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Preface

A majority of Chapter 4 titled “Modeling Interface Deformation and Spray Onset of a

Ferrofluid Meniscus” appears in the following publication:

Jackson, B. A., Terhune, K. J., and King, L. B. "lonic liquid ferrofluid
interface deformation and spray onset under electric and magnetic
stresses,” Physics of Fluids Vol. 29, No. 6, 2017, p. 064105. doi:
10.1063/1.4985141

The copyright is retained by Brandon A. Jackson. In this publication Kurt J. Terhune
performed the experiential onset studies for the needle emitter utilized for the model
validation. Material presented in this dissertation resulting from his efforts are credited
where they appear. Lyon B. King motivated and guided the research, assisted in the

preparation of the manuscript.
Throughout this report the term “traditional electrospray” will be included regularly.

This phrase will reserved to describe electrospray achieved from internally and externally

wetted needles as well as porous emitter arrays.
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Abstract

This dissertation presents three studies on the electrospray of ionic liquid ferrofluid.
Ionic liquid ferrofluids are electrically conductive super-paramagnetic fluids which
respond strongly in the presence of electric and magnetic fields. When a small reservoir of
ionic liquid ferrofluid is positioned within a magnetic field, magnetic stresses will deform
the fluid interface into a peak. The addition of a strong electric field will further stress the
fluid interface until a threshold stress is reached at which point the surface tension cannot
contain the combined stresses and a spray of fluid or ions results at the apex. This process
is termed electrospray, albeit a less understood form of electrospray owing to the addition
of magnetic stresses which are not present in traditional electrospray.

The first study included in this dissertation presents a computational fluid dynamics
model of the combined electro-magnetic instability critical for electrospray. The developed
model utilized the static formulation of the Maxwell equations to calculate the Maxwell
stress tensor for an ionic liquid ferrofluid. When combined with the Stokes stress tensor,
the duo of equations capture the fluid stresses present within the instability. The model was
first employed to study the influence of a magnetic field on the onset potential of a capillary
needle electrospray source. The simulation predicted onset potential agreed well with the
experimentally captured onset under matching field conditions. The numerical tool was
then utilized to study the dynamics of sessile ionic liquid ferrofluid droplets. The
computational results were verified against laboratory images of sessile drops obtained
under matching field conditions. The simulation performed exceptionally up until about
85% of the onset potential at which point the simulation began to over predict the apex

height of the combined instability.

xXx1



The second portion of this dissertation consisted of long duration emission studies of
an ionic liquid ferrofluid normal-field source. An operational procedure was developed
which permitted a source consisting of a single emitter to operate with constant extraction
potential for spans in extent of 15 hours. Time-lapse imagery of source enabled the mass
flow rate to be approximated, permitting derived propulsion performance parameters to be
obtained. Three different magnetic field strengths were investigated, and it was found that
the magnetic field strength has no identifiable impact on propulsion performance. On
average, the mass flow rate of the source was 28 ng/s (15.5 pL/s), with a specific impulse
of 1385 s and a thrust of 0.380 uN per emitter. During the telemetry, the sensitivity of the
source was analyzed and it was found that for moderate changes in extraction potential the
source remained stable, but for increases on the order of 25-30% of the baseline voltage
secondary emission sites were observed to form.

The final set of studies included in this dissertation focuses investigated the angular
divergence of ferrofluid electrospray emitting via the normal-field instability. The angular
current density was measured through the use of a segmented Faraday probe and quantified
in terms of an angular power utilization efficiency factor. For the source, the average power
efficiency was found to be 94%. A strong correlation was found between increased
emission current and increased mass flow rate and decreased power efficiency. Finally, a
very small difference in efficiency was resolved between the positive and negative
emission polarities.

The last chapter of this dissertation models the magnitude of the Kelvin and Lorentz
forces in the emission plume to determine their potential to influence particle trajectories.
It was found that in the apex region, the Coulomb force dominates the Kelvin force by
several orders of magnitude — indicating that the Kelvin force is unlikely to affect the
trajectories of emitted magnetic particles. It was also found that the magnitude of the
Lorentz force in the apex region was too small to influence particle trajectories for even

the lightest ions expected.

xxii



Chapter 1 Electric Spacecraft Propulsion

Electrically powered spacecraft thrusters are a highly efficient means of providing in
space propulsion for a spacecraft. This technology utilizes electrical energy to accelerate a
propellant which in exchange changes the velocity of a spacecraft. This is typically done
by ionizing the propellant and accelerating it using an electric field, or through using an
electric current to rapidly heat propellant.* As a result, a very large amount of energy can
be used to accelerate a given mass of propellant. Electric propulsion (EP) systems generally
acquire their energy from the sun via solar panels; however, nuclear batteries have the
potential of providing the required energy.

In contrast, chemical propulsion systems acquire their energy via combustion or
catalytic decomposition of propellants. This process is limited by the amount of energy per
unit mass of reactants released during the reaction—yielding a barrier on the maximum
achievable exhaust velocity. Electric propulsion technologies, free of this heat of reaction
barrier, can deliver more energy per unit exhaust mass, thus permitting a higher propellant
velocity and mass efficiency.

