous emitters a technique must be able to
consistently produce emitters with the same height and shape, while preventing pores from col-
lapsing or becoming clogged with debris. The most common and successful methods of fabricating
porous emitters are described below.

2.4.1 Electrochemical Etching

In electrochemical etching, a metal sample is fully immersed into an electrolyte solution connected
to an anode and cathode electrode. When a source current is applied to the electrolyte, the metal
at the anode is dissolved, while metal particles are deposited at the cathode. To produce a desired
shape, an etching mask is patterned onto the surface of the substrate and then cured. When etching
occurs, it dissolves the material not covered by the mask. After the desired amount of material is
removed, the mask is also removed to reveal the final structure.

Figure 2.9 (A) shows an example of electrochemically etched emitters. The linear array of
porous tungsten emitters, developed by Legge, used electrochemical etching [42]. In that work, the
tungsten substrate was filled with a photo-resist material, so the porous structure would not be
impacted by etching. The outside of the substrate was then covered in a polyimide mask which
was covered with an additional photo-resist layer. The substrate was then exposed to UV radiation
transferring the geometry from the mask. The polyimide was cured and then the entire substrate
was immersed into a sodium hydroxide electrolyte solution for etching. Notable challenges include
removing all the photo-resist material from the porous structure, and difficulty producing uniform
structures.

Courtney also used electrochemical etching to produce an array of porous nickel electrospray
emitters [142]. A porous nickel substrate was patterned with FX515 resist mask and then etched
in two steps: first in a Hydrochloric Acid Solution, then in a combined mixture of Hydrochloric
Acid Solution and nickel chloride. The resulting emitters and electrochemical masks can be seen
in Figure 2.9 (A).

2.4.2 Laser Ablation

Laser ablation is a process by which a high-power laser is used to essentially melt and evaporate
solid material. Laser ablation is used in many micro-manufacturing applications [171]. Since the
energy of the laser is concentrated to a small area, usually microns in size, it can remove layers of
material without impacting the porous structure below.

Coffman used laser ablation to produce electrospray emitters from porous borosilicate glass
[143]. A Lambda Physik LPX-200 laser was used to create an array of 480 porous emitters approx-
imately 200 microns in height. The results of laser ablation on this substrate can be seen in Figure
2.9 (B). This work with laser ablation was integrated into the fabrication of MIT’s iEPS thruster
which contains 480 porous emitters within a 1 cm2 area [128]. Porous emitters made of carbon
xerogel have also been created using laser ablation [146].

An integrated hybrid thruster, developed at RAPPEL by Little, also used laser ablation to
fabricate an electrospray emitter [172]. Here, a P5 porous borosilicate glass filter was fabricated
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Figure 2.9: Porous electrospray emitters fabricated using three different processes. (A) Conical
porous nickel emitters fabricated using electrochemical etching. Two leftover masks used in the
process can be seen from [142]. (B) An array of laser ablated conical borosilicate glass emitters
fabricated using a Lambda Physik LPX-200 laser from [143]. (C) Array of porous pyramid emitters
produced using a a Tormach PCNC 1100 CNC machine from [170].

using an Oxford Series A picosecond laser. With the laser set to low power, a series of 20 passes
of the laser was used to remove material producing a 3-dimensional porous wedge emitter. In this
work laser ablation was the method chosen to fabricate porous emitters for the multimodal thruster
detailed in Chapter 4.

2.4.3 Micro CNC Machining

While excellent for prototyping, both electrochemical etching and laser ablation are time consuming
and expensive, making them difficult methods for producing emitters on a large scale. Several recent
thruster prototypes have used porous emitters fabricated using conventional micro-CNC machining.

Research by Courtney from 2016 used a table-top Step-Four basic 540 CNC mill to fabricate an
array of porous wedge emitters [151]. A series of five steps used Titanium aluminum nitride mill
bits to fabricate the wedge emitters from P5 borosilicate glass frits. The prisms were 300 microns
in height, and 7mm in length with an apex curvature of approximately 10-30 microns.

In 2020, the United States Air Force Research laboratory developed an electrospray thruster
using entirely conventional CNC machining [170]. In this work, a Tormach PCNC 1000 CNC
machine was used to fabricate 576 pyramid emitters over a 1.7 cm2 area from a P5 borosilicate glass
frit. The mill used aluminum titanium nitride coated carbide tools and used a Nakanishi HES510
high-speed electric spindle to achieve speeds of 50,000 RPM. The emitters were approximately 300
microns in height with an apex radius of curvature around 10-20 microns. The emitters produced
in this work can be see in Figure 2.9 (C).

2.5 Multimodal Electrospray Systems

Multimodal propulsion, which combines more than one mode of propulsion using a common pro-
pellant, was previously introduced in Section 1.4. A variety of multimodal concepts involving elec-
trospray thrusters have been investigated. A large amount of research has focused on combining
an electrospray thruster and a monopropellant chemical rocket into a unified system. There have
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also been some investigations into designing and combining cold-gas propulsion with electrospray
thrusters, and several concepts which are capable of operating in different modes of operation.

Multimodal monopropellant-electrospray (ME) is a method of combining the high thrust of a
monopropellant catalytic decomposition thruster with the high specific impulse of an ion mode
electrospray. Research into propellants capable of operating in both chemical and electrospray
modes has been an important aspect to developing ME systems. Specifically, there have been
investigations into developing green energetic ionic liquids, which can operate in both modes. Mul-
tiple studies have tested the performance of various energetic ionic liquids [173, 174]. Berg and
Rovey investigated combining ionic liquids with hydroxylammonium nitrate (HAN) [175]. The
ionic liquid component would allow for operation in an ion mode electrospray, while the HAN acts
as an oxidizer which allows for the catalytic decomposition required for a chemical mode operation.
Combinations of IL with HAN, such as [Emim][EtSO4]-HAN, have been shown to have positive
characteristics for operating in a multimodal system [176, 177]. A multimodal ME thruster de-
signed at the University of Illinois, Urbana-Champaign, using the propellant FAM-110 (59% wt.
HAN, 41% wt. [Emim][EtSO4], <1% H2O), demonstrated stable operation in both chemical and
electrospray modes [102, 178]. The commercially available propellants “ASCENT”, developed by
the United States Air Force research Laboratory, and the green electric monopropellant (GEM) by
DSSP Inc, have also been characterized for use in a multimodal ME propulsion system [179, 180].

A multimodal system combining a cold-gas thruster and an electrospray thruster has also been
investigated [181]. A common propellant tank of IL feed into both systems. Propellant is passively
fed into the electrospray emitters when the electrospray electrodes are biased to high potential.
Propellant from the reservoir can also be fed through a valve connecting to a chamber where the
IL is electrically decomposed into a gas, which is subsequently accelerated through a converging
diverging nozzle. The work indicated that combining a cold-gas with an electrospray would increase
propulsion capability with a high thrust mode.

Combining the various modes of electrospray thrusters into a single propulsion unit has also
been explored. Wright developed a dual-mode electrospray emitter [182]. The concept has an
externally-wetted needle emitter protruding through a capillary emitter. At high flow rates, a
droplet mode emission is produced with the capillary emitter, while at low flow rates a mixed
or ion mode emission is emitted from the externally-wetted emitter. The emitter was shown to
produce two stable emission areas at high and low flow rates. The addition of an acceleration grid
to an electrospray thruster, used to modulate emission, has also been investigated [183, 184]. An
acceleration grid is an additional electrode, which is placed above the extractor electrode. The
addition of this electrode allows a thruster to be operated in both high thrust and high specific
impulse modes.

2.6 Electrospray Propulsion Experimental Testing Methods

The low absolute thrust produced by electrospray thrusters has led to challenges using direct thrust
measurement (DTM) testing methods. Measuring low thrust devices directly is typically performed
using a spring-mass-damper system with highly sensitive displacement sensors [185, 186, 187]. These
systems can be susceptible to outside influence, such as vibrations produced by vacuum chamber
pumps and background noise. The sensitivity of these methods also leads to involved calibration
processes [188]. Indirect thrust measurement (ITM), using the time-of-flight (ToF) method, is
commonly used as an alternative to DTM of electrospray thrusters [127, 189, 151]. Developed by
Cameron and Egger in 1948 [190], ToF mass spectrometers are able to measure the charge to mass
ratio (q/m) of emitted particles in real time. ToF apparatus includes an electrostatic gate, which
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interrupts the beam of charged particles, and a collector which measures the particle beam current.
The collector is placed a known distance from the gate. When the gate is turned off, the beam is
free to travel directly to the collector. When the gate is turned on, the beam is deflected so that it
is unable to reach the collector. The time taken for the beam to travel from the gate to the collector
can be used to calculate the velocity of the charged particles and subsequently their charge-to-mass
ratio. The composition of various species of particles within a beam can be determined based on
the varying flight times. A schematic showing the ToF components divided into four regions can
be seen in Figure 2.10.

Figure 2.10: Time-of-Flight Diagnostic System. Region A: The electrospray thruster; Region B:
Focusing of the charged particle electrospray beam; Region C: ToF gate and flight length; Region
D: Collector and suppression grids.

2.6.1 Time-of-Flight Measurement

The ToF method measures the exit velocity (ve) of charged particles by measuring the time (t)
taken to traverse and known flight length distance (L) seen in Equation 2.18. Once the velocity of
the beam has been determined, the q/m or the charge per unit mass can be found using equation
2.19.

ve =
L

t
(2.18)

q

m
=

v2e
2φB

(2.19)

In order to complete this calculation, the beam potential (φB) must be known. In most applications,
it is likely that only the voltage applied to the thruster emitters (φA) will be known. The φB and
the φA are closely related, but not identical. This is due to electrospray loss mechanisms which
reduce the overall energy of the particle beam.
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Equations 2.18 and 2.19 can be rearranged to determine the theoretical flight time of a known
ion or droplet with a known mass / charge. This can be seen in Equation 2.20.

ttheo =

√
L2

2φB

m

q
(2.20)

If we assume the beam potential is known, then the mass flow rate, thrust and specific impulse can
be indirectly calculated using Equations 2.21, 2.22, 2.23.

ṁi = IBfi
mi

qi
(2.21)

Here IB is the beam current measured at the collector, fi is the current fraction produced by an
individual species of ions or droplets. The total mass flow rate is the sum of the flow rates of each
particle species emitted in the beam.

T = Σ(ṁ0ve0 + ṁ1ve1 + ...) (2.22)

Isp =
T

ṁT g0
(2.23)

Here ṁT is the total mass flow rate. The velocity of a particular charged particle is based on its
mass-to-charge ratio. If charge remains constant, heavier particles will take longer to travel a set
distance. The use of a ToF system allows for the accurate measurement of the thrust and specific
impulse of electrospray emitters.

Electrospray Thruster (Region A)

The electrospray thruster region is where the charged particle source is placed. In this research the
source will be an electrospray thruster.

Particle Beam Focusing (Region B)

Electrospray beams are prone to spreading outward from their source, making accurate measure-
ment of a beam over long flight distances difficult. Spherical and chromatic aberration are two
factors which cause a reduced percentage of beam emission detection at the collector. In ToF,
a longer flight length leads to superior current measurement resolution. To counteract the beam
spreading phenomena, researchers have used large area emission detectors [191, 192, 193], or axially
aligned electrostatic lens, such as an Einzel lens, as alternatives to focus charged particles towards
a detector [194, 195].

An Einzel lens is a focusing device which contains a series of three electrodes where the first and
third electrodes share a potential (often ground) and the second is biased to a required focusing
potential (φF ). The degree to which particles are focused is dependent on the dimensions and
shape of the electrodes, the magnitude of φF , and the energy of the charged particles. Figure 2.11
shows how a Einzel lens will change charged particle beam’s trajectory. An Einzel lens will have a
focusing effect regardless of voltage polarity.

If charged particles get too close to the Einzel lens electrodes, the electric field formed between
the electrodes can distort the particle beam instead of focusing it. For this reason, it is important
to design the lens with a diameter twice as large as the expected beam diameter [194]. A larger
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diameter means the magnitude of potential required to focus the beam also increases. Placing the
Einzel lens close to the electrospray source helps to reduce the need for high potentials.

A typical Einzel lens contains only a single focusing stage of three electrodes. The single stage
lens set to a particular focusing potential will focus beam particles of a particular energy. This
may deflect beam particles of differing energies away from the detector. In order to collect a larger
percentage of beam current at the collector, researchers have developed several designs for an ion
guide [196, 197, 198, 199]. Ion guides use a series of Einzel lens electrodes from the source of charged
particles all the way to the collector.

Figure 2.11: Beam of charged particles being focused by an Einzel Lens.
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ToF Electrostatic Gate (Region C)

Within a ToF system, the electrostatic gate is used to prevent the beam of charged particles
from being measured by the collector. When the gate is activated, a particle beam is prevented
from reaching the collector, and when deactivated, the beam can travel uninhibited to the collector.
There are three general types of electrostatic gates: a stopping gate, deflection gate, and interleaved
comb gate. A stopping gate completely blocks the passage of charged particles, while deflection
and interleaved comb gates deflect the beam’s trajectory away from the collector.

Figure 2.12: A deflection gate comprised of two parallel plates.

Stopping gates are comprised of several closely spaced metallic grids. When the central grid is
biased to a higher voltage than the thrusters φA, the charged particles are prevented from moving
through the gate. Stopping gates may cause erosion to the electrospray extractor electrode when
particles are reflected back toward the source optics by the gate.

A deflection gate uses two parallel plates are biased to opposite polarities, creating an electric
field which deflects charged particles away from the collector. A schematic of a deflection gate can
be seen in Figure 2.12. This type of gate is simple to implement and has reliable performance.
However, this gate is energetically costly to produce the high voltage required to obtain meaningful
deflection. The angle required to deflect charged particles away from the collector is described in
equation 2.24

θrequired = tan−1

(
dC
2L

)
(2.24)

where dC is the diameter of the collector surface. The angle of deflection actually produced by a
deflection gate can be described using equation 2.25

θdeflection = tan−1

(
w

4dG

φG
φA

)
(2.25)

where w is the thickness of the deflection plates, dG is the diameter of aperture, and φG is the
potential difference between the electrode plates.

A common type of Interleaved comb gate is the Bradbury-Nielsen Gates (BNGs). In 1936
Bradbury and Nielsen developed the BNG to measure the ion mobility of gases [200]. Weinkauf
first used a BNG for ToF experiments in 1989 [201] where the gate only allowed ions of a certain
mass-to-charge ratio to pass through. BNGs have since been commonly used for ToF measurement
of electrospray thrusters [42, 151, 189, 202, 203]. A typical BNG consists of electrically isolated sets
of interleaved wires which are held together by a frame. The wires are equally spaced on the same
plane and alternate in potential. When both sets of wires have equal potential, charged particles
can pass through freely. When the two sets of wires are biased to the same potential magnitude and
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opposite polarity, the resulting electric fields will deflect any charged particles travelling through
the gate. A schematic showing the operation of a BNG can be seen in Figure 2.13.

Figure 2.13: The particle beam deflection caused by a BNG.

Wire spacing is an important factor in the BNG design. Minimal spacing between the wires leads
to improved mass resolution. Many early BNGs were laborious to produce, often taking several
days. Wiring is achieved by placing controlled grooves in a synthetic polymer, such as polyether
ether ketone (PEEK), and then feeding wires through the grooves. The maximum deflection angle
produced by a BNG gate is described by equation 2.26 [204]

θmax = tan−1

(
k
φG
φA

)
(2.26)

k being the deflection constant described by equation 2.27.

k =
π

2ln[cot(πR/2d)]
(2.27)

Here R is the radius of the wire and d is the distance between each wire.
The finely spaced wires may not by ideal for thrusters operating in droplet mode, since liquid

could accumulate on the wires, potentially causing a short circuit [194]. If large liquid droplets are
expected, a parallel plate deflection gate could be used.

Collector and Suppression Grids (Section D)

The collector is placed a known flight length from the electrostatic gate and is used to measure
the current of charged particles which impact its surface. The fastest charged particles to reach
the collector will be indicated as a step increase in current, followed by the larger slower particles
until the full beam current is being collected. The composition of the species within a beam can be
identified by the time needed to register a current change at the collector. Broadly speaking there
are two types of ToF collectors, full-beam and partial-beam. Full-beam measurement collects the
entire emitted beam from the electrospray source. Since electrospray beams spread out spherically
as they travel outward, the size of the collector needs to increase with the distance the collector is
placed from the source. Partial-beam collectors receive only a portion of the electrospray emission.
This makes them easier to implement, but with less utility. Using a partial-beam collector allows
the collector to be placed further away from the source, which increases the resolution of the results
due to the increased flight time.

A device known as an electron multiplier can be used as a collector when sensitive low current
density measurement is required. These devices are partial beam collectors sampling a small portion
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of the electrospray emission with low noise and high resolution. An electron multiplier amplifies
the current collected by utilizing the mechanism of secondary electron emission. The interior
of an electron multiplier is covered with a material that has a high secondary electron emission
coefficient. As charged particles collide with the walls of the electron multiplier, secondary electrons
are produced, which leads to an electron cascade amplifying current [205]. With this method, the
output of current can be amplified by a factor of one million. The two common types of electron
multipliers are Single Channel Electron multipliers (CEMs) and Microchannel plates (MCPs).

Single or multiple suppression grids can be placed just before the collector to offset the impact
of secondary electron emission. When measuring the current of an electrospray beam at the collec-
tor, higher than theoretically expected values can occur. This current offset is usually caused by
secondary electron emission. As high energy particles from the electrospray beam collide with the
collector, the metallic surface can potentially release electrons. As these electrons are released, the
collector will draw additional electrons from its connection source. The process will have the effect
of creating a positive current offset.

When a suppression grid is set to a negative voltage the secondary electrons released from the
collector are suppressed back to the collector surface. In other research using suppression grids, a
voltage between -30 to -50 volts has been applied [151, 42, 189]. Often a second suppression grid
connected to ground is placed directly ahead of the first suppression grid in order to reduce any
change acceleration caused by the potential difference between the extractor and suppression grid.

2.7 Concluding Remarks

This chapter reviewed the principles of electrospraying conductive liquids and their application
to spacecraft propulsion. The different types of electrospray emitters, modes of emission, and
propellants all play an important role in thruster design. Common methods of how electrospray
emitters are manufactured were reviewed. Finally, an overview of a time-of-flight measurement
system, commonly used to measure the thrust produced by electrospray thrusters, was elaborated
upon. This research focus is the development of a multimodal electrospray thruster. The design
combines a droplet and ion mode electrospray emitter into a single unified system. Both modes
of emission use a porous wedge design, which allows form multiple points of emission and lower
manufacturing time compared to conical emitter arrays. The ionic liquid EMI-BF4 was selected
as the common propellant used by both emitters. Laser Ablation was used to manufacture both
porous emitters. In order to characterize the electrospray thruster a ToF measurement system has
been designed and implemented (Chapter 5). Chapter 3 will detail a numerical simulation produced
to enhance knowledge of electrospray for propulsion. The simulation was used to aid in the design
of the multimodal thruster detailed in Chapter 4.
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3 Numerical Modelling of Electrospray
Thruster

3.1 Introduction

Numerical methods provide a technique of predicting the behaviour of electrospray thrusters. While
there have been numerous experimental demonstrations, numerical methods modelling electrospray
propulsion are still growing in maturity. In this work, both droplet and ion electrospray emissions
are used to create a multimodal system. It is a challenge to model the behaviour of droplets and
ions using the same simulation methodology. The mechanisms of droplet or ion formation occur at
different scale lengths. The behaviour of liquid droplets is commonly solved using computational
fluid dynamics (CFD). CFD modelling takes a more macroscopic view of a system, breaking down a
continuous fluid flow into a set of discretized units. Each of these units has a set of equations solving
for their behaviour. Modelling ions takes a microscopic approach by determining the position and
other parameters such as velocity, of each individual particle. Solving for the behaviour of ion
emission can be achieved using methods such as molecular dynamics (MD).

Figure 3.1: (A) Schematic of droplet electrospray emission. (B) Sample droplet electrospray
simulation using molecular dynamics from [206]. (C) Sample droplet electrospray simulation using
computational fluid dynamics.

Droplet mode electrosprays have been modelled for the purpose of propulsion [207, 208, 209, 210]
and for use in medical applications [211, 212]. The majority of droplet mode electrosprays are
modelled using electro-hydrodynamics (EHD) based on the leaky dielectric model [213]. EHDs
explain how liquids deform when in the presence of an electric field. The leaky dielectric model
attempts to explain how droplets form when an electric field is applied to a liquid [214]. The
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motion of a conductive liquid is often solved using the Navier-Stokes equations. Additional source
terms are used for calculating the electric field, electric charge migration and droplet break up.
In the case of ion mode electrosprays, the mechanisms behind their operation are not completely
understood, posing a challenge to producing accurate simulations. A simulation developed by Petro
used a combination of three simulation methodologies to give a representation of pure ion emission
[215]. First, an EHD model was used to calculate the emission current and current density of an
electrospray meniscus [216]. Second, the trajectory of emitted ions was individually tracked [217].
Finally, the fragmentation of ion particles was determined using a MD simulation based on the
Large-scale Atomic Molecular Massively Parallel Simulator (LAMMPS) program [218].

In this Chapter a simulation of a droplet electrospray emission using CFD numerical meth-
ods is presented. The simulation models the onset of a cone-jet electrospray and development of
liquid droplets. An electrospray emitter with a porous substrate was incorporated to investigate
its impact on droplet formation. Performing these simulations allowed for greater understanding
of the mechanisms behind electrospray propulsion and enhanced current electrospray simulation
capabilities. This work will be expanded upon in future droplet and ion electrospray simulations.

3.1.1 CFD Approach

As expected, there are currently no out-of-the-box CFD simulation packages which have the built-in
capability to solve the EHD equations used to simulate electrospray emission. Several researchers
have built custom EHD solvers into publicly/commercially available CFD programs. Lastow cre-
ated an electrospray simulation using a liquid heptane propellant by incorporating an EHD model
into the CFD solver ANSYS-CFX 4.4 [207]. The simulation was capable of producing a cone-
jet structure by calculating the electric body forces caused by an electric field. The model did
not contain droplet break up or calculate current. Forbes developed a simulation which could
describe both cone-jet formation and droplet break up using the volume-of-fluid (VOF) method
within the CFD program ANSYS Fluent [208]. The VOF method is used to describe the interac-
tion between a fluid and its surroundings [219]. For example, the VOF method may be used to
describe how liquid droplets might interact with air under atmospheric conditions. Lopez-Herrera
and Herrada used the VOF method to simulate a cone-jet emission using the open-source program
Gerris/Basilisk[220, 209]. EHD solvers which model cone-jet formation and droplet break up, using
the open source program OpenFOAM, have been developed by Roghair [221] and Huh[210, 222].

In this work, the ANSYS Fluent multi-phase flow solver was used to simulate an electrospray
cone-jet and droplet formation [223]. Fluent has a built-in framework to model complex flows such
as free surface flows and fluid interface evolution. User defined functions (UDFs) and user defined
scalars (UDSs) within Fluent allow for custom source terms and equations to be built into the
program. UDSs were implemented to solve for the electric potential and charge transport. UDFs
of the charge stress and electric (Maxwell) stress were also implemented in order to solve for the
EHD equations. The EHD model and UDS/UDF code developed by Forbes [224, 208] was used as
the basis for this work.

The electrospray propulsion engineering toolkit (ESPET) was also used to estimate various
performance parameters of the simulated geometry [225]. ESPET was designed for quick iteration
of electrospray thruster designs using an engineering model approach. The program allows the user
to apply various conditions to common electrospray emitter types, emitter substrates, reservoirs
and propellants. The results from ESPET were used to accompany the droplet mode simulation.
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3.2 Simulation Methodology

This section outlines the fluid flow, EHD model and porous media equations implemented in the
simulation. The VOF method using Fluent’s multiphase flow solver was used as the basis. The
simulations were comprised of two phases, a conductive liquid propellant and air under atmospheric
conditions. The pressure-implicit with splitting of operators (PISO) algorithm was used for the
calculations. Gravity was not considered in the model, since its impact would be much smaller than
the surface tension and electrostatic body forces. The liquid propellants were always assumed to be
at a room temperature (300 K) throughout. The simulations were performed under atmospheric
pressure conditions. Simulating the pressure vacuum of space within ANSYS Fluent is challenging,
since the fluid continuum and Navier-Stokes equation assumptions are invalid at low pressures.
Conducting the simulation under atmospheric conditions was still useful for understanding the
characteristics of electrospray emission, but were not capable of exactly replicating high vacuum
conditions.

3.2.1 Fluid Equations

When using incompressible fluids the mass conservation equation in ANSYS Fluent is simplified to
Equation 3.1 where −→u is the velocity vector of the liquid.

O · −→u = 0 (3.1)

Fluid flow of the two-phase liquid/gas simulation is governed by the Navier-Stokes equation
described in Equation 3.2

δ

δt
(ρ−→u ) + O(ρ−→u−→u ) = −Op+ ρ[ν(O−→u + O−→u T )] + ρ−→g +

−→
F (3.2)

where −→u is the velocity, ρ is density of liquid, v is the kinematic viscosity of the liquid, p is pressure,

and
−→
F is the net body force.

3.2.2 Electrical Field and Charge

The EHD model incorporates electric field forces, Maxwell stresses, and surface tension into the
liquid domains body force term from equation 3.2. The Poisson equation seen in equation 3.3 was
used to create the electric potential resulting from charges within the domain.

O2φ = − q

ε0εr
(3.3)

Where φ is the electric potential, q is the net charge density, ε0 is the permittivity of free space,
and εr is the relative permittivity of material. A fluids behaviour under the influence of an electric

field is described by the charge advection q−→u and charge migration µeq
−→
E where

−→
E is the electric

field vector, and µe is the electrical mobility. This leads to the charge transport equation (equation
3.4).

δq

δt
+ O · (µeq

−→
E + q−→u ) = 0 (3.4)

The Coulombic force (q
−→
E ) and the dielectric force (−1

2E
2Oε) are incorporated into the hydrody-

namic momentum equation as source terms. The momentum balance equation implemented for
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CFD simulation incorporates the EHD body forces into Equation 3.2. This can be seen in Equation
3.5.

ρ(
δ−→u
δt

+−→u · O−→u ) = −Op+ O2−→u + q
−→
E − 1

2
E2Oε (3.5)

3.2.3 Porous Medium

ANSYS Fluent also has a built-in porous media model which was used to simulate porous electro-
spray emitters. A region defined as porous in the simulation will have an additional momentum
resistance. The momentum sink includes two components, a viscous loss term (Darcy’s Law) and
an inertial loss term seen in equation 3.6,

Op = −(
µ

κ
−→u + C2

1

2
ρ−→u |u|) (3.6)

where κ is the permeability of porous material and C2 is the inertial resistance factor. For laminar
flows the C2 term can be considered zero, reducing the equation to just Darcy’s law.

The porosity (λ) assigned to the porous section of a simulation will also impact the scalar
transport equations and the continuity equation. The impact porosity has on the various scalar
quantities (represented in this work by Φ) within the simulation is described by Equation 3.7.

δ

δt
(λρΦ) (3.7)

3.2.4 Simulation Set-up

There were two simulations conducted using the EHD model. The first was a validation test case
using a capillary emitter with a liquid heptane propellant. The simulation domain dimensions and
propellant properties were based on similar simulations by Lastow [207], and Ganan-Calvo [226].
The simulation domain contains a rectangular capillary at the base and an extractor electrode at
the top as seen on the LHS of Figure 3.2. The domain mesh was comprised of 12,510 elements
focused along the domain symmetry axis. The time-steps used for each iteration ranged from
1 · 10−9 s to 5 · 10−8 s. The capillary component of the domain was set to 4,000 volts, while the
extractor electrode at the top of the simulation domain was grounded to 0 volts. An inlet flow
rate of heptane at the base of the capillary was set to 0.033 µl/s. Under these input conditions
the expected result was a continuous flow cone-jet with noticeable droplet breakup before the flow
reached the extractor.

After completing the validation test case, a porous emitter was simulated using the EHD model.
This second simulation domain had a capillary channel with a conical porous emitter at the top, as
seen on the RHS of Figure 3.2. The dimensions of the simulated emitter were based on experimental
work by Courtney using porous wedge emitters [151]. EMI-BF4 was selected as the propellant in
this simulation due to its prevalence in electrospray experiments. The mesh was comprised of
approximately 23,000 elements equally distributed across the domain. The time-steps used ranged
from 1 · 10−9 s to 2.5 · 10−8 s. The porous emitter domain was set to the properties of a porous
P0 grade borosilicate glass. The porous emitter and capillary zone were biased to 1,500 V and the
extractor electrode was grounded to 0V. The properties of the porous domain were set to a porosity
of 0.35 and a permeability of 4.6 · 10−10 m2 based on the standard pore sizes from ISO 4793. The
propellant flow rate was set to 1 µl/s to ensure that droplet mode was achieved. In addition to
the CFD simulation, the second electrospray simulation was supplemented by ESPET estimates
of thrust, specific impulse, extractor velocity, and droplet/ion emission current. ESPET’s domain
modeler was used to produce these results.
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Figure 3.2: Emitter geometry used in the ANSYS Fluent CFD simulation. The simulations are
asymmetric with all units in millimeters.

The simulated propellants, liquid heptane and EMI-BF4, have their properties detailed in Table
3.1.

Liquid heptane EMI-BF4

Density (ρ) 684 (Kg/m3) [207]
Conductivity (K) 3 · 10−12 (S/m)

Surface Tension (γ) 19.8 (dyn/cm) [207]
Dielectric Constant (ε) 1.90 [207]

Density (ρ) 1240 (Kg/m3) [227]
Conductivity (K) 1.36 (S/m) [227]

Surface Tension (γ) 45.2 (dyn/cm) [227]
Dielectric Constant (ε) 12.9

Table 3.1: Propellant properties of liquid heptane and EMI-BF4

3.3 Simulated Emitter Results

The capillary-heptane simulation resulted in the formation of a cone-jet emission as seen in figure
3.3. Following the initial onset of emission by 0.3 ms, a clearly identifiable Taylor cone structure
and droplet formation can be identified. In the initial phase of the simulation (0 ms to 0.1 ms),
clumps of liquid were emitted outward toward the extractor electrode in larger quantities than
expected. Throughout the simulation the cone-jet structure retracted into the capillary, which was
identified in previous simulations using the model [208]. The quantitative results of the simulation
were validated by comparing the simulation by Lastow [207] and the experimental work by Ganan-
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Calvo [226]. The model displayed visually similar results with slight discrepancies from variation
geometry and boundary conditions such as in inlet flow rate and applied emitter voltage.

Figure 3.3: The volume fraction of liquid heptane from 0.1 ms to 0.4 ms with an applied voltage
of 4000 V, and inlet flow rate of 0.033 µl/s

The droplets formed at 0.4 ms were measured as approximately 15 µm to 150 µm in diameter.
Similar experimental work by Ganan-Calvo[155] found a mean droplet size of 36 µm. The droplets
in the simulation are on average larger than the compared experimental results. The measurable
droplets beyond the extractor electrode (not simulated here) could potentially be more aligned to
the experimentally measured droplets. It is also possible that once a more steady-state emission is
reached the droplet sizes would decrease. The simulation demonstrates the expected cone-jet and
droplet behaviour.

Figure 3.4 shows three contour plots of the capillary emitter simulation at 0.4 ms. The electric
potential and electric field contours clearly show how the initial boundary conditions impact on
Taylor cone formation and droplet emission. The fluid velocity contour shows that a maximum
velocity of 15 m/s is reached at the extractor electrode.

Figure 3.4: Contours of the electric potential, electric field strength and the velocity profile of the
capillary heptane simulation at 0.4 ms.

Two plots showing the varying electric field and velocity magnitudes at 0.4 ms are shown in
figure 3.5. These plots correspond directly to the information shown in figure 3.4. The data
is plotted along the axis of symmetry through the entire simulation domain. The portion of the
simulation within the capillary is highlighted in red and the remainder in black. The red data points
clearly show the sharp potential gradient at the end of the capillary. The velocity magnitude shows
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an oscillatory type behaviour. The variation seems to be the result of the liquid droplets being
accelerated to a different velocity compared to the air surrounding them.

Figure 3.5: Plots of the electric field strength and fluid velocity through the simulation domains
axis of symmetry. Values are shown for the heptane capillary simulation at 0.4 ms.

After the capillary heptane simulation demonstrated the correct EHD behaviour and general
agreement with previous work, the model was then applied to a porous emitter using the properties
of EMI-BF4 propellant. The results seen in figure 3.6 show a cone-jet structure extending from the
apex of the porous emitter to beyond the extractor electrode.

Figure 3.6: The volume fraction of EMI-BF4 from 0.025 ms to 0.1 ms with an applied voltage of
1500 V, and inlet flow rate of 1 µl/min.

The porous emitter geometry protrudes closer to the extractor electrode when compared to a
capillary, creating a stronger electric field at the apex of the emitter tip. This can be seen in figure
3.7, where the electric field is magnified at a point above the emitter apex. In this simulation,
the expected behavior would be cone-jet and droplet formation occurring prior to reaching the
extractor followed a spreading spray. Instead, the cone-jet formation reaches a large distance
beyond the extractor electrode with few droplets being formed.
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Figure 3.7: Contours of the electric potential, electric field strength and the velocity profile of the
porous EMI-BF4 simulation at 0.05 ms.

The plots in figure 3.8 show the electric field and velocity magnitude through the capillary (red),
porous emitter (green), and remainder (black). It is clear that the momentum sink of the porous
emitter slows the flow rate of propellant.