In 1903, the Russian scientist Konstantin Tsiolkovsky presented an equation relating
the propellant velocity, desired change in spacecraft velocity, and mass change of the

spacecraft. This relation came to bear his name, although it is worth noting that several

* A detailed summary of electric propulsion is provided by Jahn and Choueiri in “Electric
Propulsion” in the Encyclopedia of Physical Science and Technology.?
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previous authors had published the relationship before him." The Tsiolkovsky equation is

also known simply as the ideal rocket equation. This relation reads as follows:

Av=v, h{%} (1.1)

/

Where Av (delta-v) is the change in spacecraft velocity, V, is the propellant velocity, 7,

and M, are the mass of the spacecraft before and after the maneuver, respectively. The

difference between M, and m, is the amount of propellant that is consumed. Simply

stated, Am is the required propellant mass necessary to yield a spacecraft velocity change

of Av for a given propellant velocity. The relation can also be expressed in terms of the

specific impulse, [, , where:

ve :[spgo (12)

The parameter g, is the standard acceleration of gravity defined at sea level. The specific

impulse has units of seconds and is often used as a metric to compare propulsion systems.
A higher specific impulse denotes a more efficient use of the propellant mass as
demonstrated in Figure 1.1.% The higher efficiency of the propulsion system can enable (1)

a lower launch mass, (2) a higher payload mass, or (3) a longer mission.

T In 1813, the British mathematician William Moore published his “Treatise on the Motion
of Rockets: To which is Added an Essay on Naval Gunnery in Theory and Practice.”
Moore’s essay presented an equation relating of rocket motion closely resembling
Tsiolkovsky’s equation.*

! Bipropellant propulsion systems (solid or liquid) have specific impulses on the order of 200-
468 seconds. Hall effect EP systems range from 1000-1700 seconds.’ Advanced Hall effect
thruster designs have demonstrated impulses around 3000 seconds.® 7 Electrostatic ion
engines range from 1200-5000 seconds.’



5000 . , 1 ;
Typical Mars Mission
Requirements

Isp (s)
—@— 300

Propellant Mass Required (kg)

Figure 1.1: Propellant mass requirements to deliver a specific delta-v for a 1000 kg
spacecraft. A spacecraft requiring a delta-v of 3 km/s using a propulsion system with
an I, of 300 would require 1772 kg of propellant. By comparison, a similar mission
with a 1500 s /5, propulsion system would require 226 kg.

Generally speaking, electric propulsion systems offer much lower thrust levels than
those achievable by chemical means. Any maneuver performed with electric propulsion
tends to take a longer duration to achieve the same delta-v which may be undesirable in
certain scenarios. The source of propulsion most optimal depends on the mission
objectives; however, in the case of interplanetary travel where delta-v requirements are
substantial and communication satellites for station keeping, EP obtains a large market
share.

Common types of electric propulsion include: gridded ion thrusters, Hall-effect
thrusters, resistojets, and arcjets. Spacecraft operating on these technologies have launch
masses ranging from 1000-7000 kg.® With the advent of microsatellite (10 to 100 kg) and
nanosatellites (1-10 kg) a desire for suitable micropropulsion systems has materialized.
Micropropulsion systems for this class of satellites are an enabling technology capable of
improving mission capability by providing propulsion for orbital maintenance, orbital
changes, station keeping, and potentially missions beyond Earth orbit.

One promising solution for electric micropropulsion are colloid/electrospray thrusters.

The term colloid thruster is typically reserved to describe electrospray thrusters operating



in the droplet emission regime. Electrospray thrusters use an electric field to extract
droplets or ions from a liquid, which are then accelerated away from the spacecraft—
imparting a small thrust on the spacecraft. Individual emitters can be manufactured on a
sub-millimeter scale, yielding compact scalable thrusters. These thrusters use inert, non-
toxic propellant and operate at high specific impulses.

This chapter will investigate the history of electrospray propulsion, the target market
for electrospray propulsion, propulsion performance parameters, and ionic liquid ferrofluid

electrospray.

1.1 Application of Electrospray Propulsion

In 1999, a trio of researchers from California Polytechnic State University and Stanford
started what would eventually develop into the cubesat standard nanosatellites. The
standard specifies a 1-U 10x10x10 cm cube form factor which integrates satellite with a
deployment system, called a P-POD. A satellite can be composed of multiple units, with a
3U 10x10x30 cm form factor being very popular.

The adoption of the standard combined with the increased availability of low-cost
commercial off-the-shelf (COTS) electronics and willingness of launch providers to allow
ride-along secondary payloads has resulted a rapid growth in CubeSat launches. A
nanosatellite database compiled by nanosats.eu shows that as of the 1% of January 2018,
811 satellites abiding by the CubeSat standard have been launched.® Companies and
universities are the leading developers of CubeSats.

Quick to design and build, low-cost and capable of being deployed in large numbers
these satellites have potential applications ranging from Earth observation and sensing,
communications, and space exploration. Unfortunately, the lack of an efficient propulsion
systems has limited CubeSats from reaching their full potential. Differential drag can be
used to help phase a constellation of satellites in an orbital plane,” however, drag

compensation, plane changes, and raising an orbit all require controllable propulsion.

¥ Nanosatellite Database by Erik: http://www.nanosats.eu/index.html#database
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The CubeSat standard limits the amount of stored chemical energy permitted onboard
the satellite without a waiver to protect the primary and other secondary payloads. Because
of these strict launch restrictions, few viable propulsion systems exist. Cold-gas thrusters
are ineffective at providing any considerable Av to the spacecraft due to their lack of
energy. '© Traditional electric propulsion systems like Hall-thrusters and gridded ion
thrusters are unable to scale to the size levels of these satellites while maintaining a
reasonable level of efficiency. Consequently, electrospray propulsion has received

considerable attention to provide nanosatellites with in space propulsion.

1.2 Electrospray Propulsion — Past and Present

Electrospray was first investigated as a potential means of providing spacecraft
propulsion in the 1960s and early 1970s. The early thrusters developed used a glycerol
propellant doped with agents to increase their conductivity.!" '* Early research into
electrospray propulsion faded in the 1970s, which has been attributed, in part, to (1)
improved performance of competing propulsion systems, (2) an inability to achieve the
required levels of thrust, and (3) technical challenges related to the high voltages required
to achieve emission using propellants available at the time.'? Interest in the technology was
recently renewed primarily as a result of miniaturization of spacecraft. Additionally,
developments in electrospray'® and MEMS manufacturing pioneered by other fields has
overcome many of the challenges faced by early researchers.

Various approaches have been employed for the design electrospray thruster. In 2015,
MIT developed the Scalable ion Electrospray Propulsion System (S-iEPS) thruster which
is manufactured via laser ablation of porous glass to provide hydraulic impedance.!* Two
graduate students from MIT worked to commercialize this technology which is sold by
Accion Systems. The University of California Irvine recently demonstrated a 64 emitter
MEMS fabricated microchannel thruster etched out of silicon with microchannels for flow
impedence.? Researchers at EPFL also fabricated a thruster using MEMS fabrication but

filled the emitter capillary with microbeads to provide hydraulic impedance.'® This was by



no means a comprehensive list of all the research being performed on electrospray thrusters
and 1s simply intended to present a list of the paths being pursued.

Current research utilizes room temperature ionic liquids for the spray fluid, which are
often simply referred to as ionic liquids (IL). Ionic liquids are best described as room
temperature molten salts. As a result of their ionic forces within the liquid and the low
melting point, these fluids have extremely low vapor pressures'®—a fluid property ideal
for electrospray propulsion, otherwise the propellant will evaporate in a vacuum without a
heavy pressure vessel or a propellant cooling system. lonic liquids also have favorably high

7 a range of conductivities enabling the ionic

conductivities ranging from 0.1-1 S/m,'
emission electrospray regime to be achieved.'® Electrospray propulsion systems operating
in the ionic emission mode, rather than the droplet mode, achieve a higher specific impulse
while having a lower thrust-to-power ratio. Performance characterization of electrospray
thrusters will be elaborated on in the Section 1.3.

From a propellant storage standpoint, ionic liquids have excellent propellant storage
densities without using pressurized storage vessels. EMIM-Ntf2 and EMI-BF4, two
common ionic liquids used in electrospray propulsion research, have densities of 1523
kg/m® and 1294 kg/m?, respectively.!” By comparison, Xenon, a common propellant
utilized in Hall-effect and gridded ion thrusters at 50 °C requires a storage pressure of 126
bar to obtain storage density of 1500 kg/m>.

In December 2015, Busek Co. Inc became the first company to have a flight-qualified
electrospray thruster launch on the LISA Pathfinder spacecraft.?’ In November 2016, an
electrospray thruster developed by the Space Propulsion Lab at MIT was launched aboard
two AeroCube 8 cubesats, built by the Aerospace Corporation. At the time of writing, no

published work regarding the on-orbit performance of these thruster was found in the

literature, likely a consequence of the recent mission launch dates.

1.3 Performance Characterization

To analyze the propulsive performance of an electrospray thruster, we will first

investigate an idealized thruster. For this, we will consider an electrospray thruster which



emits a single species of particles with a mass m and charge g and have an initial

electrical potential J'. This can be considered an ideal electrospray thruster and provides
an excellent metric for the role of particle mass-to-charge ratios on power and thrust. As
the particles travel through the electric field towards the extractor electrode, electrical

potential energy is converted into kinetic energy—accelerating the particles.

1
—mvfqu = v, = 21V (1.3)
2 m

If the emitted particles possess no off-axis velocities, thrust produced by the electrospray

d 2V
T, =(mv)=1 " 1.4
ideal dt (mve) q/m ( )

where [ is the total emission current. Substituting Eq. (1.3) into Eq. (1.2) yields the ideal

source becomes:

specific impulse for this electrospray thruster:

[ =Y = 1 L hay (1.5)

sp sp,ideal =
&o g V. m

If no electrical inefficiencies are present within the system, the thrust-to-power ratio

T 2
_J _ [2m (L6)
P ideal qV

From Eq. (1.4), it can be observed that thrust can be increased by increasing emission

becomes:

current, the mass-to-charge ratio of the emitted particles, or by increasing the extraction
voltage. However, increasing the mass-to-charge ratio has the adverse effect of decreasing
specific impulse (Eq. (1.5)) while increasing the thrust to power ratio (Eq. (1.6)). The

optimal propellant and electric propulsion technology will ultimately depend on more than
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just specific impulse. Factors including mission requirements, power limitations, ionizing
energy, and storage capacity must all be considered. For example, a higher thrust, lower
specific impulse thruster operation could be desirable if a more rapid orbital transfer is
acceptable at the cost of more propellant.