Figure 3.8: Plots of the electric field strength and fluid velocity through the simulation domains
axis of symmetry. Values are shown for the EMI-BF4 porous emitter simulation at 0.05 ms.

Some circular anomalies appeared in the simulation within the porous emitter zone. These were
likely caused by fluid re-circulation. Figure 3.9 shows two areas within the simulation, which clearly
show flow re-circulation behaviour. This mechanism is seen as an unsteady behaviour leading to
instabilities in the electrospray emission. This can potentially lead to a reduction in thruster lifetime
[228].

The porous properties used in the CFD simulation were entered into the ESPET domain modeler
to compare global parameters. The results shown in table 3.2 that the configuration would operate
in droplet mode with a high relative thrust of approximately 0.4 mN. This high thrust value was
paired with low specific impulse making this emitter extremely inefficient. A direct comparison can
be made between ESPET estimated extractor velocity of 77 m/s and the CFD simulation maximum
velocity of 26 m/s.
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Figure 3.9: Expanded view of velocity vectors from the porous emitter simulation at 0.05 ms.
Vectors indicate fluid flow re-circulation below the porous domain, and along the side of the cone-
jet.

Thrust 394 (µN)
Specific Impulse 7.85 (V/(m/s2))

Extractor Velocity 77 (m/s)
Droplet Current 5.7 ·10−5Amp

Ion Current 1.2 ·10−20Amp

Table 3.2: Estimated performance - Simulated porous emitter

3.4 Concluding Remarks

A CFD simulation was developed to evaluate the behaviour of electrospray thrusters operating
in droplet mode. The simulation output was verified by comparing a simple heptane capillary
electrospray emitter to previous simulations and experimental results. The results show that the
CFD program can be used to model electrospray cone-jet emission and droplet formation. The
simulation model was then applied to a porous electrospray emitter. The results of this simulation
varied from the expected behaviour and will require additional analysis to develop a more accurate
simulation tool. Results from the model were able to replicate the general behaviour of a droplet
mode electrospray. Building upon these analytical models allows for greater understanding and
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eventually accurate simulation of both droplet and ion electorspray behaviour. To this end future
iterations of this simulation will improve the underlying model and incorporate ion mode emission.
The simulation described in Chapter 3 was also used as a preliminary design tool for the multimodal
thruster described in Chapter 4.

54



4 Multimodal Electrospray Propulsion
System

Chapter 4 describes the design of a novel multimodal electrospray thruster to be used as a propulsion
module on a small satellite. The designed thruster incorporates an ion mode electrospray thruster
with a droplet mode electrospray thruster using the common IL propellant EMI-BF4. The two
modes of propulsion use porous electrospray emitters, where the properties of the porous material
determine the mode of operation. As described in section 1.4, the multimodal system benefits from
using only one type of propulsion to create both a relatively high thrust droplet mode and high
efficiency ion mode. The combination of these two modes allows for greater operational capability
and mission flexibility to small satellites operating in LEO. A 1U CubeSat was used as a point of
reference for determining the constraints on the thruster, such as available power and mass of the
satellite.

Figure 4.1: The exterior components of the assembled multimodal electrospray prototype thruster.
The LHS shows the CAD model of the thruster and RHS shows the final thruster assembly next
to a Canadian quarter (diameter of 23.88mm) for size comparison.

The research on thruster design builds off previous studies conducted at RAPPEL [172]. It
was decided based on previous work and literature review that one mode of propulsion would be
an ion mode electrospray. Ion electrospray thrusters are capable of producing useful thrust in a
small, fuel-efficient module. This part of the thruster would act as the high efficiency mode and
has several benefits including passive propellant transportation, a stable liquid propellant, the lack
of any pressurized systems, and small scale. For the high thrust mode of operation several modes
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of propulsion were considered. RAPPEL has investigated the integration of a cold gas thruster
with an ion mode electrospray [172]. Recently, there has been growing interest in combining a
monopropellant chemical/ion mode electrospray (ME) [173, 176, 177, 179]. It was decided using
two completely different modes of operation, such as a ME thruster, led to complexity from each
mode requiring specialized components. By selecting a porous droplet mode electrospray as the
high thrust part of the multimodal thruster, all the benefits of an ion mode electrospray would
be maintained. Commonality between the components used in both modes of operated allowed
for additional mass reduction and saving on development time. The thrust produced by a droplet
mode electrospray is notably less than a monopropellant chemical thruster but is still useful for
certain mission types.

The following subsections detail the design of the thruster prototype, materials selection, man-
ufacturing processes, assembly, and estimated performance for the multimodal thruster.

4.1 Multimodal Prototype Design

The design was inspired by several recent electrospray prototypes [152, 193, 229, 172, 151]. The
core components of the multimodal thruster are two porous wedge emitters of varying pore size.
The variance in pore properties impacts the propellant flow rate and thus the characteristics of
electrospray emission. Using only porous electrospray emitters in the design allowed for consistency
in both modes of operation. The final thruster design can be seen in figure 4.1. As a proof-of-
concept design, the multimodal thruster was a demonstration of how emission from the two different
modes could be integrated.

The outer dimensions of the thruster were 30 mm x 45 mm x 15 mm. A polyether ether ketone
(PEEK) plastic block was used as housing for all thruster components. PEEK plastic was used
as an insulator material throughout the design due to its excellent high vacuum properties [230].
The housing was spilt into two sections as seen in Figure 4.1. One section produced an ion mode
emission, while the other section a droplet mode emission. The various internal components which
make of the thruster can be seen in Figure 4.2.

The two electrospray emitters are a porous wedge geometry. Porous wedge emitters allow for
multiple emission sites using a single emitter structure, which helped to reduce the machining
time. Each porous wedge emitter had a height of 0.3 mm and a length of 4 mm. The emitters
were designed to have an apex curvature of 10 microns. The emitters were positioned on top of a
rectangular alignment platform 0.3mm high, both of which were milled into the emitter substrates.
The ion mode emitter was fabricated from a porous carbon xerogel substrate, and the droplet mode
emitter from a P3 porous borosilicate glass filter. The P3 grade borosilicate glass filter had a mean
pore size of 40 microns, while the carbon xerogel was determined to have a mean pore size of 1.2
microns. The larger pore sizes of the borosilicate glass emitter created an increase to the propellant
flow rate allowing for droplet emission. The small pores of the carbon xerogel substrate inhibited
propellant flow allowing for ion emission. Laser ablation was used to fabricate both porous wedge
emitters and alignment platforms.

Extractor electrodes made from 0.05mm thick molybdenum foil were separated from the elec-
trospray emitter by a PEEK spacer. The molybdenum extractor and PEEK spacers were attached
using double sided kapton tape. By pressure fitting the PEEK spacer to the emitter alignment
platform it allowed for automatic alignment of the emitter apex and the extractor electrode during
assembly. The distance from the apex of the electrospray emitters to the extractor electrodes was
designed to be 0.3 mm.
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Figure 4.2: Exploded view of internal multimodal thruster components.

Stainless steel porous discs were used as both distal electrodes and propellant reservoirs for
the electrospray emitters. The ion mode emitter was coupled with a stainless steel disc that had
a porosity of 28 - 32% and pore rating of 5 microns. A pore rating measures the diameter of a
particle the porous material would not allow to pass through. The droplet mode distal electrode
was a disc with a porosity of 55 - 65% and pore rating of 40 microns. An enhanced view of the
two distal electrodes can be seen in Figure 4.3. As discussed in section 2.2.1, the porous properties
of the distal electrode have an impact on electrospray emission. A single piece of filter paper was
placed between the distal electrodes and the electrospray emitters to ensure that the components
were hydraulically coupled during operation. Two small holes were drilled into the sides of the
PEEK housing and were aligned to the edge of the distal electrodes. After the internal components
were assembled, a pogo pin electrical connection was pressure fit into the holes, permitting for the
high voltage power supplies to be in contact with the distal electrodes.

Figure 4.3: SEM Imagery of the porous stainless steel distal electrodes. LHS 5M disc used with
carbon xerogel emitter, RHS 40M disc used with borosilicate glass emitter (x66 magnification of
both samples).
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The emitter, extractor, and distal electrode were sandwiched between a wave spring and stainless
steel frame. The compression from the spring ensured that all components maintained good contact
throughout operation. The wave spring was placed on the bottom of a circular hole drilled into
the thruster’s PEEK housing. A set of four screws fastened each stainless steel frame to the
molybdenum extractors. To distinguish between the ion and droplet mode emitters seen in Figure
4.2, different coloured screws were used. The ion mode emitter had black oxide coated stainless
steel screws, and the droplet mode side used silver-plated, stainless steel screws. A ring connector
attached to each stainless steel frame was used to ground both the frame and the extractor.

The majority of parts in the thruster assembly were available as commercial-off-the-shelf (COTS)
products. Several of the COTS components were further machined into parts at the RMC machine
shop. A supply of PEEK was machined into the thruster’s frame and extractor spacers. Stain-
less steel shim shock was cut into the stainless steel frame. An exploded view of the multimodal
thruster’s components can be seen in Figure 4.2.

The electrospray emitters are a challenging component to fabricate. The droplet mode emitter
was made from a ROBU Porous borosilicate glass filter disc (P3) (referred to as ”frits”) purchased
from Adams and Chittenden Scientific Glass Coop. The 10 mm discs had a measured thickness of
approximately 2.8 mm. The carbon xerogel material used in the ion mode emitter was not easily
available commercially. It was decided to synthesize resorcinol-formaldehyde (RF) carbon xerogel
in-house at the RMC’s chemistry department. RF Xerogel was selected due to the material’s porous
properties and recent heritage with ion mode electrospray emitters [146]. The material had been
shown to have uniform pore sizes, mold-ability, and high porosity [231].

4.2 Carbon Xerogel Synthesis

Carbon aerogels and xerogels are a type of porous foam material. They are often fabricated using
a process called sol-gel seen in Figure 4.4. The sol is a collection of microscopic particles which are
suspended in a solution. These particles will slowly turn into a gel over time, as the particles collide
becoming larger particles and eventually forming structures. The gelation process is often slow,
so a catalyst is often added to accelerate the reaction. Once a gel has formed, a drying process
removes any remaining liquid solvent, revealing a solid porous structure. Different drying methods
would lead to the formation of either an aerogel or a xerogel. When directly evaporating a solvent
from its liquid phase the porous network shrinks creating a xerogel. Supercritical drying evaporates
the solvent without shrinking the porous structure resulting in an aerogel.

There have been several researchers who synthesized carbon xerogels following a relatively
similar process. RF aerogels were first developed by Pekala as a method to produce an organic
gel with similar properties to silica gels [232]. Work by Brant introduced acetic acid as a useful
catalyst in the gelling process of RF xerogels [233]. Arestie was the first to use carbon xerogels
as distal electrodes of electrospray thrusters [145]. Their process used to fabricate the xerogel was
adapted from the aerogel process developed by Baumann [144]. A similar process was then used
to create electrospray emitter tips directly from the carbon xerogel material [234]. The process
used to synthesize carbon by the above researchers could take up to two weeks to complete. Work
by Rojas-Herrera streamlined the process down to four days [231]. In this work three carbon
xerogel synthesis recipes developed by Arestie [145], Perez-Martinez [234], and Rojas-Herrera [231]
were tested. The process outlined by Arestie was slightly adapted to produce the carbon xerogel
substrate used in the multimodal thruster.

The dimensions in which an RF xerogel substrates is formed play a large role in the final pore
size and skin thickness of the material. In this work, two separate molds were developed to create
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Figure 4.4: The Sol-Gel process.

the xerogel. The first, or ”base”, mold was sized to produce square samples with side lengths of 15
mm with a thickness of 4.350 mm (side to depth ratio of 1 : 3.45). These dimensions factored in
the estimated 10% shrinkage during the curing process, 20% shrinkage during pyrolysis, and outer
skin removal. Similar dimensions in previous studies [231] have shown resulting pore radii in the
desired range from 450 - 574 nm.

The second mold contained the same dimensions as the first with the addition of a rectangular
protrusion (length 12 mm, width 0.6 mm, thickness 0.55 mm) in the center of each mold square.
The purpose of adding this extra feature was to produce an electrospray emitter during synthesis
and thus reduce emitter machining after synthesis.

4.2.1 Molds

The two molds were made using a hydrophilic Polydimethylsiloxane (PDMS) [235]. PDMS is a
low cost, easily fabricated silicon elastomer widely used in MEMS applications. The addition of
Poly(dimethylsiloxane-b-ethylene oxide) (PDMS-b-PEO) gives hydrophilic properties to the mold.
Here the PDMS was made using a Sylgard 184 Silicone Elastomer kit purchased from Krayden
Canada Inc., a distributor of DOW products in Canada. The PDMS-b-PEO was purchased from
Polysciences Inc.

1. The PDMS polymer base, curing agent, and PDMS-b-PEO are added to a 1,000 ml beaker
in a 100:10:1 ratio, then mixed. The mass of each component was 266.3 g, 26.6 g, 2.7 g.

2. The mixture then degassed in RAPPEL’s main vacuum chamber using an Edwards dry scroll
pump (100 mTorr) for 45 minutes to remove bubbles.

3. The degassed silicon mixture was then poured into aluminum molds manufactured in house
at the RMC machine shop.

4. The silicon mixture was then cured in a low temperature oven at 80◦C for 90 minutes.
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Figure 4.5: LHS The PDMS-b-PEO mold cooling in the aluminum mold. RHS - The stand alone
PDMS mold.

4.2.2 RF Solution

The RF xerogel solution used in this research was produced in-house in the RMC Organic Chemistry
lab. Details of the lab equipment used during carbon xerogel synthesis can be found in Appendix
A. To create the RF solution the process followed was:

1. Add solid resorcinol powder (4.92 g, 0.224 mol) to a small round-bottomed flask and com-
pletely dissolve in de-ionized water (6.00 g, 6 ml)

2. Mix 37% formaldehyde (8.60 g, 0.108 mol, 7.88 ml) into the solution for 5 minutes, while
covered by a rubber stopper, to avoid evaporation.

3. Add and mix acetic acid (0.176 g, 3 mmol, 0.168 ml) into the solution.
4. Transfer final solution to the PDMS molds.

The process is altered in the following subsections.

4.2.3 Gelation and Drying

The molds filled with the RF solution were sealed into an airtight plastic container. The samples
were then aged giving the material time to gel. The gelation process follows:

1. Gelation at room temperature for 48 hours. Effort was taken to make sure the samples were
undisturbed.

2. Baked samples consecutively at 40◦C for 24 hours, 60◦C for 24 hours, and then 80◦C for 72
hours

After the samples had undergone gelation, an acetone exchange was performed as an optional
step. The goal of the acetone bath was to replace chemically stable compounds with acetone, which
easily evaporates. In this research an acetone exchange was performed by:

1. Open airtight container and saturate samples with acetone.
2. Reseal container and soak samples for 12 hours.
3. Remove acetone and replace with fresh acetone. Soak samples for an additional 12 hours.
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4. Removed used acetone.
Following the acetone exchange the samples were dried. To obtain a xerogel, the solvent material

was removed through natural evaporation. Throughout the drying process, the initially white gel
slowly became yellow, orange, and finally a red colour, as the resorcinol oxidized. The steps for the
drying process include:

1. Remove samples from airtight container and place under a fume hood at room temperature
for 24 hours.

2. Bake samples at 60◦C for 24 hours.
3. followed by 80◦C for 48 hours.

After drying was completed, the samples became solid porous structures, but were not a conduc-
tive material. In order to change the polymer into a conductive carbon material, they underwent
a pyrolysis process.

4.2.4 Pyrolysis

The samples were inserted into a high temperature tube furnace to be carbonized. The samples
were slowly heated to 900◦C, left at this temperature for three hours, then slowly cooled down to
room temperature. The slow heating and cooling of samples prevents the samples from deforming
or fracturing. An inert atmosphere is required to avoid combustion. To achieve this argon gas is
injected into the furnace at one end and vented out the fume hood at the other end. Argon gas
(99.99 %) was input at a flow rate of approximately 450 standard cubic centimeters per minute
(SCCM).

Figure 4.6: Tube furnace temperature profile used for carbon xerogel pyrolysis. Temperature
variation increments were made every 10 minutes.

Initially pyrolysis was attempted using a Thermo Scientific Series 1269 high temperature fur-
nace. After several failed attempts it was discovered that a crack in the ceramic tube had allowed
air to enter causing the samples to combust. After this discovery, the smaller LECO TF-1 tube
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furnace was successfully used. The downside of using this older tube furnace was that the tem-
perature could not be pre-programmed into the furnace, which was possible with the series 1269.
This limitation made pyrolysis a very involved process. During the 2 hour ramp up and the 4 hour
ramp down, the temperature was manually changed every 10 minutes. This heating and cooling
procedure can be seen in 4.6.