The efficiency at which the available electrical power on the spacecraft is utilized in

the production of thrust can be described by the thrust power efficiency factor 7); :

T2
- 2P,

Mr (1.7)

For the idealized thruster model discussed previously in the section, 7}; will simply be 1.

However, the assumption that all particles are emitted at the same mass-to-charge ratio
deviates significantly from what is observed in practice for electrospray and colloid
thrusters. Additionally, emitted particles are not born at a uniform potential /' and often
have oftf-axis velocity components.

Lozano presented a model to describe the efficiency of a thruster that bridges the gap
between the idealized thruster previously discussed and a physical thruster. In his model,
the thrust efficiency is expressed as a product of individual factors which contribute to the

overall inefficiency.?! This relation becomes:
My = 771'77;7797757713 (1.8)

in which 7]; and 7], are the ionization and transmission efficiencies, respectively. These

terms account for account for inefficiencies in ionizing all of the available propellant and

intercepted current by the extractor or accelerator. The angular power efficiency is
expressed as 7], while 7]; is the energy efficiency, which accounts for the inefficiencies

resulting from not accelerating a particle to the full extraction potential. Finally, 77, is the

polydispersive efficiency, which accounts for energy wasted accelerating particles of

different charge-to-mass ratios. Note: Eq. (1.8) makes the assumption that the efficiency



factors are completely decoupled and that there is, for example, no angular dependence in
the polydispersive efficiency. In practice, some terms are observed to have angular
dependence; however, this model serves as a concise statement of various factors impacting
efficiency.

Real thrust production and power efficiency can be determined experimentally from
one of two approaches; through direct measurement or indirectly by determining angular
divergence and simultaneous measuring the distribution of the charge-to-mass ratio and
electric potential. A direct measurement of thrust can be difficult to achieve. Thrust
produced by existing electrospray thrusters, which contain multiple thruster units, ranges
up to 100 uN.?? The precise design, calibration, and measurement noise intrinsic of these
systems presents formidable challenges. However, thrust stands have been developed to
achieve measurements in this range.?* 24

Indirect measurements to obtain a thrust are not free of imposing challenges. The
comprehensive set of measurements necessary with minimal approximation would require
the net emission current and mass-to-charge ratio spectrum at each retarding potential.
These measurements must be taken at each angular location within the spray. Such a
compilation of measurements could be obtained by integrating a retarding potential
analyzer with a time-of-flight mass spectrometer. However, certain assumptions can be

employed to simplify indirect measurements with only minimal loss in accuracy.? %

1.4 Ionic Liquid Ferrofluid Electrospray Thrusters

In 2013, Meyer and King at Michigan Technological University were the first to
demonstrate that electrospray emission can be achieved ionic liquid ferrofluids (ILFF).%%-
28 At the time of their research, only one other publication could be found to exist in the
literature dealing with electrospray from any ferrofluids. This research, conducted by
Mkrtchyan et al, used a very low conductivity fluid.?® A ferrofluid is an intriguing class of
colloidal fluid. These fluids exhibit super paramagnetic behavior, and will be discussed in
detail in Chapter 3. For now, these fluids are special because they exhibit an ability to form

sharp peaks in the presence of a magnetic field. Meyer and King’s technique utilizes this



ferrofluid instability to create the initial concentration in the electric field necessary to
achieve electrospray emission. When an electric field is applied to this formation, the peaks
grow and become progressively sharper until electrospray emission can be achieved from

one or more of the peaks. The process of emission is discussed in Figure 1.2:

(a) (b) (c)

ﬁ——v

Figure 1.2: Electrospray emission from a combined ferro-electrohyrodynamic
instability: (a) In the absence of an applied field, a sessile drop of ILFF spreads. (b)
The application of a magnetic field stresses the fluid interface resulting in the fluid
rising into a peak. (c) Finally, the addition of a strong electric field further stresses
the fluid interface until emission results. The onset potential required for the
combined ferro-electrohydrodynamic instability is less than the potential required to
emit from configuration (a) as a result of the preconditioning provided by the
magnetic stresses isolated in (b).

Meyer developed a 5-tip electrospray emitter. This emitter struggled to achieve steady
simultaneous emission from all emission sites, although this is not an uncommon issue in
electrospray. During this research, Meyer demonstrated that his ferrofluid electrospray
emitter was capable of self-repair after a destructive event such as emitter to extractor
arcing. In such a case, the fluid was observed to simply reflow towards the emission site,
the peak would reform, and emission would restart. Work by Meyer also investigated the

spacing between the normal-field instability in non-uniform fields.*
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Figure 1.3: Electrospray emission from an emitting peak formed using a combined
magneto-electric instability.

Kurt J. Terhune conducted additional work in ionic liquid ferrofluid electrosprays.
Work performed by Terhune focused primarily on emission from capillary needle sources
such that comparisons could be made against traditional electrospray emitters. Terhune’s
work collected time-of-flight mass spectrometry measurements and retarding potential
analyzer (RPA) spectrum for ferrofluid of varying nanoparticle concentrations in magnetic
fields.*!"** Terhune found that the minimum stable flow rate of a capillary source decreased
when an ionic liquid ferrofluid was sprayed in the presence of a magnetic field.
Experiments performed by Madden discovered a similar trend.*® Terhune also performed
time-of-flight mass spectrometry measurements on a normal-field emission source, similar

to that shown in Figure 1.3, and found the source to emit in a mixed ion-droplet mode.
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Chapter 2 Overview of Electrospray and
Electrohydrodynamics

When a strong electric field is applied to a conductive, or dielectric liquid drop, which
is surrounded by an insulating medium, a droplet will stretch due to the electric field. The
interface geometry of the droplet will be a balance between the capillary stress, internal
pressure, and the electric stresses. For the case of a highly conductive fluid at equilibrium,
the interface balance becomes:

2.1)

mean

Ap+%go (Eﬁ)2 =2yR

where Ap is the difference in hydrostatic pressure across the fluid interface, (1/ 2)8OE % is
the electric stress on the interface, and 2YR, . is the capillary stress. The component

R, .. is the mean curvature at the interface location.

For a sufficiently strong electric field, a condition can be achieved whereby the electric
stresses will become too large to be constrained by the capillary stress. At this point, the
meniscus will form into a structure known as a Taylor cone.>” When this limit is reached,
a phenomenon occurs whereby a spray of fluid results at the apex of the deformed meniscus
which will then accelerate in the direction of the applied field. This process has been termed
electrospray.

To reduce the electric potential required to achieve emission, a supporting structure
such as a capillary or externally wetted needle is used to enhance the electric field. The

emission from the meniscus can be a jet, ions, droplets, or a combination of the previous.
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The mode of emission depends deeply on the fluid properties, emitter type, and the
operation mode of the emitter. '3 3840

Extraction Electrode

/— Capillary Needle

Fluid Apex

Electric Stress
Capillary
Pressure

Electric Field

..

Figure 2.1: (Left) Diagram of an electrospray emission source. The fluid meniscus is
stretched by applying an electric potential between the capillary needle and
extraction electrode. (Right) Sectional view of the fluid meniscus.

Ions &
Droplets

Figure 2.2: Fluid meniscus of an emitting Taylor cone. Emission can take the form of
a jet, ionic emission, or a combination of both. The mode of emission that develops
will depend on the emitter configuration and fluid properties. The jet length L is a
function of the fluid conductivity and surface tension.*!

Figure 2.1 shows the basic setup of an electrospray apparatus. In this setup, fluid is fed
to the emission site through a capillary needle. An electric field applied between the needle
and extraction electrode stressed the fluid meniscus until a cone forms. Once the electric
stress overcomes the surface tension emission will occur, a process which is illustrated in
Figure 2.2. Depending on the properties of the sprayed fluid, a jet may form, the length of

which is found to be strongly dependent on the conductivity and surface tension of the
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fluid. Higher conductivities and higher surface tensions yields in a shorter jet length.?% !
For high conductivity liquids, like those of liquid metals or ionic liquids, pure ionic
emission can be achieved for which droplet and jet formation does not occur.*® 3° For ion
emission to develop, electric fields on the order of 1 V/nm are necessary.*?

The spray illustrated in Figure 2.2 will experience a certain level of divergence. This
divergence can result from numerous factors, originating within the plume or at the location
of emission. Within the plume, space charge will result in a self-repulsion force which can
result in a radial spreading of the beam. Likewise, fragmentation of emitted ion clusters
and droplets can produce offspring with strong mutual repulsion capable of providing
radial velocity components. The emission dynamics, illustrated in Figure 2.2, also has
considerable influence on the spray distribution. At the emission site, the geometry of the
cone-jet region can produce areas of intense electric field with considerable radial
components, which can generate a non-zero radial term in the velocity vector of the emitted

ions and droplets.

2.1 History of Electrospray

The first observations of this phenomena were taken centuries ago by Jean-Antoine
Nollet at a time when the understanding of electricity was still in its infancy. In 1750,
Nollet, comically noted that “a person, electrified by connection to a high-voltage
generator, would not bleed normally if he were to cut himself; blood would spray from the
wound.” "** One of the early pioneers of electrospray was John Zeleny, who did research
focusing on both liquid metal and non-metallic liquid sprays.*> 46
Possibly the most renowned researcher of electrosprays is G.I. Taylor who developed

the theoretical foundation of electrospray physics. Taylor is perhaps best known for his

* Jean-Antoine Nollet conducted numerous experiments with electricity. In one
experiment, he attempted to measure the speed of electricity by connecting 700 people in
a human chain and measuring how quickly the shock propagation through the chain. Nollet
also used electricity to try and heal paralysis and control growth rate as well as studying
the sweating behavior of electrified animals.*?
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mathematical description in his 1964 paper titled “Disintegration of Water Droplets in an
Electric Field.” This analysis yielded the 49.3° half angle limit for the Taylor cone
interface.’”- 47> 48 The theory developed can also be used to describe electrospray emission
from needle sources.