4.2.5 Shaping and Cleaning

During the fabrication process, a shiny non-porous skin formed on the exterior of the xerogel. The
skin was most pronounced on the surface exposed to air during drying. The sample’s surface skin
was careful removed using 200 grit sandpaper under a fume hood. Further shaping of the samples
was performed using fine grit micro-finishing discs (500 - 2,000 grit).

Figure 4.7: The progression of carbon xerogel production. (A) is the dried RF xerogel prior to
pyrolosis, (B) is the sample after pyrolosis, and (3) is the pyrolized sample after shaping and
cleaning.

After the samples were properly shaped, a cleaning procedure was performed to remove any
carbon particulate which may have been blocking the pores [145]. This cleaning process was
conducted by:

1. Submerge samples in acetone and put into an ultrasonic bath for 1 hour.
2. Submerge samples into isopropyl alcohol and once again put into an ultrasonic bath for 1

hour.
3. Dry samples in a low temperature oven at 100◦C for 30 minutes.

4.2.6 Pore Measurement

The carbon xerogel samples were analyzed in order to determine their mean pore size and porosity.
As discussed in Chapter 2, these two parameters play a large role in the propellant flow rate through
a porous electrospray emitter. A scanning electron microscope (SEM) was used to take micron scale
images of the samples. Ten images from the top and bottom of five carbon xerogel samples were
analyzed to determine their average pore diameter. An example SEM image of the carbon xerogel
can be seen in Figure 4.8 (A). The top of the carbon xerogel samples tended to dry faster than the
bottom, due to their direct exposure to air. This led to smaller pores on the top of the samples.
To ensure the best estimate of the mean pore size, SEM images were examined from both the top
and bottom of each sample.

The SEM images were analyzed using image processing software ImageJ [236]. The program
used an algorithm to differentiate the carbon xerogel structure from the background pores. The
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SEM images were converted into a binary black and white image, then the pore edges were then
smoothed using a filter. Once the image was processed, the average Feret’s diameter of the all the
pores was calculated. Of the SEM images sampled, the carbon xerogel had an average pore size of
1.204 microns. The steps taken during image analysis can be seen in Figure 4.8 (A - D).

Figure 4.8: SEM imagery of carbon xerogel samples analyzed using the program ImageJ. (A) sample
SEM image, (B) separation algorithm used to distinguish pores, (C) binary view of the SEM image,
(D) smoothing filter applied to the binary image.

The porosity and internal surface area of the samples was estimated by measuring the difference
between dry mass and wet mass of a dry sample and one fully saturated with water. In the future,
porosity of materials at RAPPEL could be more accurately determined by using a porosimeter.
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4.3 Component Fabrication

As discussed in section 4.1, several of the thruster components were purchased COTS. The PEEK
frame, stainless steel frame, and PEEK spacer were all machined in-house at the RMC machine shop
using a CNC machine. Laser ablation was used to etch wedge emitters and alignment platforms out
of the carbon xerogel and borosilicate glass filter. Laser milling was also used to cut the extractor
electrodes. Laser manufacturing was performed at Nanofabrication Kingston (NFK) using an
Oxford Lasers Series A picosecond laser.

4.3.1 Electrospray Emitters

Carbon xerogel and borosilicate glass are niche materials, which required specific laser calibration
prior to milling. Several 400 micron length squares were laser milled on test substrates in order
to determine the mill depth at various laser power settings. The depth of the milled squares was
measured using a Bruker DektakXT Stylus Profilometer. At the 100% laser power setting, a single
pass of the laser with a milling speed of 1mm/s removed on average 215.0 microns on the carbon
xerogel, and 123.4 microns from the P3 borosilicate glass. The various calibration tests were used
to determine the tool parameters used to produce the emitter and alignment platform with the
desired dimensions.

The laser fabrication process first milled the alignment platform to a depth of 600 microns.
Next the emitter was milled by a series of 25 laser passes at low power. Using lower laser power
was less efficient, but decreased the potential for a sample’s pores being fused together [237]. Each
of the 25 laser passes were rectangular with a length of 400 microns, and width varying from 10 to
250 microns. The 25 passes created a series of steps which closely resembled a 3D wedge emitter
shape.

Figure 4.9: The steps taken to fabricate the carbon xerogel electrospray emitter. (A) Carbon
xerogel sample, (B) Alignment platform laser milled, (C) Emitter laser milled through a series of
25 laser passes, (D) Excess material is sanded away to leave circular shape.

4.3.1.1 Droplet Mode Emitter

The droplet mode electrospray emitters were fabricated from a P3 borosilicate glass substrate using
laser ablation. The alignment platform was milled using a series of 4 passes at a 100% power setting
and mill rate of 0.5 mm/s. The laser beam width at this power setting was 65 microns. Before each
laser pass, the sample was auto-focused so that the laser was focused to the correct depth. Next,
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the emitter was milled in a series of 25 laser passes at a power setting of 13% and mill speed of 1
mm/s. In total, there were three borosilicate glass emitters produced. An example emitter can be
seen in Figure 4.10. Part (A) of this figure shows some warping along the edges due caused by the
minimum magnification settings used by the SEM.

Figure 4.10: SEM imagery of fabricated P3 borosilicate glass wedge emitter. (A) Top view of emitter
and platform (magnification x34), (B) Enhanced view of emitter and platform (magnification x44),
(C) One side edge view of the wedge emitter (magnification x190), (D) View of wedge emitter apex
(magnification x587).
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4.3.1.2 Ion Mode Emitter

The ion mode electrospray emitters were fabricated using a similar process to the droplet mode
emitters but used a carbon xerogel substrate and different Laser settings. The alignment platform
was milled in a series of 2 Laser passes at a power setting of 100% and mill rate of 0.65 mm/s.
Before each Laser pass, the samples were auto-focused so that the Laser was focused to the correct
depth. Next, the emitter was milled in a series of 25 Laser passes at a power setting of 3% and mill
speed of 1 mm/s. After the emitter was formed, the outside edges were sanded by hand, to give
the sample the same circular shape as the borosilicate glass. Magnified views of a sample carbon
xerogel emitter can be seen in Figure 4.11. Part (A) of this figure shows some warping along the
edges due caused by the minimum magnification settings used by the SEM.

Figure 4.11: SEM imagery of fabricated Carbon Xerogel wedge emitter. (A) Top view of emit-
ter and platform (magnification x31), (B) Enhanced view of emitter and platform (magnification
x88), (C) One side’s edge view of the wedge emitter (magnification x420), (D) Emitter apex view
(magnification x2823).

4.3.2 Extractor Electrode Fabrication

To fabricate the extractor electrodes, 10 mm circles were Laser cut from a sheet of molybdenum
foil using 10 passes of the Laser at a power setting of 100% and milling speed of 0.5 mm/s. Each
of the circles were then adhered to a PEEK spacer using double sided kapton tape. The extractor
assembly was then put back into the Laser machine to have the extractor slit cut out. The slit
was a rectangular hole 5 mm in length and 0.35 mm in width. The Laser was aligned to the center
of the molybdenum foil, and the slit was cut using the same laser parameters as the molybdenum
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circle cuts. An example of the extractor electrode being aligned the ion mode emitter can be seen
on the left-hand side of Figure 4.12.

Figure 4.12: Elements of the multimodal thruster assembly. LHS - The carbon xerogel emitter
being aligned to the molybdenum extractor electrode. RHS - Pogo pin connecting to a porous
distal electrode.

4.4 Estimated Performance

Prior to experimental testing, the performance parameters of several multimodal thruster designs
were estimated. The electrospray propulsion engineering toolkit (ESPET) [225] was used to es-
timate the performance of electrospray emitter designs. The program considers factors such as
emitter and reservoir material, emitter geometry, emitter properties, as well as the propellant used.
Known parameters of the multimodal thruster were input to ESPET’s quick solver tool. ESPET
input parameters such as pooling radius and P-scale were estimated using the provided examples
from the ESPET manual. Electrospray thrusters, like many forms of EP have the ability to throttle
their output. Throttling the applied voltage can have a large impact on the performance param-
eters such as thrust, specific impulse, and current. The ESPET provided the estimated outputs
over a range of applied voltages. To maintain consistency for estimates, all output parameters
were calculated at a common applied voltage of 1,750 V. The expected results for the multimodal
thruster design described in this chapter can be seen in Table 4.1. Performance estimates of the
designed multimodal thruster from ESPET were used as a baseline for the experimental results.
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Table 4.1: The estimated performance parameters of the multimodal electrospray thruster, deter-
mined using the ESPET at an applied voltage of 1750 volts.

Multimodal Electrospray Thruster Estimated Performance

Performance Parameter Thrust
(µN)

Specific
Impulse (s)

Current
(µA)

Mass Flow
Rate (µg/s)

Ion Mode 0.33 1865 3.68 0.0178
Droplet Mode 543 123 275 448

4.5 Concluding Remarks

The design, fabrication, and expected results of a multimodal electrospray thruster are detailed in
this Chapter. The thruster combined an ion mode electrospray emitter made from carbon xerogel,
with a droplet mode electrospray made from a P3 borosilicate glass. The combination of these two
modes is predicted to allow for greater mission capability and flexibility in orbit. Using only porous
electrospray emitters in the design grants the benefits of passive propellant transportation, a stable
liquid propellant, the lack of any pressurized systems, and small form factor. The majority of
thruster components were COTS. Carbon xerogel samples used to make the ion mode electrospray
emitter were fabricated in-house at RMC. Both ion and droplet mode electrospray emitters were
fabricated using laser ablation. Chapter 5 details the experimental apparatus used for testing, and
the multimodal thruster results are presented and discussed in Chapter 6.
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5 Experimental Methods

5.1 Introduction

The experimental methods used for testing are described in the current Chapter. All testing per-
formed for this thesis was conducted at the Royal Military College’s Advanced Propulsion and
Plasma Exploration Laboratory (RAPPEL). Equipment used for testing purposes include: a vac-
uum test chamber, electrospray operation electronics, and diagnostic equipment.

Tested electrospray propulsion prototypes were characterized using two experimental configu-
rations (to be elaborated later in the chapter): 1) Full beam setup, and 2) Time-of-Flight (ToF)
setup. The full beam setup was used to collect the entire charged particle beam from an electro-
spray source. The ToF setup collected only a portion of the source beam and was used to determine
the indirect thrust, specific impulse and particle species of emission.

A bimodal thrust stand has been previously developed at RAPPEL [238]. The stand is capable
of direct thrust measurement (DTM) in the millinewton (mN) range, using torsional balance,
and indirect thrust measurement (ITM) to collect current from charged particle beams using a
metallic collector plate. This work builds upon the ITM system to allow for ToF measurements of
electrospray thrusters. The pre-existing thrust stand was used as a base on to which components
were added to create the diagnostic ToF system.

5.2 Vacuum Chamber

To replicate as much as possible the conditions of outer space, high vacuum pressure chambers are
used to remove as much ambient air as possible. To achieve high vacuum at RAPPEL, a custom bell
jar chamber built by the Kurt J. Lesker company, seen in Figure 5.1, was used. The chamber was
brought to high vacuum using a two-stage vacuum pump system. Using an ULVAC Technologies
Inc. GLD-136A and Edwards Vacuum XDS10 dry scroll roughing pumps the system pressure was
brought from atmospheric pressure to low pressure. A Leybold TURBOVAC 90i turbo-molecular
pump, capable of removing 90 litres of nitrogen per second was connected in series with the GLD-
136A. Once the foreline valve, positioned between the GLD-136A and 90i turbo pump, had a
pressure below 37 mTorr, the 90i was activated using an on-off switch. The combination of pumps
allowed the chamber to reach a high-vacuum state [239]. The lowest absolute pressure observed was
5x10−6 Torr after 10 hours of continuous operation. During testing, a pressure between 8x10−6 to
1.5x10−5 Torr was used. This range of pressures was achieved after on average 2.5 hours of vacuum
operation.

Pressure within the vacuum chamber was measured using a Superbee CVM201 pressure gauge
and a Kurt J. Lesker company 354 Series hot cathode ionization gauge. An additional Kurt J.
Lesker company 275i Pirani gauge was positioned between the GLD-136A and the 90i turbopump,
to measure the pressure within the foreline valve. Both the CVM201 and 275i were convection
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Figure 5.1: Bell Jar Vacuum Chamber used for experimental testing. Two roughing and one
turbo-molecular pump are used to bring the chamber to a maximum measured pressure of 5x10−6

Torr.

pressure gauges. Convection gauges contain a heated wire whose temperature changes based on
the density of particles colliding with it. More particles in contact with the hot wire leads to more
heat loss. These changes in heat were used to measure the pressure. The CVM201 can be used to
measure pressure from one atmosphere down to 20 mTorr, beyond which it no longer is effective.
Below 20 mTorr, the 354 series ion gauge is used to measure pressures down to 10−8 torr. The
ion gauge measures the pressure by producing plasma, used to determine the density of particles
within the chamber. Since the ion gauge can be damaged if exposed to higher pressures, it is tied
to the CVM201 output signal which automatically turns the ion gauge off at higher pressures.

The 90i turbopump and the GLD-136A roughing pumps were connected to the primary vacuum
port at the base of the bell-jar chamber. The chamber also had eight input/output connection ports
around its outside surface. These ports were used to connect pressure gauges, the Edwards dry
scroll roughing pump, and various voltage/current signals. The various inputs and outputs used in
this work are visualized in Figure 5.2.

5.3 Electrospray Source

Two electrospray sources were used in this thesis, namely a single tungsten needle externally-wetted
emitter, and the multimodal electrospray thruster, detailed in Chapter 4.

The main purpose of the experimental setup was to characterize the multimodal thruster.
The externally-wetted emitter, seen in Figure 5.3, was used to test all of the ToF components to
ensure they functioned correctly. This emitter was a modified prototype previously characterized
at RAPPEL [238]. The design had a tungsten needle protruding through a Teflon base and was
aligned to a 1 mm hole within the stainless steel shim extractor plate. Polyether ether ketone
(PEEK) plastic washers were placed between the Teflon and extractor plate, creating a space of
approximately 1 mm. The tip of the Tungsten needle was placed approximately 150 microns away
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5.3. Electrospray Source

Figure 5.2: Schematic detailing the various inputs and outputs to the bell jar vacuum chamber.

from the extractor plate.

Figure 5.3: LHS shows the assembled externally-wetted emitter, RHS give a schematic overview.

The tested electrospray sources were supplied high voltage by two EMCO H60 (0-6kV) power
sources. The H60 units supplied both positive and negative potentials to the electrospray. A
Keysight 6038A power supply was used to supply 40 VDC to two RSD-60L-24 DC-DC converters
which powered the EMCO H60 power supplies with a consistent 24V. The DC-DC converters
provided an extra layer of voltage protection to the power supplies and connected circuit boards.
Data acquisition input and output modules, used to create signals and collect data for this work,
are detailed in Appendix B. The EMCO H60 power supplies were controlled via a 0-to-5-volt signal
supplied from a National Instruments (NI) 9265 current output module. The voltage output from
each power supply was measured using each unit’s monitor channel, which gives a 0-5V reading
(corresponding to 0-6 kV) output.

Bipolar voltage operation is an important aspect of testing electrospray thrusters using ionic
liquids (ILs). High voltage was alternated to either positive or negative polarity using two high
voltage power supplies connected to the circuit. A square wave signal from a LabVIEW control
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program was used to produce the voltage switching input. A switching frequency of 0.333 Hz was
used to ensure there was enough time to make ToF readings, while negating electrochemical effects
of single polarity operation. The output of the bipolar switching circuit was connected to a data
acquisition circuit board, which measured the voltage and current applied to the electrospray source
being tested. While the EMCO H60 power supplies are rated to 6 kV, they were only operated
from 0 to 3 kV, in order to prevent damaging the custom-built PCB circuit boards. Details of the
bipolar switching and data acquisition circuit board can be found in Appendix B.

5.4 Full Beam Measurement

The purpose of full beam measurements was to collect the entire emitted charged particle beam of
the selected electrospray source. The charged particles produced by an electrospray carry a current
characterizing a thruster’s output. In this configuration, an electrospray source was placed near a
metallic collector plate. As charged particles collided with the collector, the strength of the emitted
current was measured. A schematic giving an overview of the full beam measurement setup can be
seen in Figure 5.4.

Figure 5.4: Experimental setup used to collect full beam current measurements from electrospray
source.

5.4.1 Collector

The collector used in this work was a circular flat metallic plate. The plate with a diameter of 29
mm made of stainless steel, was screwed into the outer Teflon base to ensure current at the plate
remained isolated. Holes in the side of the Teflon base were used to attach the collector to the
RAPPEL thrust stand. The collector assembly was manufactured in-house during previous work at
RAPPEL [238]. To obtain full beam measurement, the collector was placed near the electrospray
source.
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5.5. Time-of-Flight Measurement

The collector plate was connected to a FEMTO DHPCA-100 series variable-gain high-speed
current amplifier. The amplifier provided a range of gain settings from 102 to 108 volts per ampere
of current. The DHPCA-100 amplifier outputs a voltage from -1V to 1V which was connected
to the data acquisition setup. To collect the appropriate current measurements, a gain setting of
106 was used while testing the externally-wetted emitter, and 105 while testing the multimodal
electrospray. The amplifier is capable of operating at a collection frequency of 10 MHz, allowing
for measurements on the scale of micro-seconds (needed for ToF).