In 2002, the Nobel Prize in chemistry was awarded in part to John Fenn, whose research
in electrosprays is utilized in mass spectrometry systems to identify large biological
molecules.*’ In addition to being a propulsion source for satellites, other applications of
electrosprays include: pharmaceutical production, nano-manufacturing, liquid-metal ion

sources.

2.2 Electric Stress Tensor

Before proceeding to discuss the electrostatic stress tensor, it may be helpful to briefly
review concepts in electrostatics. For an electrically insulating material, the effect of the

electric field causes bound electrons within a molecule to separate, resulting in each
molecule possessing a dipole moment. The polarization field, P, is a measure of this dipole
moment per unit volume. The combination of the electric field, E, and polarizing field

yield the displacement field D . The displacement field can also be expressed in terms of

the relative permittivity &€, per Eq. (2.2).
D=gE+P=c¢,E (2.2)

For non-linear mediums, the relative permittivity can depend on the electric field. The

resulting stress tensor, T, , for such a non-linear incompressible fluid becomes:®

e

T :{—E-D+

S e )

E-dﬁ}nDE (2.3)
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2.2.1 Electric Body Forces

The electric body force density on an element of fluid is equivalent to the divergence

of the electric stress tensor:

- .1 1
f=V.T = —qE—EE2V5+V[EeaE2j 2.4)

The first term, qE is the coulomb force and is dependent on the free charge density ¢ .

The second term is the dielectric force and results when a non-homogeneity exists in the

dielectric medium. The third term is the electrostrictive pressure where a is a
compressibility coefficient of the dielectric fluid, equal to a :( o/ 8)(88/ 8p)T 3% For a

material that lacks free charge, the first term becomes zero. Likewise, for an incompressible
medium, the third term is also zero. Finally, for the work presented in this dissertation, no
factors are present (e.g., temperature gradient or colloid concentration gradient) to result in
a gradient in the dielectric constant within the fluid. Therefore, it is safe to assume that no

electric body forces are present in the work entailed herein.

2.2.2 Electrohydrodynamics Interface Stress Component

In this subsection the interfacial stress will be presented. It will be assumed that one of
the fluids is a perfect electrical conductor. One parameter to consider is the relaxation time,
which is an approximation of the time required for free charge to migrate towards the
surface of the conductor. The relaxation time is a function of material conductivity and

permittivity and represented as:>!
r =% 2.5)

where K is the fluid conductivity. The conductivity of ionic liquids are frequently on the

order of 1 S/m,"” while the dielectric constant of these fluids can be on the order of 10.%2
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The resulting electrical relaxation time, 7., is on the order of 1x107'° seconds, a time

frame much faster than the fluid relaxation time for a non-emitting meniscus for which the
subsequently presented equations are applicable.” Therefore, it is fair to assume the fluid
to be a perfect electrical conductor and there is no internal electric field before onset of
emission.

Consider the fluid interface shown in Figure 2.3, discontinuities in the electric
components of the Maxwell stress tensor over the fluid surface, resulting from a change in

materials, results in a stress on the fluid interface.

Fluid 1
G, €

Fluid 2
G2, &

Figure 2.3: Fluid interface of high permittivity fluid (Fluid 2) with low permittivity
fluid (Fluid 1).

The normal and tangential components of the electric surface stress can be determined in
terms of the stress tensor of both medium evaluated along the interface. The stress vector

along the fluid interface becomes:
e,2 (26)

This stress tensor can be resolved into its respective normal and tangential components.

For now, only the normal component will be investigated:
A=A-T, 2.7)

Substituting Eq. (2.3) into Eq. (2.7) , the electric surface stress becomes:
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1
nelec — (glEj,l _ngj,z)_E(glElz _ngzz) (2.8)
A step-by-step approach for this derivation can be found in Appendix A.
If medium 2 is highly conductive, the previous equation can be greatly simplified. For

a perfect conductor, the internal electric field is zero. Additionally, applying the tangential
constraint from the electric field boundary conditions yields: E,, = E,, =0. The simplified

form for a highly conductive fluid becomes:

Gconductor — %80E12 (29)

n,elec

When a similar approach is utilized to determine the tangential stress components, it
can be found that in the absence of surface charge, there is no tangential stress, regardless
of the conductivity of the fluid. Consequently, electric tangential stress does not play an
active role in the equilibrium interface of a ferrofluid. A full proof for this relation can be
found in Appendix A.