Figure 5.5: Electrospray beam collector. A flat metallic plate surrounded by a Teflon frame.

5.4.2 Suppression Grids

As detailed in section 2.6.1, as particles collided with the collector, secondary electrons can be
released. In order to compensate for the secondary electrons, two suppression grids were placed
directly upstream of the collector. The grids were manufactured in-house at RMC’s machine shop.
The design used a PEEK frame with forty-nine 0.025 mm diameter fine tungsten wires strung
across an open area. The PEEK frame was tapped with four screw holes in the corners, so that
the wires could be connected to common points. The wires were weaved through the PEEK frame
by hand using a microscope. Only 2.45% of the frontal area was blocked by the wires, allowing the
majority of electrospray emission to pass through uninhibited. One of the completed grids can be
seen in Figure 5.6. The wires of the first suppression grid were positioned 5mm from the top of
the collector plate. During testing, ring connectors connected to a GwINSTEK GPS-4303 power
supply were attached to screws, allowing the wires to be biased to -30 volts. The second grid was
positioned directly above the first grid and was connected to ground.

5.5 Time-of-Flight Measurement

ToF is an indirect measurement method used to determine the thrust and specific impulse of
electrospray thrusters. The utility and components of ToF systems were previously detailed in
section 2.6. The ToF setup used in this work used all the components from the Full beam tests and
added an Einzel lens and a Bradbury Nielsen Gate. A schematic of the ToF experimental setup is
shown in Figure 5.7 [240].

73



5.5. Time-of-Flight Measurement

Figure 5.6: Suppression grid composed of a PEEK frame with interwoven tungsten wires.

Figure 5.7: Experimental setup used to collect time-of-flight data from electrospray source.

5.5.1 Time-of-Flight Stand

The pre-existing RAPPEL thrust stand could be configured to have a long flight path of approxi-
mately 30cm, from the electrospray source to the collector [238]. A longer flight distance leads to
increased flight times, allowing for increased resolution for the current readings at the collector.
To increase the flight distance and allow additional room for the relatively large Einzel Len, a ToF
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stand was manufactured at the RMC machine shop. The stainless steel stand was fastened on top
of the pre-existing thrust stand base, extending the flight length from the electrospray source to
the collector to approximately 50cm.

5.5.2 Einzel Lens

A single stage Einzel lens was designed to be easily integrated into the RAPPEL thrust stand.
While not critical to operate a ToF system, the lens was a useful supplementary tool for focusing
electrospray emission over a large distance. Design of the lens was inspired by previous work
on ToF systems [194]. The asymmetric lens was comprised of three cylindrical stainless steel
electrodes spaced apart using a PEEK frame. Electrode 1 was an aperture and electrodes 2 and 3
were cylindrical. This setup allowed for minimal axial distance before the beam reached the high
potential electrode 2, which in turn reduced beam spreading. The component was fabricated at
RMC’s machine shop. The final assembly and design of the Einzel lens can be seen in Figure 5.8.
The second electrode in the Einzel lens was supplied with a voltage from a EMCO USB20N high
voltage power supply, capable of providing a negative voltage from 0 to -2 kV. The first and third
electrodes were biased to a common ground.

Figure 5.8: Asymmetric Einzel lens used to focus the electrospray beam towards the collector plate.

Several Einzel Lens designs were simulated and optimized using SIMION 8.0, an ion optics
simulation tool. SIMION had previously been used at RAPPEL to investigate the beam propagation
of colloid thrusters [241]. The simulation ejected monomer EMI+ and BF− particles at 50,000 m/s
from an initial emission point, through the Einzel lens, and down a 50 cm flight path to a collector
plate. The dimensions of the Einzel lens, flight path, and collector were made as close as possible
to the RAPPEL ToF configuration. In initial simulations, seen in Figure 5.9, the particles were
ejected in a straight line toward the collector. The half angle of the Taylor cone emission was
49.3◦s. To account for the fact that particles will spread after being ejected, a second simulation
was conducted with a cone shaped beam spread with a half-angle of 49◦. This simulation can be
seen in Figure 5.10.

From the first simulation, it was inferred that particles emitted straight toward the collector
were focused to a central point with a focusing potential of -325 V. In the second simulation, where
beam particles spread at an angle of 49◦s, the BF4 particles were focused on the collector at -1,710V,
and the EMI+ particles focused at -2,120 V. The expectation from these simulations was that the
optimal focusing potential for a wide range of beam trajectories would lay somewhere between -325
V and -2,120 V. It should be expected that both the negative and positive beam emissions have
different focusing potentials, due to differences in particle mass.
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Figure 5.9: SIMION Einzel lens simulation particles ejected in a straight trajectory.

Figure 5.10: SIMION Einzel Lens simulation particles ejected at a 49◦half angle trajectory.

It should be noted that the simulations are not exhaustive as they did not take into account
dimer particles and the variation in particle velocity based on emission criteria. It is also a challenge
to simulate emitter alignment and the impacts of the extractor electrode on beam emission. The
simulations were however useful in giving a good estimate to how the Einzel lens would perform
experimentally and some baseline values for testing.

5.5.3 Bradbury Nielsen Gate

A Bradbury Nielsen gate (BNG) was selected to deflect the particle beam in the ToF setup. The
BNG was converted from a pre-existing suppression grid used in previous work at RAPPEL [238].
Ninety-eight (98) strands of 0.025 mm diameter tungsten wire were strung through a PEEK frame.
Small holes drilled into the PEEK frame were spaced by 0.4 mm to create wire separation.

Adjacent wires were isolated so that alternating wires could be biased to different voltages. A
75% complete BNG and a visualization of the alternating wires can be seen in Figure 5.11. The
tungsten wire blocked 5% of the frontal area, allowing the majority of the particle beam to pass
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through undisturbed. The final design looked similar to the suppression grids described previously,
with a higher density of tungsten wire. Due to wear and tear on the pre-existing structure grid, the
entire BNG was restrung, so that all wire was tightly bound. It is interesting to note that if wires
were loose, they could be attracted to one another during high voltage operation. If the adjacent
wires touched, a short circuit would disable the entire gate.

BNGs deflect charged particle beams by creating electrical fields between each adjacent wire.
To create these fields, one set of wires was connected to ground and the other was supplied high
voltage of 0 to 2 kV from an EMCO USB20P power supply. High speed particles emitted from
the electrospray source traveled at speeds of tens of km/s. At these speeds, the particles reached
the collector on the timescale of microseconds. To capture the minute changes in current, high
voltage applied to the BNG was raised at high speed. To accomplish this application, a high speed
HTS 31-03-HB-C Behlke switch capable of nano-second rise times was used. The Belhke switch
was controlled using a custom PCB circuit board described in Appendix B. The high voltage power
supply was connected to the Behlke switch, which was controlled through the LabVIEW control
program.

Figure 5.11: Bradbury Nielsen gate which is 75% of the tungsten wire threaded. RHS shows how
the adjacent wires are isolated to different potentials (blue wires ground, red wires high voltage).

The output of the Behlke switch also connected to a Tetronix TBS 1052B-EDU digital oscil-
loscope after passing through a Tektronix P6015A high voltage probe. The actual flight time of
charged particle beam species was calculated as the change in time from when the electrical signal
from the Behlke switch reached the oscilloscope to when the current output from the collector
reached the oscilloscope. The electrical signal from the Behlke switch traveled several magnitudes
faster than the electrospray particle beam, so the error from signal delay would be negligible.

5.5.4 Collector and Suppression Grid

The ToF setup used the same collector and suppression grids described in Section 5.4. Instead of
being placed close to the electrospray source, the collector and suppression grids were placed a fur-
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ther distance from the electrospray source, at the bottom of the vacuum chamber, to accommodate
ToF readings. The Flight length from the BNG to the collector was measured to be 33 cm.

The Collector was once again connected to a FEMTO DHCPA-100 current amplifier. A T-bar
connection at the amplifier’s output leads the collector signal to both the Data acquisition setup
and the same oscilloscope to which the BNG was connected.

5.6 Experimental Preparation Methods

The IL EMI-BF4 was the propellant used in all experimental testing. The chemical was sourced
from Sigma-Aldrich at a concentration of ≥ 99% purity. When exposed to air, EMI-BF4 has a
tendency to absorb surrounding particles leading to impurities. Most notably, concentrations of
water inside the EMI-BF4 can cause poor performance and bubbles which can potentially cause
short circuits. When exposed to a low vacuum environment, water within the IL evaporates. This
process is often referred to as de-gassing the propellant. Before experiments the EMI-BF4 was
poured into a 500ml beaker and put into the vacuum chamber to be de-gassed for 2 hours. The
liquid was then kept under vacuum, whenever possible, and was subsequently de-gassed whenever
it was exposed to air for an extended period.

De-gassed propellant was added to the externally-wetted emitter using a micro-liter syringe.
The porous emitters and reservoirs of the multimodal thruster could not be wet with propellant
using this technique. In order to ensure all the pores within these substrates were saturated with
IL propellant, the samples were fully immersed in a beaker filled with EMI-BF4 and put under
vacuum for 1 hour. As air was removed from the pores, bubbles were observed in the beaker.
Once saturated, the samples were removed from the liquid and excess propellant was wiped off the
surface of the substrates, using filter paper. The porous materials were then assembled into the
multimodal thruster.

During assembly of the multimodal thruster, a microscope was used to align the wedge emitters
directly in the center of each extractor electrode. After fully assembled, a final connection check was
performed. A multi-meter was used to check if there was any resistance reading between the pogo
stick high voltage input and the extractor electrode of the multimodal thruster. During assembly
it was not uncommon for some residual IL to inadvertently adhere to the internal walls within the
thruster. Even a very small amount of IL could connect the high voltage source to the grounded
extractor causing a short circuit. If there was a resistance reading found during the ohmmeter
check, the thruster was dis-assembled, fully cleaned, and then reassembled.

The assembled externally-wetted or multimodal thruster was then fastened to the ToF stand
and the vacuum chamber was brought down to pressure. The voltage applied to the thruster was
increased from 0 to a maximum of 3,000 V in 25 V increments a few seconds at a time. The voltage
was raised until the first sign of emission, where it was held constant for longer periods of time
to allow for emission to reach equilibrium. Data was then collected, based on the particular test
which was being performed. Initial tests with the externally-wetted emitter used just the emitter
placed 5cm from the collector, in order to get some baseline data. The emitter was then used to test
the suppression grids, Einzel lens, and BNG individually, culminating in a ToF measurement. The
multimodal thruster was then tested first in the full beam configuration, and then ToF configuration
for both droplet and ion mode several times.
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5.7 Concluding Remarks

This chapter gave an overview of the testing apparatus and experimental methods used for testing.
A full beam and time-of-flight setup were used to characterize a single tungsten needle externally-
wetted emitter and the multimodal thruster described in Chapter 4. The setup utilized a custom-
built Bradbury Nielsen gate, Einzel lens, suppression grids, collector, and apparatus stand. Chapter
6 will detail the collected experimental results and analysis for this work.
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6 Electrospray Operation: Results and
Discussion

Chapter 6 presents the results of the designed multimodal electrospray thruster outlined in Chapter
4 using the experimental setup outlined in Chapter 5. Initial trial run testing confirmed the func-
tionality of the suppression grid, Einzel lens, Bradbury-Nielsen Gate (BNG), and ToF measurement
equipment using the externally-wetted emitter described in Section 5.3. Testing the apparatus with
the externally-wetted emitter gave a baseline control group for comparison and allowed the multi-
modal thruster results to be less impacted by emitter degradation during testing. After confirming
the functionality of the testing apparatus, both ion and droplet mode of the multimodal thruster
were independently tested. The results and discussion of the externally-wetted emitter tests are
presented first in Section 6.1 and 6.2, followed by the results and discussion of the multimodal
thruster in Section 6.3 and 6.4.

Figure 6.1: Overview of the two experimental setups used during testing.
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6.1 Externally-Wetted Emitter Results

6.1.1 Full Beam

Initial trials with the externally-wetted emitter used the full beam experimental setup described in
Section 5.4 to test the emitter’s functionality. On average, onset of emission occurred around 2100
V. After onset, it took between 2 to 10 minutes for the emitter to reach a steady-state emission.
A sample of steady emission showing the applied voltage and measured beam current can be seen
in Figure 6.2. The measured current ranged from around [-120 / +200 nA]. The positive emitted
beam current was higher than the negative polarity due to the impact of secondary electron emission
described in Section 2.6.1.

Figure 6.2: Current measurement of externally-wetted emitter using the full beam setup.

6.1.2 Suppression Grid

Following the full beam test, the externally-wetted emitter was configured into the ToF set up
described in Section 5.5. Once the externally-wetted emitter obtained a steady emission, the
suppression grid was tested to confirm its ability to remove extra positive beam current caused by
the emission of secondary electrons. Suppression grid testing using voltages of -10 V, -20 V and
-30 V were conducted. A summary of these tests can be seen in Table 6.1. A sample suppression
grid test at -30 V can be seen in Figure 6.3. In this test, the initial current measurement showed
a range around [-60 / +100 nA]. After a potential of -30 V was applied to the suppression grid,
the current range was measured to be [-60 / +55 nA]. The impact of activating the suppression
grid was immediate. The maximum output of the power supply used, -30 V, was best at removing
positive current caused by secondary electron emission. All subsequent tests utilized the activated
suppression grid biased to -30 V.
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Table 6.1: Summary of the changes to measured beam current based on different tested suppression
voltages.

Suppression Grid Results

Suppression Voltage (V) Beam Current (nA)

0 [-61 ±5 / +100 ±10]

−10 [-60 ±10 / +62 ±15]

−20 [-60 ±8 / +55 ±9]

−30 [-60 ±8 / +55 ±7]

Figure 6.3: Suppression grid test results using the externally-wetted emitter using the ToF setup.

6.1.3 Einzel Lens

The Einzel lens was tested by applying a series of increasing negative voltage from 0 to -2000 V. A
summary of Einzel lens testing can be seen in Table 6.2. Initial steady-state current emission from
the externally-wetted emitter was measured to be around [-40 / +35 nA]. Focusing potentials from
0 to -1500 V, as seen in Figure 6.4, had a minimal impact to the beam current measured at the
collector. In these tests, the negative current increased from approximately -47 nA to -58 nA as the
focusing voltage increased, while the positive beam showed small fluctuations in current providing
no clear focusing effect.

Tests using higher focusing potentials of -1750 V and -2000 V can be seen in Figure 6.5. A
focusing potential of -1750 V showed around a 72.5% increase in the measured negative beam current
from approximately -40 nA to -69 nA. A focusing potential of -2000 V demonstrated greater than
a 100% increase in beam current from approximately -40 nA to -90 nA. From full beam testing,
the expected total beam current of the externally-wetted emitter was in the range of 100 nA.
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Table 6.2: Summary of the changes to measured beam current based on different tested focusing
voltages applied to the Einzel lens.

Einzel Lens Results

Focusing Voltage (V) Beam Current (nA)

0 [-40 ±10 / +35 ±10]

−250 [-40 ±11 / +35 ±12]

−500 [-45 ±5 / +35 ±10]

−750 [-48 ±7 / +30 ±12]

−1000 [-55 ±3 / +35 ±6]

−1250 [-53 ±4 / +30 ±5]

−1500 [-58 ±5 / +28 ±10]

−1750 [-69 ±7 / +27 ±15]

−2000 [-90 ±12 / +20 ±10]

Figure 6.4: Einzel Lens test results using the externally-wetted emitter. The voltage applied to the
lens is varied between 0 V and -1500 V.

6.1.4 Bradbury-Nielsen Gate

The BNG was tested to characterize its ability to deflect charged particles away from the collector.
Applied gate voltages between 0 and +2000 V were tested, the results of which are summarized in
Table 6.3. In all BNG tests, there was a larger deflection on the positive beam current, compared to
the negative beam current. For example, at an applied gate voltage of +1000 V, 70% of the positive
current beam was deflected, while only 20% of the negative beam. A BNG test with an applied
gate voltage of +1000 V can be seen in Figure 6.7. Beyond an applied gate voltage of +1000 V,
the BNG had a tendency to fail, due to short circuits between the gate wires. Testing with a gate
voltage at +1750 V and above saw near total gate failure. To allow for consistency, an applied gate
voltage of +1000 V was used for all ToF testing of the externally-wetted and multimodal thruster.
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Figure 6.5: Einzel Lens test results using the externally-wetted emitter. The voltage applied to the
lens is varied between 0 V and -2000 V. Focusing effect becomes more pronounced closer to the
maximum applied voltage.