The equilibrium geometry of a fluid interface is dependent on the fluid surface tension,
interface stresses, and static pressure difference over the interface. This equilibrium is

described by the following differential equation:

n-T,-n-T,=y(V,-2)i-V,y (2.10)

In which T is the fluid stress tensor, y is surface tension between the two fluids, and V,

is the tangential gradient along the fluid interface. If one fluid is assumed to be a perfect
conductor, substituting the terms in Eq. (2.3) into Eq. (2.10) yields the electrically

augmented Young-Laplace equation when one fluid is a perfect conductor:

1
Ap+—e,E>=—y(V,-h)=V
p+280 1 7/( t n) ty (2.11)

=2yR

mean
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If there is no gradient in the surface tension, the capillary force can be expressed as

20R where:

mean

2R ==V -n (2.12)

mean t

Gradients in surface tension can result from a temperature gradient along the interface or

due to a gradient in the concentration of a dissolved species (e.g. Marangoni effect).
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Chapter 3 Ferrofluids and Ferrohydrodynamics

Ferrofluids, also referred to as magnetic fluids, are superparamagnetic liquids. In the
absence of any magnetic field, these fluids behave like any other fluid. When in presence
of a magnetic field, they become strongly magnetized. The magnetization of these fluids is
a consequence of nanoscale ferromagnetic particles suspended within the fluid which
respond to an externally applied field. The resulting magnetic stress tensor adds additional
physics to the fluid dynamics when the fluid is present within a magnetic field. The study
of ferrohydrodynamics is dedicated to this phenomenon.

Within this chapter, the terms ferromagnetic and paramagnetic will be used frequently.
Ferromagnetic materials have magnetic domains, large-scale order, and demonstrate
permanent magnetism. However, when ferromagnetic materials are heated, the magnetic
properties degrade with increasing temperature and subside completely at the Curie
temperature. For all known ferromagnetic materials, the Curie temperature is less than the
melting temperature — preventing a genuinely ferromagnetic fluid.

A paramagnetic material does not exhibit magnetic domains or large scale order, but
will become magnetized in the presence of a magnetic field. Weakly paramagnetic fluids
can be found to naturally occur. Liquid oxygen, as well as certain salt solutions like
manganese (II) nitrate, for example, exhibit a weak paramagnetic attraction to a magnet.

This attraction requires strong magnetic field gradients. Ferrofluids exhibit a much stronger

response, with a magnetic susceptibility, %, , orders of magnitude higher than natural
paramagnetic liquids ( %, =1.56 for Ferrotec EFH1 at room temperature compared to

7, =3.44x107 for liquid oxygen at 90 Kelvin).>*

21



Ferrofluids are composed of nanoscale single-domain ferromagnetic particles” coated
with a surfactant and suspended within a carrier fluid to form a colloid. The surfactant helps
to suspend the particles the carrier liquid, which is most often water or long-chain liquid
hydrocarbons. The simplest surfactants are typically composed of long chain molecules.
The head of these molecules attach to the nanoparticle surface while the tail has similar
chemical and physical properties as the carrier fluid which enables the tail to mix with the
carrier fluid. More advanced surfactants can be used which contain polymer chains
containing individual structures akin to the single chain surfactant.> Additionally, the
surfactant separates the magnetic particles—inhibiting mutual attraction and
agglomeration of the particles. Brownian motion prevents the particles from clumping or
settling, even in the presence of strong magnetic and gravitational fields.

In the absence of an external magnetic field, the particles are randomly orientated and
their rotational motion is dominated by kinetic energy. When an external field is applied,
particles will rotate such that their magnetization aligns with the direction of the local field.
The collective effect of these ferromagnetic particles results in the liquid exhibiting a
superparamagnetic behavior. This process is illustrated in Figure 3.1 and a mathematical
relation describing the arrangement of the particles with the local field is presented in
Section 3.1.

The first patent for a ferrofluid was filed by Stephan Papell in 1963.%° In his patent,
Papell created a kerosene based fluid. He envisioned the magnetic properties of this fluid
could be harnessed to draw the ferrofluid (i.e. propellant) towards the turbo pump inlet for
a rocket engine in a weightless environment. Papell’s vision was never developed.
However, since their genesis, these magnetic fluids have found numerous applications
including cooling and dampening of audio speakers,’” rotary seals,’® and self-lubricating
bearings.’® In the bio-medical fields, ferrofluids have received considerable attention for
applications such as targeted drug delivery,®® MRI contrast agents, and magnetic
hyperthermia®! — a promising potential cancer treatment which involves localized heating

of targeted tissue with the use of magnetic fluids and alternating magnetic fields.

* Iron, Nickel, Cobalt, and Magnetite (Fe2Os) all demonstrate ferromagnetism.
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Figure 3.1: (Left) Magnetic nanoparticles are coated with a surfactant, which serves
to suspend the particles in the carrier fluid. (Center & Right) Particles are randomly
oriented in the fluid in an absence of a magnetic field. In the presence of the field,
particles align with the local field direction.

®
- Carrier Fluid @ @ @
® ® ®

Magnetic Particle

These fluids demonstrate several documented instabilities, e.g. normal-field instability,
thermomagnetic convection, and the fingering instability. Possibly the most eminent of
these instabilities is the normal-field instability. This instability results when these fluids
are subjected to a magnetic field, a series of valleys and peaks form, which is also often
referred to as the Rosensweig instability. The shapes of these peaks are dependent on the
fluid properties of the ferrofluid and the nature of the applied magnetic field.