Figure 6.6: Overview of the BNG functionality. When adequate voltage is applied a beam of
charged particles is deflected away from the collector.
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Table 6.3: The percentage of electrospray beam current deflected away from the collector by the
BNG at various gate voltages.

BNG Results

Gate Voltage (V) Beam Current (nA) % (-) Beam

Deflection

% (+) Beam

Deflection

0 [-63 ±2 / +65 ±8] 0 0
+500 [-54 ±2 / +42 ±5] 15 ±3 35 ±7
+1000 [-50 ±3 / +20 ±4] 20 ±6 70 ±6
+1250 [-44 ±4 / +18 ±6] 30 ±7 73 ±10
+1500 [-44 ±5 / +16 ±3] 30 ±3 76 ±6
+1750 [N/A / +0] N/A 100
+2000 [N/A / N/A] N/A N/A

Figure 6.7: BNG test results using the externally-wetted emitter. Results show that the gate is
more effective deflecting positive electrospray beam.

6.1.5 Time-of-Flight Measurement

After the functionality of the other components were tested, ToF readings were measured using the
equipment outlined in Appendix B. ToF data was collected from an oscilloscope which measured

85



6.1. Externally-Wetted Emitter Results

the gate voltage applied to the BNG, and the emission current signal received at the collector.
Figure 6.8 shows both the raw and filtered data from a sample ToF test of the externally-wetted
emitter. The open-source program GNU radio was used to filter the raw ToF signal. Three finite
impulse response (FIR) filters were applied to the ToF data:

1. A low pass filter used to remove high frequency components.
2. A band reject filter used to remove noise from the current amplifier reading between 2.7 MHz

and 4.0 MHz.
3. A band reject filter used to remove noise from the current amplifier reading between 300 kHz

and 1.5 MHz.

The ToF results of the externally-wetted emitter used data from the positive polarity current
emission. During testing, when the BNG was deactivated, the voltage signal rapidly decreased to
zero in the span of nano-seconds. When this occurred, a large negative current spike was followed
by the expected step positive increase in current. Figure 6.8 shows the first 100 µs of the same ToF
test from Figure 6.9. This second figure is on a shorter timescale and better shows the negative
current spike which occurred immediately after the BNG was deactivated.

Figure 6.8: Externally-wetted emitter ToF results from 0 to 450 µs. The top graph shows the raw
data collected from the oscilloscope, the bottom graph shows the collected data filtered.
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Figure 6.9: Externally-wetted emitter ToF results from 0 to 100 µs. The top graph shows the raw
data collected from the oscilloscope, the bottom graph shows the collected data filetered.

6.2 Externally-Wetted Emitter Testing Discussion

It can be concluded that the externally-wetted emitter functioned well as a test emitter to validate
the experimental apparatus. The overall results have been summarized in Table 6.4. Uncertainty
measurements in the results were derived from the variation in values over multiple tests. Several
modifications were made to the emitter to increase the likelihood of emission including new tungsten
wire, and PEEK spacers. During emission, local arcing between the tungsten wire and extractor
electrode was common and led to some tests ending due to a short circuit. It is recommended that
future work develop a new, more reliable test emitter to replace the externally-wetted emitter.

The suppression grids were reliable throughout testing. The total measured beam current
during ToF testing was lower than in the full beam tests due to the longer flight path. As expected,
results showed that higher suppression voltages led to greater removal of effects caused by secondary
electron emission. The results showed that a suppression voltage of -20 V provided the same effect
as -30 V. Previous research has shown that at high applied emitter voltages, higher suppression
voltages are needed in order to suppress all secondary electrons [229]. A suppression voltage of -30
V was used in all subsequent testing to ensure that secondary electrons were suppressed as much
as possible, regardless of the emitter voltage.

The Einzel Lens successfully focused negative beam current. The lens focusing simulation from
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Section 5.5.2 estimated that the negative beam current would be optimally focused below -1710 V.
The experimental results showed that a focusing voltage of -2000 V more than doubled the beam
current from approximately -40 nA to -90 nA. Since the maximum expected current from full beam
testing was -100 nA, the negative beam was close to optimally focused. The trends seen in both the
focusing simulation and experimental results indicate that applying a voltage greater than -2000 V
would likely lead to the optimal beam focusing voltage for the negative current emission.

The Einzel lens results did not have a large effect on focusing the positive beam current. These
experimental results indicate that a focusing potential beyond -2000 V would likely be required
to optimally focus the positive emission beam. The positive ions have a higher atomic mass, and
therefore require a higher voltage to focus them to the desired point. The simulation in section 5.5.2
predicted an optimally focused positive beam below -2120 V. While this could not be experimentally
verified, based on the negative beam results the optimal positive beam potential is likely higher
than expected.

The Einzel lens results do indicate the expected trends, but were not able to conclusively
demonstrate its full functionality. The power supply used for Einzel lens testing was an EMCO
USB20N, which has a maximum voltage output of -2000 V. It is possible that using a more powerful
voltage source could be used to further characterize the effectiveness of the lens. Since only the
negative beam current could be focused using the current set up it was decided that the Einzel lens
would not be used during the testing of the multimodal thruster.

The BNG demonstrated the capability of adequately deflecting the beam of charged particles
away from the collector. Results showed a trend that as applied gate voltage increased, a larger
percentage of beam current was deflected. There was a dichotomy operating the BNG. On one
hand, at higher gate voltages (+1750 V), the gate was able to deflect either 100% or near 100%
of the emitted beam. However, applying a voltage above +1000 V to the BNG often led to a gate
malfunction to occur. The cause of the malfunctions was determined to be a short circuit formed
when a high voltage wire came in contact with a grounded wire. Any minor misalignment of the
tungsten wires in the gate can cause an imbalance of charge allowing a high voltage wire to be
attracted to a grounded wire. When two wires touch, a short circuit is formed, disabling the entire
gate. After several gate tests it was determined that using a gate voltage of +1000 V (deflection
70% of positive beam and 20% of negative beam) was a useful compromise between functionality
and reliability. After this determination, a gate voltage of +1000 V was used on all subsequent
ToF tests for both the externally-wetted emitter and multimodal thruster.

Based on the percentage of beam current deflected from Table 6.3, the BNG was less effective
when activated during negative electrospray emission. This could be due to the combination of
high positive voltage, +1000 V, and ground applied to the BNG. Biasing the gate’s wires using
alternating positive and negative polarities, such as +500 V, and -500 V would likely increase
performance. Adding a second polarity using the existing set up would require an additional high
speed, high voltage switch and negative high voltage power supply.

The externally-wetted emitter ToF tests gave a positive indication that it was capable of differ-
entiating between ion and droplet emission, but not between individual species of ions. In testing
after the BNG was deactivated, a negative current spike lasting anywhere from 10 to 20 µs would
occur. The various types of ion species are expected to reach the collector within the first 10 µs after
the BNG is deactivated. In order to differentiate between ion species these gate transition effects
would need to be reduced or eliminated. These transition effects are potentially being caused by a
pulse of electromagnetic radiation caused by the sudden high voltage transition at the BNG. One
method to negate these effects would be improving the shielding of both the BNG and collector
similar to other ToF set ups [229]. Electromagnetic absorbent paint could also be applied to the
surfaces around the collector reducing the amount of radiation affecting the collector.
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During testing it was determined that the gain setting selected on the FEMTO DHPCA-100
current amplifier had an impact on the transition effects duration. Figure 6.10 shows two experi-
ments where the BNG was operated at two different current amplifier settings. When the amplifier
gain setting was set to the maximum 107, the gate transition effects lasted for 14 µs. When the
amplifier gain setting was set to 106 the saturation period was only 5 µs. In tests using amplifier
gain setting from 102 to 105 the transition effects were negligible. Since the externally-wetted emit-
ter only produced 65 nA of beam current, the maximum gain settings of 107 was used throughout
testing of the externally-wetted emitter. By increasing the beam current reaching the collector, a
higher amplifier gain setting could be used to help eliminate the gate transition effects, improving
ToF data resolution. This higher current could be achieved by using the Einzel lens or using an
electrospray source with a higher current output.

Figure 6.10: Variation in the measurement delay caused by the BNG transition on the FEMTO
current amplifier. Higher gain settings show a reduced delay.
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Table 6.4: Summary of the various externally-wetted emitter tests. The experimentally measured
emission current is compared to the ideal expected current. Trend indicates either an increase or
decrease in the measured current caused be the testing conditions.

Externally-Wetted Emitter Summary

Electrospray Condition Measured Emission
Current (nA)

Trend Ideal Current
(nA)

Full Beam
+200 ±15 → +120
-120 ±10 → -120

ToF Beam
+100 ±10 ↘ +60

-60 ±5 ↘ -60

Suppression Grid (-30 V)
+55 ±7 ↘ +60
-60 ±8 → -60

Einzel Lens (-2000 V)
+20 ±10 ↘ +120
-90 ±12 ↗ -120

BNG (+1000 V)
+20 ±4 ↘ 0
-50 ±3 ↘ 0

6.3 Multimodal Thruster Results

The ion and droplet emitters which comprise the multimodal thruster were each tested indepen-
dently. Data was collected using both the full beam and ToF setups described in Section 5.4, and
5.5. Initial testing led to changes in the thruster’s design which will be elaborated upon in the
discussion section. Results using this final configuration are presented in this section. Full beam
testing of both emitters demonstrated a measured current range in line with expected results. ToF
measurements allowed for the distinction of various ion species from the ion mode emitter, and
between ions and droplets in the droplet mode emitter. Using data collected from ToF testing,
indirect values for the mass flow rate, thrust, and specific impulse were calculated for each of the
modes.

Figure 6.11: Cross-sectional schematic of the designed multimodal thruster.
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6.3.1 Ion Mode Emitter Results

6.3.1.1 Full Beam

The ion mode emitter had an average emission onset voltage of 1400 V. A sample unipolar test
shown in Figure 6.12 had an onset voltage of 1375 V. In this test, the measured current was around
+2.3 µA and -1.85 µA at ±1750 V. As the emitter voltage was increased in increments of 25 V,
there was a clear correlation in the measured beam current. This relationship between the current
and voltage can be seen in I-V curve from Figure 6.13.

Figure 6.12: Full beam measurement test results for the Ion mode emitter. Presented test results
show unipolar application of voltage where positive voltage is first applied then the negative voltage.

6.3.1.2 Time-of-Flight Measurements

Using the ToF experimental setup from Section 5.5, ToF measurements for both positive and
negative ion mode emission were collected. Collected oscilloscope data was filtered with GNU
radio using the method described in section 6.1.5. The ToF data revealed that the ion mode
emitter operated in either the purely-ionic-regime (PIR) or near PIR. Figure 6.14 shows a sample
ToF test demonstrating the changes in beam current after the BNG is deactivated. Similar to the
externally-wetted emitter there is a negative current spike followed by multiple step increases in
current.

From Figure 6.14, two current step increases within the first 10 µs indicate the presence of
multiple species of ions. The lack of any noticeable current increases beyond the first 10 µs indicates
that there were no heavier charged particles, such as droplets, within the emitted beam. In order
to better identify the species of ions present within the first 10 µs, Figure 6.15 focused on a shorter
timescale. Based on the flight times of the two current spikes, they were identified as the monomer
ion (EMI+), and the dimer ion ((EMI-BF4)EMI+).

The current data from Figure 6.15 was further filtered and normalized in order to determine the
percentage of each ion species present in the beam. Normalization converted the total measured
beam current value to be equivalent to 1.0 which allowed the beam composition to be more easily
identified. To make the data more readable, major current spikes caused by the current amplifier
were removed from the data set. Next, a 20 point running average of data points was calculated to
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Figure 6.13: Ion mode emitters current to voltage relationship (I-V Curve).

Figure 6.14: Filtered Ion mode ToF results from 0 to 420 µs. The top graph shows the positive
polarity results and the bottom graph shows the negative polarity.
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Figure 6.15: Filtered Ion mode ToF results from 0 to 80 µs. The top graph shows the positive
polarity results and the bottom graph shows the negative polarity.

smooth the results. Finally, the current data was normalized from the point when the BNG was
deactivated (t=0). This normalized data is shown in Figure 6.16.

The normalized data determined that around 42% of the beam consisted of monomer ions and
58% were dimers. No larger ions such as trimers or liquid droplets were identified. For the negative
beam current ToF, an estimate was made at what ion species were present, but the data was not
conclusive.

The flight time and beam composition were used to indirectly determine the mass flow rate,
thrust and specific impulse. In order to complete these calculations, several other parameters need
to be known. The flight distance was known from the experimental setup. The applied beam
voltage and collector current were taken from LabView. As described in Section 2.6, the emitted
beam voltage is not the same as the applied voltage. The experimental setup was not capable of
measuring beam voltage. The beam voltage was assumed to be equivalent to the applied thruster
voltage.

With the known values and assumptions, the mass flow rate, thrust, and specific impulse were
indirectly calculated using Equations 2.21, 2.22, and 2.23. For comparison, the theoretical flight
times of the ion species were also calculated using Equation 2.20. The thrust of ion mode was
determined to be in the range of 0.14 µN, and the specific impulse 4040 s. A summary of the ion
mode emitters parameters are shown in Table 6.5.
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Figure 6.16: Normalized ToF data. The start of the plot (time = 0) is when the BNG is deactivated.
Positive polarity on the top graph shows two distinct currents steps indicating the presence of both
monomer and dimer species.

Table 6.5: Summary of calculated performance parameters of ion mode emitter. Values were
calculated using data from ToF testing.

Ion Mode Performance Results

Performance

Parameter

Atomic

Mass

(amu)

Expected

Flight

Time

(µs)

Measured

Flight

Time

(µs)

Beam

Compo-

sition

(%)

Mass

Flow

Rate

(µg/s)

Thrust

(µN)

Specific

Impulse

(s)

EMI+ 111 5.22 6.1 ±0.1 42 ±10 7.62 · 10−4

(EMI-BF4)EMI+ 309 8.71 9.2 ±0.5 58 ±10 2.79 ·10−3 0.14 4040

(EMI-BF4)2 EMI+ 507 11.16 N/A 0 N/A

Droplets N/A N/A N/A 0 N/A

BF−
4 87 4.62 N/A 0 N/A

(EMI-BF4)BF−
4 285 8.37 8.8 ±0.5 100 3.52 ·10−3 N/A N/A

(EMI-BF4)2BF−
4 483 10.89 N/A 0 N/A

Droplets N/A N/A N/A 0 N/A

6.3.2 Droplet Mode Emitter Results

6.3.2.1 Full Beam

Droplet mode had an onset voltage around ±1375 V. The emitter fired consistently from onset up
to 1650 V. After 1650 V, the current output spiked to as high as 80 µA. In the sample droplet
mode test seen in Figure 6.17 the emitter had a consistent output of around 0.5 - 1 µA and then
jumped to between +20.5 µA and -18.7 µA with current spikes up to -55 µA. Following the spike
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in current output, emission would only remain stable from anywhere from 5 to 60 seconds before
a short circuit ended the tests. Short circuits during emission were more common in the droplet
mode emitter. The trend of applied emitter voltage to output current can be seen in Figure 6.18.

Figure 6.17: Full beam measurement test results for the Droplet mode emitter. Test used bi-polar
operation with voltage polarity alternating every 3 seconds.

Figure 6.18: Droplet mode emitter’s current to voltage relationship (I-V curve).
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6.3.2.2 Time-of-Flight Measurements

Droplet mode ToF measurements and filtering were performed in the same process described in
Section 6.3.1.2. The droplet mode emitter operated in the mixed ion-droplet regime meaning that
both ions and liquid droplets were emitted. As with the ion mode emitter, the positive current ToF
measurements were more representative of the emitter beam and the negative current results were
less conclusive.

The top graph in Figure 6.19 identifies multiple species of ions in the first 10 µs. This is
followed by a step current increase at 275 µs indicating the presence of larger charged droplets. In
the negative polarity results seen at the bottom of Figure 6.19 it is difficult to identify species of
charged particles.

Figure 6.19: Filtered droplet mode ToF results from 0 to 450 µs. The top graph shows the positive
polarity results and the bottom shows the negative.

To better present the ToF data, the current was normalized in Figure 6.20 starting from the
point where the BNG was deactivated (time = 0). In order to show both ion and droplets, the
normalized data was presented over 400 µs. Based on the timings of the current step increases, the
positive current beam composition consisted of approximately 44% monomer ions, 39% dimer ions,
and 17% droplets. As described in Section 6.3.1.2, the ToF data was used to indirectly calculate
the emitter’s mass flow rate, thrust, and specific impulse. In the positive emission, the thrust was
determined to be around 14.5 µN, and specific impulse of 140.6 s. Thrust and specific impulse were
not calculated for the negative emission due to inconclusive ToF data. A summary of the measure
droplet mode parameters is presented in Table 6.6.
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Figure 6.20: Normalized ToF data for the droplet mode emitter. The start of the plot (time = 0) is
when the BNG is deactivated. Positive polarity on the top graph shows a current jump around 300
µs indicating the presence of droplets. No significant trend was inferred from the negative polarity
results on the bottom graph.