Although ferrofluids have existed since the 1960s, vacuum-based applications have
been hindered since typical carrier fluids will evaporate rapidly in a low-pressure
environment. In 2011, a new class of ferrofluids was synthesized, using ionic liquids as the
carrier fluid. These liquids are referred to as ionic liquid ferrofluids (ILFF). The first stable
ionic liquid ferrofluid was developed by Jain, Zhan, and Hawkett.®* Since then, stable
ferrofluids with ionic liquid carrier fluids have been synthesized by various researchers.®
%5 When magnetic nanoparticles are suspended within an ionic liquid, the colloid maintains
the low vapor pressure, high conductivity, and a viscosity comparable to that of the parent
ionic liquid, as well as becoming superparamagnetic. The properties of these fluids make
them well-suited for the requirements of electrospray propulsion. The paramagnetic ionic
liquid maintains its ability to be stressed by electric fields while gaining the ability to be

stressed by a magnetic field.
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3.1 Magnetic Properties of Ferrofluid

The behavior of magnetic nanoparticles in a ferrofluid are liken to molecules in a
paramagnetic gas. If no field is present, only thermal aggregation influences particle
alignment. Consequently, the particles are randomly oriented, and the medium exhibits no
magnetic behavior. As a magnetic field is applied, particles are inclined to align in the
direction of the field and contribute to the overall strength of the field. The strength of this
inclination is dependent on the ratio between the magnetic energy and the thermal energy
of the particle. As the magnitude of the field strength increases, the probability of the
particles aligning with the applied field increases until a point at which saturation can be
achieved. The mathematical relationship describing this process is adapted from

Langevin’s classical theory of magnetism and can be modeled as follows:

M 1
L(a)=——=cotha —— (3.1)
oM, a
Where the energy ratio « is:
M Hd’
o= LT, mi (32)
6 kT kT

Given that L (a) denotes the Langevin function, M is the magnetization of the ferrofluid,

¢ is the volume fraction of the magnetic nanoparticles, M, is the saturation

magnetization of the material of which the nanoparticles are composed. The derivation of
this relation can be found in Chapter 2 of Ferrohydrodynamics by R.E. Rosensweig.>> The

Langevin relation for increasing particle sizes is presented in Figure 3.2:
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Figure 3.2: Ideal magnetization curves for magnetite nanoparticles (For Ma =
4.45x105 A/m)

From the previous figure, it can be seen that the magnetization ratio, M / @M , , increases

as particle size increases for the same field strength. This relationship is limited since an
upper limit exists on particle size to prevent settling of the particles.

The magnetization curves presented in Figure 3.2 can be obtained for a real ferrofluid
using a vibrating sample magnetometer (VSM). The VSM magnetizes a small sample of
magnetic material such that it can be approximated as a magnetic dipole. The sample is
then vibrated in a direction perpendicular to the applied field. A pair of pickup coils
centered on an axis of vibration pick up an induced voltage from the vibrating sample.
From the induced voltage in the coils, the dipole moment and fluid magnetization of the
sample can be derived.®® By sweeping through a range of applied field strengths, the
magnetization curve can be as obtained at a specified temperature.

For real ferrofluids, the mathematical description presented in Eq. (3.1) may not
sufficiently describe fluid magnetization through the range of zero field to fluid saturation.
When considering paramagnetic gasses like oxygen, all the molecules are virtually
identical, thus the Langevin relation performs extremely well describing observed
behavior. Within real ferrofluids, the nanoparticles have a distribution of sizes and a range

of magnetic moments.%” Therefore, it may be necessary to fit only small sections of the
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curve with the Langevin relation or use a non-physical relation, such as a high-order

polynomial, to obtain an adequate correlation.

Knowledge of the M (H ) relationship for a ferrofluid is an essential component the

fluid magnetic stress tensor. The fluid stress tensor is presented in detail in the next section.

3.2 Magnetic Stress Tensor

Before proceeding further, it becomes helpful to discuss three quantities in magnetism

that can be somewhat ambiguous. These terms are B , M , and H , and are related by the

following relation:

BEﬂO(HH\Z) (3.3)

As previously introduced, M is the material magnetization. However, there is a lack of

consensus in the naming of the terms B and H . The B term, having units of gauss, is

often referred to as the magnetic field, magnetic flux density, or magnetic induction.

Meanwhile, the term H , having units of 4-m™'

, 1s called the magnetic field, magnetic
field intensity, or the magnetizing field.%® For consistency in this dissertation, B will be

referred to as the magnetic field, and H will be referred to simply as the H-field or the
magnetizing field.
For a paramagnetic material, the magnetization vector field is collinear with the H-field

which allows the magnet field to be expressed in terms of the H-field and the relative

permeability of the fluid, 4, :

For a non-linear magnetic material, relative permeability becomes a function of the H-field

such that u = ,ur(H ) The magnetic stress tensor for an incompressible non-linear

magnetic fluid is:%
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H
T, :—{yOIMdH+%yOH2}I+§I—7 (3.5)
0

3.2.1 Magnetic Body Forces

The magnetic body force density on an element of ferrofluid i