Table 6.6: Summary of calculated performance parameters of droplet mode emitter. Values were
calculated using data from ToF testing. *Droplet mass was calculated using ToF measurement.
The atomic mass of ions was known.

Droplet Mode Performance Results

Performance

Parameter

Atomic

Mass

(amu)

Expected

Flight

Time

(µs)

Measured

Flight

Time

(µs)

Beam

Compo-

sition

(%)

Mass

Flow

Rate

(µg/s)

Thrust

(µN)

Specific

Impulse

(s)

EMI+ 111 5.47 3.4 ±0.6 44 ±6 0.0103

(EMI-BF4)EMI+ 309 9.12 9.4 ±1.2 39 ±6 0.025 14.5 140.6

(EMI-BF4)2 EMI+ 507 N/A N/A 0 N/A

Droplets 281,033* N/A 275 ±2 17 ±10 10.464

BF−
4 87 4.84 4.2 ±0.8 27 ±5 0.004

(EMI-BF4)BF−
4 285 8.67 19.6 ±1 73 ±5 0.041 N/A N/A

(EMI-BF4)2BF−
4 483 11.40 N/A 0 N/A

Droplets N/A N/A N/A 0 N/A
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6.4 Multimodal Testing Discussion and Recommendations

The multimodal thruster demonstrated how a high thrust droplet mode, and high efficiency ion
mode could be combined using porous electrospray emitters. The prototype thruster used two
porous wedge emitters as a proof-of-concept design. Uncertainty measurements in the results were
derived from the variation in values over multiple tests. The indirectly calculated values of mass flow
rate, thrust, and specific impulse for each emitter are estimates of performance not exact values.
For space flight, a thruster needs to demonstrate that it can operate for tens of thousands of
hours without a significant loss in performance. Some preliminary lifetime testing of both emitters
was conducted. The emitters were tested for a maximum of one hour at a time. The ion mode
emitter was able to reach one hour of emission on multiple occasions in both the full beam and
ToF configurations without a significant drop in performance. In tests where one hour was not
reached the reason for failure was short circuiting within the thruster. The droplet mode emitter
seemed to operate in two forms of emission. At lower voltages around emission onset, the output
current was stable for extended periods of time. When the applied voltage was increased, there was
a large jump in the current output. This spike in current is hypothesized to be a transition between
predominately ion to predominately droplet emission. When the droplet mode emitter entered this
high current output regime, emission only lasted from ten seconds to one minute. This behaviour
was repeated during testing and made it difficult to collect large samples of data. Future research
should perform additional investigations on the endurance of electrospray emitters.

6.4.1 Ion mode Discussion

Full beam testing of the ion mode emitter had a measured current range of approximately ±2 µA.
This was close to the ESPET predicted value (3.68 µA) from section 4.4. The indirectly calculated
thrust (0.14 µN) was very close to the value predicted by ESPET (0.33 µN). Interestingly, the
calculated specific impulse (4040 s) was more than double the value predicted by ESPET (1865
s). This can be attributed, in part, to the lower mass flow rate and that ESPET predicted the ion
emitter would operate in the mixed ion-droplet regime instead of the experimentally demonstrated
PIR. This lower flow rate can be attributed to the inefficiency of the porous wedge emitters. ESPET
predicts a consistent number of emission sites based on the length of the emitter. A recent study of
porous wedge emitters has shown that emission sites are not necessarily evenly distributed. During
operation, the number of sites can be unpredictable and dependant on the applied voltage [242].
Although this was not experimentally verified, it is likely that the ion mode wedge emitter had
fewer than expected emission sites, leading to a lower total mass flow rate and thrust.

Results indicated that the ion mode emitter operated in the expected PIR. The beam compo-
sition of the ion mode was determined to consist of around 42% monomers and 58% dimers with
no droplets identified. The beam composition percentage was derived from the amount of beam
current measured at the collector for each species of particle. The results are in line with previ-
ous ToF testing using purely ionic electrosprays with EMI-BF4 propellant [243, 42, 128]. While
the result indicates the PIR, there is a possibility that the emitter was operating in the mixed
ion-droplet regime comprised of predominated ions. As previously mentioned, the BNG was only
operationally capable of deflecting around 70% of positive current emission. The remaining 30% not
deflected could potentially include larger ion species and liquid droplets. Throughout the analysis
and calculation of ion emitter parameters, the assumption was made that the total particle beam
was comprised of only monomer and dimer ions.

The carbon xerogel samples produced in-house performed well as the ion mode emitter substrate.
The fabrication of the carbon xerogel samples was a time-consuming process. It took four attempts
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to achieve the final batch presented in Section 4.2.6. While not requiring many hours of labour
in the lab, each batch took approximately two and half weeks to synthesize and cure. The first
three attempts ended up producing a substrate which was not noticeably porous. Several minor
changes to the xerogel fabrication process were made including letting the initial solution gel for
a longer period of time, including an acetone bath prior to pyrolysis and proper use of air-tight
containers, contributed to the final xerogel run being successful. The targeted average pore size
for the substrate was in the range of 500-700 nm. The final batch used for the ion mode emitters
had an average measured pore size of 1.204 µm as seen in Figure 4.11. Even though this result was
double the anticipated pore size, this batch was used in emitter fabrication, since the pore size was
considered sufficient to achieve purely ionic emission. The laser ablation of the ion mode emitters
worked well, forming the desired wedge emitter with an emitter apex radius of curvature of 10
microns. The emitters themselves were quite delicate. Two of the three fabricated emitters were
destroyed by minor abrasions during thruster assembly. When the xerogel samples went through
the drying process, the edges of the samples became warped as seen in Figure 4.7. The warped
surfaces made it challenging to produce surfaces which were perfectly flat and level. Sanding the
substrates to produce a flat surface after the emitters had been laser ablated was a challenging
process and other options should be explored in the future.

6.4.2 Droplet mode Discussion

The full beam current measurements of the droplet mode emitter (20 - 80 µA) were several magni-
tudes lower than the values predicted using ESPET (275 µA). From the ToF testing, the measured
thrust (14.5 µN) and mass flow rate (10.5 µg/s) were also a magnitude lower than the expected
values (543 µN, 448 µg/s). The measured specific impulse of 140.6 s which was close to the expected
value, demonstrates the short comings of the droplet mode emitter. Other forms of propulsion
such as cold-gas thrusters [244] and resistojets [245] reliably produce thrust in the mN range with
a comparable specific impulse to the droplet mode emitter. In its current state the droplet mode
emitter could be considered a low thrust, and low efficiency form of propulsion. Even with lower-
than-expected performance, the droplet mode emitter is part of an integrated multimodal system,
using the same propellant as the ion mode emitter. This makes the droplet mode emitter one part
of a more versatile system, instead of a stand alone form of propulsion. If the expected thrust
levels were achieved, it would improve the system’s viability. Two potential reasons for measured
thrust being lower than expected are measurements being taken in the stable emission regime and
the lack of uniformity of the droplet substrate emitter tip.

During full beam testing the droplet mode emitter operated in either a stable low current regime
or an unstable high current regime. Due to the short duration and unreliability of the high current
regime, ToF measurements were taken during the more stable, low current regime. This can be
seen in Figures 6.14 and 6.19, where ToF data shows ion mode current measurement being three
times larger than the droplet mode emission. The total current measured at the collector during
droplet ToF testing was on the order of 250 nA. This value was much lower than expected. It
likely indicates that droplet mode ToF readings were taken during the consistent emission regime
identified in the full beam measurements, and not during the high current regime. It was expected
that the droplet mode emitter would either emit purely droplets or predominately droplets. The
ToF results indicated an emission comprised of around 83% ions and 17% droplets. If the ToF
measurements had been taken in the high current regime, it is likely that the beam composition
would be more heavily weighted with droplets. The dramatic increase of current and prevalence of
short circuits occurring indicate that emission with a higher proportion of droplets was occurring.
If this was the case, then the actual thrust being produced during the high current regime may
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have been closer to the expected range.
Producing uniform porous wedge emitters from the P3 borosilicate glass was more challenging

compared to the carbon xerogel. The glass was chosen because its larger pore sizes would allow for
an increased propellant flow rate. These larger pores, as seen in Figure 4.10, also made it difficult
to produce a uniform emitter apex radius of curvature of 10 µm. This lack of uniformity likely
lead to fewer than expected emission sites along the edge of the emitter. This can be somewhat
confirmed by post-test imaging, which revealed brown EMI-BF4 residue on small portions of the
emitter’s surface.

An additional reason for the variance between the theoretical and experimental results could
be the limitations of the experimental set up. The full beam and ToF setups were operated
independently. This meant that a single test could not collect both the full beam data and ToF
measurements. In order to switch between full beam and ToF tests, high vacuum was removed
and several components had to changed before re-pressurizing the vacuum chamber. As a result, a
general assumption throughout this work was that both the ion and droplet mode emitters operated
the same in both the full beam and ToF tests. In reality, there may have been variation in the
emission characteristics between tests, which is a point of uncertainty and could have contributed
to the variance in results.

6.4.3 Testing and Challenges

In the initial stage of testing both the ion and droplet mode emitters did not produce the expected
emission. It was determined that two primary causes were poor alignment between the emitter
and extractor electrode, and the high frequency of short circuits ending tests. It took several
thruster design, assembly procedure, and experimental setup changes before the emitters produced
emission more consistently. The short circuits were in most cases caused by excess propellant
creating a bridge between the high voltage emitter and the grounded extractor. Short circuits
during emission were more common in the droplet mode emitter.

The multimodal thruster was designed to have the emitter and extractor automatically aligned
using a platform on the emitter fitting into a rectangular shaped hole in the PEEK spacer. In reality,
the manufacturing of these components was not precise enough to ensure proper alignment. As a
response, the two components were aligned by hand using a light microscope. While this ensured
that the emitter and extractor were properly aligned it also introduced an additional source of error
between tests and was a time-consuming process. Once the alignment was being done manually, the
alignment platform on the electrospray emitters became a hindrance and was carefully removed.

Several design changes were revised during testing, in order to reduce failures caused by electrical
short circuiting. The first design change was the addition of a PEEK washer situated between
porous reservoir and PEEK spacer. The diameter of the reservoir was slightly larger than the
electrospray emitters. The gap caused by this difference could have created a path for excess
propellant to cause short circuiting. The PEEK washer was used to fill this gap and prevent
propellant from migrating away from the reservoir. Another potential reason that emission of the
thruster was inconsistent could have been caused by corner effects caused by the extractor electrode.
When the edge of the rectangular extractor slit is too close to the edge of the electrospray emitter,
the increased electric field can create unpredictable behaviour. The original design only extended
the extractor slit 0.5 mm beyond the edge of the electrospray emitter. During testing, it was
determined that the extractor slit could be extended with minimal effort and would remove any
ambiguity of potential corner effect impacting emission.

Experimental procedures were also adapted, in an attempt to reduce the prevalence of short
circuits. To reduce the likelihood that excess propellant would be transported inside the thruster,
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special care was taken during assembly that the exterior of emitters and reservoirs were properly
dried and also other components were cleaned to remove any excess propellant. After assembly,
an additional connection check was performed to ensure that potential short circuits could be
detected prior to putting the thruster into the vacuum chamber. Finally, one procedural change
which seemingly made a big difference in emission reliability was the inversion of the ToF set up.
Initially the ToF setup had the multimodal thruster oriented downward towards the earth. It may
intuitively seem that gravity would aid in propellant transport within the thruster, but in reality
gravity was likely causing excess propellant to more easily form short circuits between the emitter
and extractor. Once the ToF setup was flipped upside-down, with the multimodal thruster oriented
upward, emission was more reliably achieved.

6.4.4 Design Considerations

One aspect of the multimodal thruster design which should be revised in future iterations is the
physical connection between the emitter and extractor electrode. In the current design these two
components were separated by a PEEK spacer. The PEEK was likely promoting the transfer of
excess propellant which was causing the short circuits. In several other electrospray thruster designs
the extractor electrode is positioned above the emitters with no physical connections between the
two. Future designs should take this into consideration.

Emitter alignment was also a challenge with the current design. Any future thruster designs
having alignment controlled by well fitting components should take extra care in the tolerance
of parts, and accuracy of the manufacturing process used. Future designs could also incorporate
an in-situ alignment system, such as the AFET-2 thruster produced by the Air Force Research
Laboratory [170].

The multimodal thruster did not include an integrated propellant feed system. While the same
propellant was used for both emitters, both had independent reservoirs. To have a true multimodal
system, a common reservoir able to distribute propellant to either type of emitter will have to be
developed. Research has been done on pressurized propellant feed systems [179], though ideally
the propellant would be passively drawn with any pressurized components.

6.5 Concluding Remarks

A novel multimodal thruster using two types of porous electrospray emitters has been designed,
manufactured and tested. A custom full beam and ToF experimental setup were developed to test
the thruster. A single externally-wetted emitter was used for preliminary testing. The suppression
grid performed as expected, eliminating the impact of secondary electrons emission from the results.
The Einzel lens was capable of more than doubling the measured negative beam current. To produce
a similar focusing effect on the positive beam current would require a more powerful high voltage
source. The BNG successfully demonstrated the capability of deflecting a beam of charged particles
away from the collector. At higher applied gate voltages, 100% of beam current was deflected away
from the collector. These higher gate voltages also led to a high frequency of gate failure, caused
by short circuiting between two of the gate’s wires. A gate voltage of +1000 V capable of deflecting
a majority of the emitted beam without failure was used throughout ToF testing. The externally-
wetted emitter was used to test the ToF system. Results from these tests were inconclusive due to
the low current emitted from the single emitter.

Results demonstrated the concept of the combination of a high efficiency ion mode emitter
combined with a high thrust droplet mode emitter using a common propellant within a unified
multimodal system. The ion and droplet mode emitters which comprised the multimodal thruster
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were independently tested. The ion mode emitter produced results close to the theoretically pred-
icated values. The ion emitter had a calculated thrust of 0.14 µN and specific impulse of 4040 s.
ToF measurements indicated the emitter was operating in the PIR, with a beam composition of
around 42% monomer and 58% dimer ions. The droplet mode emitter had a calculated thrust of
14.5 µN and specific impulse of 140.6 s. ToF results indicated the emitter was operating in the
mixed ion-droplet regime with a beam composition of around 44% monomer ions, 39% dimer ions,
and 17% droplets. The thrust and droplet percentages were lower than expected. This could be
attributed to the ToF results being taken during the steadier low current emission of the droplet
emitter and the roughness of the emitter’s apex.
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7 Concluding Remarks and Future
Work

This thesis investigated the potential utility of a multimodal electrospray thruster to provide propul-
sion for small spacecraft. The thruster combined different types of porous electrospray emitters
using a single unified room temperature ionic liquid (IL) propellant. One emitter was designed
to operate in an efficient ion mode emission and the other was designed to provide high thrust
by emitting liquid droplets. Combining high thrust with high efficiency would allow small space-
craft greater mission capability and flexibility. Using a single IL propellant between both modes
of operation provides weight and space savings. Electrospray emitters come in three main types:
capillary, externally-wetted, and porous. Using porous electrospray emitters removed the need for
a pressurized system and removed the need for any kind of ionization or neutralization process.

In order to conduct testing on the experimental thruster, two custom apparatus setups were
used. A full beam measurement setup, consisting of a beam collector and suppression grids, was
used to measure the entire current emitted by a full electrospray beam. The beam collector was an
electrically isolated, metallic plate connected to a high speed current amplifier. The suppression
grids were made of 0.025mm diameter tungsten wire interleaved through a PEEK frame. Ap-
plying a suppression voltage of -30 V to the grids reliably eliminated experimental measurement
offsets caused by secondary electron emission. A separate time-of-flight (ToF) setup consisted of
a Bradbury-Nielsen Gate (BNG), Einzel lens, and the same collector and suppression grids from
the full beam setup. The asymmetric Einzel lens consisted of three steel electrodes aligned and
spaced using a PEEK frame. The lens demonstrated the ability to focus an electrospray beam.
The lens was capable of more than double the beam current could be measured at the collector
when the lens was activated. The BNG was constructed from two sets of electrically isolated 0.025
mm diameter tungsten wire strung through a PEEK frame. The gate was capable of deflecting
approximately 70% of the emitted electrospray beam and allowed for the flight time measurement
of various emitted particle species. The ToF setup was successfully used to indirectly determine
the thrust and specific impulse of the tested multimodal electrospray thruster.

The multimodal thruster was comprised of two porous wedge electrospray emitters. Each emit-
ter had a height of 0.3 mm, length of 4 mm, and an apex curvature radius of 10 µm. Laser ablation
was used to mill the emitters over a series of 25 passes. Both emitters were in contact with a porous
stainless steel distal electrode / propellant reservoir. The ion mode emitter was made using in-house
produced carbon xerogel which had a mean pore size of 1.2 microns. The carbon xerogel emitter
operated in the purely ionic regime producing a beam comprised of approximately 42% monomer
ions and 58% dimer ions. The ion mode emitter produced a calculated thrust of 0.14 µN and
specific impulse of 4040 s. The droplet mode emitter was made from a porous P3 borosilicate glass
which had a mean pore size of 40 microns. The glass emitter operated in the mixed ion/droplet
regime producing a beam comprised of approximately 83% ions and 17% liquid droplets. The glass
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emitter produced a calculated thrust of 14.5 µN and a specific impulse of 140.59 s. The two emitters
have demonstrated that both a high efficiency and high thrust porous electrospray can be formed
into a multimodal system. The measured thrust force was lower than expected for both emitters.
The droplet mode emitter also produced a lower composition of emitted droplets than expected.
This could be attributed to an inconsistent number of emission sites, the roughness of the droplet
emitter apex, and the variance between full beam and ToF testing. If this proof-of-concept thruster
was refined and scaled up using larger emitter arrays, it could function as an effective multipurpose
propulsion system for satellites operating in low earth orbit.

The electrospray thruster was operated using a custom in house bi-polar, voltage switching
circuit. Two high voltage sources were fed into a custom PCB circuit board. The circuit used two
high voltage optocouplers to alternate the output voltage polarity every three seconds. Polarity
switching reduced electrochemical effects within the prototype electrospray thrusters and eliminated
the need for a neutralizer. The voltage and current at the electrospray emitter was measured using
a voltage divider and shunt resistor on a second circuit board. The BNG was quickly activated
and deactivated using a high speed, high voltage Behlke switch. Experimental control and data
acquisition was handled using a custom LabView virtual instrument. The operational setup allowed
for the control signal measurement of output signals for all key testing apparatus and thruster
outputs.

The computational fluid dynamics (CFD) simulation was developed to predict the behaviour
of a single electrospray conejet emitter and droplet formation. The simulation was capable of
replicating the general behaviour of electrospray droplet emission. Improving the electrospray to
incorporate electrospray beam spreading, accurate Taylor Cone shape and formation, and expected
ejection velocity would allow for a more realistic simulation.

7.1 Future Work and Recommendations

Future iterations of the multimodal electrospray thruster should incorporate lessons learned from
this work including improvements to the design of the emitters, ToF system, and the addition of new
diagnostic test equipment. Future designs could also incorporate arrays of many ion and droplet
mode emitters to increase the thrust density of each mode. While effective, laser ablation was an
involved, time consuming and costly emitter fabrication method. Testing additional methods of
fabricating emitters, such as using common CNC machines with small drill bits and tabletop CNC
machines, may produce desirable results in a shorter period of time. The multimodal thruster
focused on the individual electrospray emitters. To simplify testing both emitters were isolated,
each having their own extractor electrode and propellant reservoir. A truly multimodal system will
require a unified propellant reservoir, with some kind of feed system, to send propellant to different
emitters as required. Ideally this feed system would be passive and not require any pressurized
gas components. Developing a power processing unit (PPU) which is capable of operation within
a small satellite will be critical to building a complete propulsion system.

A new test electrospray emitter should be developed to replace the externally-wetted emitter.
The test emitter should have a more static emitter and include more robust emitter alignment
and extractor electrode control. The externally-wetted emitter used for preliminary testing in this
work was unreliable, was prone to local arcing, and required manual alignment of the tungsten wire
emitter. A new more robust emitter would greatly improve testing efficiency.

One recommendation is to build and design an electrospray specific diagnostic system from
the ground up. The new set up should include a large collector using for full electrospray beam
analysis, a long flight path used to take ToF measurements, and a retarding potential analyzer
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(RPA). Several designs incorporating all three can be found in literature. The current experimental
capabilities include a torsional thrust balance, full beam, and ToF measurement. Each of these
three systems operate independently from one another and cannot be used at the same time. When
testing electrospray thrusters using the current set up, needing to perform multiple different tests
leads to potential error from variation in electrospray emission. Having all required measurement
apparatus integrated into a single system would reduce error, and greatly improve on the efficiency
of experimental testing. The new design could incorporate a stepper motor to allow for in situ
manipulation, allowing for many types of measurement to occur in a single test. A schematic
giving an overview of this new system can be seen in Figure 7.1.

Figure 7.1: Design of future electrospray focused testing apparatus. The setup would allow for full
beam, time-of-flight, and RPA measurements to be taken during a single test.

Using more powerful laboratory equipment in the next phase of research could enhance the
utility of the current testing apparatus. A more powerful, high voltage source would improve the
capability of the designed Einzel lens. The BNG could be improved with the addition of a second
high voltage source and Behlke switch. This would allow for bipolar operation of the gate, which
would improve the gates deflection capability in both polarities. The current diameter of tungsten
wire has led to the testing equipment being very delicate and prone to failure. Using wire with
a larger diameter could reduce short circuits during testing and make components more robust.
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The trade-off of a higher percentage of the electrospray beam being blocked by the gate would be
overshadowed by the capability to consistently deflect 100% of the beam. The EMCO H60 power
supplies used to operate the electrospray thrusters are currently limited to a maximum output of
+/-3000 V by the custom PCB circuit boards. A new bipolar circuit board should be designed,
with high voltage in mind, allowing for applied emitter voltages up to +/-6000 V.

The CFD simulation could be further improved to create more realistic Taylor Cone formation
and droplet formation. Future work should also investigate developing models to simulate ion
electrospray emission. Since the mechanisms behind ion emission are not fully understood, a new
model could be an effective method to improve understanding of the physics involved. Eventually
a model combining a CFD simulation for liquid droplets and an ion simulation method such as
molecular dynamics could be combined into a holistic electrospray simulator.

In the longer term, a more robust stainless steel chamber vacuum chamber capable of ultra
high vacuum pressures should be used in testing. The chamber could use multiple turbo-molecular
pumps or cryo-pumps to achieve vacuum. The high vacuum levels reduce the likelihood of local
arcing which have been shown to lead to short circuits.
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A Carbon Xerogel Fabrication

The silicon elastomer mold was produced by adding the Sylgard elastomer kit and PDMS-b-PEO
components to a 1L beaker and stirred manually using a stainless steel stirring rod. This mixture
was then added to an aluminum mold fabricated at the RMC machine shop.

The resorcinol formaldehyde (RF) solution components was added to a 50ml round bottom
flask. Mixing was performed using a magnetic stirring bar controlled by a Corning Pyroceram Hot
plate stirrer at max rpm (1,150). A rubber stopper was used to prevent evaporation during mixing.

The RF solution in the silicon molds were placed in an airtight plastic container. The sealed
containers were used in the curing process, and part of the drying process. A Thermo Scientific
Thermolyne Furnace Model: F6000 was used as the low temperature oven for the carbon xerogel
curing / drying process. The oven was non-programmable, so changes in temperature had to be
manually set at the correct timings.

Figure A.1: LHS shows the lab equipment used to create the RF xerogel sol solution. RHS is the
furnace used for low temperature curing/drying

In the initial attempts to pyrolize the samples, a Thermo Scientific Series 1269 high temperature
tube furnace was used. The furnace was programmed to slowly increase to a maximum temperature
of 900◦C for 3 hours and then slowly cool down to room temperature. After several failed pyrolysis
attempts, cracks in the tube furnace’s ceramic tube were discovered. The cracks allowed air into
the furnace causing the sample to combust and be destroyed. The second pyrolysis set up used
a smaller LECO TF-1 tube furnace seen in Figure A.2. During high temperature operation, the
samples were kept in an argon environment which was supplied from a pressurized tank of pure
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argon from ALPHAGAZ supplied by Air Liquide. The flow of Argon was initially controlled using
a Harris model 52 multistage gas regulator. Since the required Argon flow rate was lower than
could be accurately measured by the regulator, a flow meter capable of measuring flow from 0 -
500 standard cubic centimeters per minute (SCCM) was used. 450 SCCM of argon was inserted to
the samples in one end of the enclosed tube, and the opposite end was connected to a ventilation
hood in the lab.

Figure A.2: Overview of the lab equipment used to pyrolize the carbon xerogel samples.

Figure A.3: The Oxford series A picosecond laser in use producing the electrospray emitters.
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B Electrospray Operation System

B.1 Overview of Power Circuits

The circuitry, power supply, and data acquisition components used to operate the electrospray
thrusters and the associated testing apparatus are detailed in this appendix. A general overview
of the components and power supplies used can be seen in Figure B.1 below.

Figure B.1: Overview of the power supplies and circuitry used to test electrospray thrusters.

In addition to the electrospray source, there were also several components in the ToF diagnostic
system which required power supplies. Two EMCO H60s, two EMCO USB20, a Keysight 6038A,
and multiple channels on the GPS-4303 are used to power components in the system. To reduce
noise produced by the GPS-4303 power supply, capacitors (1.2µF-2.2µF) were placed in parallel
with each output channel.

B.2 Circuit Boards

RAPPEL utilizes several custom-made printed circuit boards (PCBs) to test and monitor various
electrospray source emissions. The original design and fabrication of these PCBs were performed in
previous work at RAPPEL [238]. During this work, several of the circuit boards were upgraded with
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new components and functionality. This section will elaborate on the various circuitry elements
and control systems for each of the PCB circuit boards.

B.2.1 High Voltage Bipolar Switch

One of the main advantages of electrospray thrusters is their ability to produce a quasi-neutral
particle beam through bipolar operation. Bipolar refers to rapidly switching between positive and
negative voltages so that both polarities of particles are emitted from the electrospray source. Two
high voltage power supplies are connected to the push-pull bipolar switch circuit board which can
be seen in figure B.3. The voltage polarity output from the board was alternated using two HMV
technology OPTO-150 high voltage optocouplers. A square wave signal from the LabVIEW con-
trol program insured that both positive and negative polarities were not activated simultaneously.
Each optocoupler contained an LED emitter and a high voltage photo detector diode rated to 15kV.
When the optocoupler was activated, the photodiode detected the LED which completes a path
ground, allowing the high voltage to pass through to the output. 5 VDC input power was supplied
by the GwINSTEK 4303 power supply to each optocoupler. The opening and closing of the two
optocoupler LED’s was controlled by a STS10DN3LH5 chip from STMicroelectronics, which con-
tained two metal-oxide semiconductor field-effect transistors (MOSFETs). A square wave signal
from the LabVIEW control program sent a 5V control signal to each MOSFET from the NI 9401
digital module. The MOSFETs were used to turn the optocoupler’s LEDs on and off. The voltage
output of the EMCO H60 power supplies were also controlled through the LabVIEW control pro-
gram using the NI 9265 current output module. Each current output was placed in parallel with
a 4.7 kΩ resistor producing a 0-to-2.5-volt signal equating to 0-3kV output voltage of the EMCO
H60 power supplies. A detailed circuit diagram of the bipolar switch can be seen in figure B.2.

Throughout testing, the bipolar switching board experienced several instances of arcing, while
being operated at high voltage. The arcing usually occurred above 2,700 volts, but through dozens
of experiments, arcing began to occur as low as 2,200 volts. An example of arcing caught on film
can be seen in Figure B.4. Each instance of arcing would cause a component on the circuit board to
be overloaded and fail. In most cases, the MOSFET chip was destroyed and needed to be replaced
before testing could continue. It was identified that the board did not have proper spacing between
high voltage lines and other conductive elements. To eliminate the arcing, a Dremel rotary tool
was used to polish away any copper plating near high voltage lines. The high voltage lines were
then covered in 419D acrylic conformal coating from MG chemicals, which helped to reduce the
likelihood of arcing. After the changes, the voltage was reliably be raised to 3,000 volts without
issue.
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Figure B.2: Circuit diagram of the bipolar switching circuit.

Figure B.3: Circuit board of the bipolar switching PCB. LHS - The top of the board, RHS - The
underside of the board.
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Figure B.4: LHS - Example of arcing between circuit board components during high voltage oper-
ation, RHS - Circuit board after excess copper was removed.

B.2.2 Electrospray Data Acquisition Circuit

The data acquisition PCB was used to measure both the voltage and current applied to the elec-
trospray source. The physical PCB board and its various components can be seen in figure B.6.
The output of the bipolar switching circuit board connects directly to the data acquisition board.
The output voltage was measured using a voltage divider scheme where a 100MΩ and 10kΩ resistor
in series would convert a +/-3kV input voltage to a measurable +/-0.3V. An AMC1100 isolation
amplifier took the analogue signal and provided a gain of 8 to produce a voltage output of +/-
2.4V. The actual voltage output was slightly different, since the 25kΩ isolation amplifier’s input
impedance acted as an additional in-parallel resistor to the voltage divider. A DCH010505S DC-DC
converter was placed before the AMC1100 isolation amplifier to provide an isolated power source.
Both the isolation amplifier and the DC/DC converter required a 5 VDC power source which was
supplied by the GwINSTEK GPS-4303 power supply.

The output current was measured using a shunt resistor. The voltage difference between the
input and output through a 25kΩ resistor was used to measure the current. Another DCH010505S
DC/DC converter and AMC1100 isolation amplifier were used to take the analogue signal from the
shunt resistor and convert it into a measurable signal. A measured output voltage of +/-0.25V
equated to 10µA of current. An image of the data acquisition PCB can be seen in Figure B.6
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Figure B.5: Data acquisition circuit diagram.

Figure B.6: Circuit board of data acquisition PCB. LHS - The top of the board, RHS - The
underside of the board.
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B.2.3 Electrostatic Gate Control Circuit

The BNG used in the ToF system required a high-speed, high voltage switch to operate. A Behlke
HTS 31-03-HB-C switch capable of unipolar voltages up to 3kV was used to produce the high
speed pulses required to operate the gate. The Behlke switch was controlled using an on/off switch
actuated through the LabVIEW control program, which sent a current control signal from the NI
9401 digital output module output to the Behlke switch. Each current output was placed in parallel
with a 4.7 kΩ resistor, so that a 5 volt signal was sent from LabVEIW to the Behlke switch. The
switch itself required 5 VDC, which was supplied by the GwINSTEK GPS-4303 power supply. An
EMCO USB20P power supply was used to supply a 0-2 kV voltage to the switch. When activated,
the switch allowed high voltage to pass to the BNG, turning it on.

Figure B.7: LHS - The circuitry and connections used to operate the Behlke switch, RHS - The
Behlke switch PCB.

In initial tests of the Behlke switch, at high voltages, it was found that turning the switch
off caused a resonance pattern to form in the signal. It was determined that the circuitry was
not sufficient to ground the high voltage fast enough, which caused reflections of the HV signal.
An additional alligator clip was attached to the ground wire on the Behlke switch PCB and was
connected to the ground of the EMCO USB20P power supply. This extra connection was able to
remove the resonance and allowed the switch to operate as intended. The results described here
can be seen in figure B.8.

B.3 Data Acquisition Instruments

A National Instruments data acquisition system was used to output control signals and measure
input signals from the electrospray system. A cDAQ 9174 chassis was equipped with four (4) data
modules: cDAQ1Mod1 - NI 9401 bi-directional digital module, cDAQ1Mod2 - NI 9215 voltage
input module, cDAQ1Mod3 - NI 9215 voltage input module, cDAQ1Mode4 - NI 9265 current
output module. The system was connected to the LabVIEW program shown below. The program
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Figure B.8: LHS - Voltage reflection resonance observed at high voltage operation, RHS - Resonance
greatly reduced with additional connections to ground.

produced output signals and monitored / recorded input signals. The complete signal configuration
and wire detail can be seen in figure B.9.

Figure B.9: DAQ configuration.
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B.4. LabVIEW Program

The custom LabView program virtual instrument (VI) developed to control electrospray op-
eration is an evolution of previous work at RAPPEL [237]. Figure B.10 shows a snapshot of the
Labview VI, while Figures B.11 and B.12 show the back end block diagram structure of the program.

B.4 LabVIEW Program

Figure B.10: The custom LabView VI used for control electrospray thruster.
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Figure B.11: LabView block diagram - top section.
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Figure B.12: LabView block diagram - bottom section.
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Small satellites for space science: A cospar scientific roadmap. Advances in space research,
64(8):1466–1517, 2019.

[12] Armen Poghosyan and Alessandro Golkar. Cubesat evolution: Analyzing cubesat capabilities
for conducting science missions. Progress in Aerospace Sciences, 88:59–83, 2017.

[13] George P Sutton. History of liquid propellant rocket engines in the United States. Journal
of Propulsion and Power, 19(6):978–1007, 2003.

120



Bibliography

[14] Edgar Y Choueiri. A critical history of electric propulsion: The first 50 years (1906-1956).
Journal of propulsion and power, 20(2):193–203, 2004.
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