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Abstract

The low thrust, high specific impulse, and low mass of electrospray thrusters (ETs) make them
ideal for maneuvering nanosatellites, especially with the new requirement to deorbit a satellite within five
years of completing its mission. These innovative thrusters use electrohydrodynamic principles of
electrospray (ES) to provide thrust. These principles have been subject to much research over the past
decade, though much more research is needed to fully understand the underlying physics of these thrusters.
The first part of this study establishes a procedure for analyzing the theoretical thrust performance of an
ET, by using propellant properties and well-documented ES scaling laws to identify the ES mode and
governing equations applicable to the ET of interest. Next, this procedure is demonstrated by analyzing a
novel ET in development at the University of Tennessee Space Institute, which culminates in the
comparison of three theoretical thrust density and specific impulse equations based on geometry, electric
pressure, and Ohmic conduction. The second part of this study will focus on a numerical analysis of ES
produced from a concave meniscus using ANSYS Fluent. The novel ET will use capillary action to drive
propellant through its capillaries, unlike most ETs that use a pump. The capillary action will result in the
propellant forming a concave meniscus at the end of the capillary. There is little research on whether a
concave meniscus can produce ES, because most studies assume the meniscus is initially flat or in the
Taylor cone shape. This model will focus on ES on the microscale using a low-conductivity fluid flowing
through a charged capillary. The numerical model used in this study is verified by comparing the jet
diameter produced by the model with well-established microscale ES scaling laws for the jet diameter. The
results of this numerical model show that it is possible to produce a Taylor cone and an unsteady jet from a
concave meniscus. Finally, this study will make recommendations on future work for analyzing and
understanding the underlying physics of ETs.
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Chapter 1: Introduction

1.1 Electrospray Thruster Overview

Electrospray thrusters (ETs) are an electrostatic satellite propulsion technology that relies on the
physics of electrospray (ES) to produce thrust, typically on the order of a few tens of uN. ES is a technique
that involves a combination of electrohydrodynamics (EHD) and electrostatic acceleration to produce a
stream of high-velocity particles and droplets from conductive liquids and eject them from the device. To
execute this technique, an electric potential is applied between a fluid surface and an extraction grid. This
electric potential produces an electric field that deforms the fluid into a Taylor cone due to a balance created
between the electric force and the surface tension of the fluid [1]. If the fluid is fed into the Taylor cone at
a sufficient flow rate, fluid is ejected from the cone's apex as a steady jet and accelerated by the electric
field [2]. Small perturbations develop along the jet length to a breakup point, where monodispersed charged
droplets are produced [3, 4]. The size and charge of these droplets, as well as the resulting current emitted
via the jet, are dependent upon the physical properties of the fluid and the flow rate [2, 4]. Besides droplets,
it is also possible for ions to be produced at the breakup point depending on the strength of the electric field
and the electric conductivity of the liquid propellant [5]. Figure 1 shows a schematic for the general
configuration of an ES device.

The ES phenomenon has been researched extensively over the past century for applications in
various technologies. Starting in the 1950s, ES became a desired technique for spacecraft propulsion, and
it has become an important technology for modern nanosatellites [6]. Besides electric propulsion, one of
the first applications of ES was for inkjet printers, which were heavily developed throughout the 1960s and
>70s [6]. Also, ES was found to be useful for spraying complex surfaces, because electric field lines can
terminate on surfaces not “seen” by a spray nozzle. A good example of this is using ES to distribute
pesticides on vegetables like cabbage [6]. Another useful application of ES is in spray painting, as it can be
used to provide a uniform, continuous spray [6, 7]. ES has been investigated for use in combustion systems
as a method to inject hydrocarbons into a combustion chamber, although ES injectors are not currently a
widely used technology [8]. Importantly, in the mid-1980s, interest in ES exploded after it was demonstrated
that electrospray ionization could be used in the mass spectrometry of biomolecules, and this analysis
technique is still used extensively today [9].

As ES technology has matured, the need to understand the physics behind the ES phenomenon has
grown and numerical simulations have become an important means of studying ES. This is because
numerical simulations are a powerful tool for studying physical phenomena due to their low cost, rapid
iterations, and ability to change geometries and operating conditions to match real-world scenarios. It is
also useful because the extremely small size and time scales of ES make it difficult to observe directly.
Many attempts have been made to develop numerical simulations for ES across multiple software suites
and for a range of applications over the past two decades with varying success. Establishing proper
numerical methods for the study of ES will be essential in the continued development of ES devices.

1.2 Background and Relevance

Nanosatellites are an emerging space technology with a mass of 1-10 kg. They are driving
innovation in space because they provide a cost-effective method to deploy new technologies into Low
Earth Orbit (LEO). As of May 2023, 2,286 nanosatellites have been launched; another 2,080 are expected
to be launched over the next five years [11]. Unfortunately, only around six percent of these nanosatellites
have been launched with a propulsion system [11]. Despite the many benefits of nanosatellites, space
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congestion is a rapidly growing concern in the space community, and without a propulsion system, the
increase in nanosatellite launches will likely compound this issue. Not only are satellites without propulsion
systems unable to deorbit themselves, but they are also unable to perform maneuvers to avoid collisions
with other satellites. To mitigate this concern, the Federal Communications Commission (FCC) has issued
a new rule requiring satellites in LEO to deorbit within five years following the completion of their mission
[12]. This is a dramatic change to the previous requirement of 25 years to deorbit, and for many
nanosatellites this new timeline is impossible to achieve without a device to assist in deorbit. Drag-
enhancement devices could be used to assist in deorbiting a nanosatellite. However, unlike drag-
enhancement devices, propulsion systems can perform precise collision avoidance maneuvers, mitigating
any risk of collision during a nanosatellite mission or deorbit maneuver. A propulsion system can also
provide additional capability to a nanosatellite, such as attitude control and station-keeping capabilities.

1.3 Micro-propulsion Overview

To understand the attraction of ETs for nanosatellite propulsion, an analysis of spaceflight
parameters and a comparison of micro-propulsion systems is required. There are many things to be
considered when determining the suitability of a propulsion system for a spacecraft mission, but common
to all missions are the requirements for thrust, total impulse, specific impulse (Isy), Av, mass fraction, and

power. To begin the analysis, consider the force balance for a spacecraft in a gravitational field which is
given by [13]:

mv = mu, + Fg, (1.1

where m is the mass of the spacecraft, ¥ is the acceleration, 7 is the mass flow rate of the propellant, u, is
the exit velocity of the propellant, and F 4 is the force from gravity. The thrust of the spacecraft is given by

the first term on the right-hand side of (1.1) and can be written as [13]:
T = mu,, (1.2)

where T is the force from thrust. By integrating (1.2) over the timespan of the spacecraft’s mission, the total
impulse required for the mission is found to be [13]:

— -
It = fto Tdt = mpue, (13)

where m,, is the mass of the propellant, ¢, is the initial time of thrust, and ¢ is the final time of thrust. By
dividing (1.3) by the weight of the propellant, the following equation for I, is established [13]:

mpue U

ISp mpg g’ (1.4)

where g is the acceleration due to gravity. Now, rewriting (1.1) in terms of Iy, and assuming the local
gravitational force is negligible results in [13]:

my = tglg,. (1.5)
Next, integrating (1.5), an equation for the magnitude of the velocity increment required for the mission is:

[dv = [y gm,

= Mo
Av = glgyIn —

(1.6)



where m is the initial mass of the spacecraft and my is the final mass of the spacecraft. Solving for the
ratio of final and initial propellant mass, otherwise known as the mass fraction, yields:

To = exp (_M).
myg 9lsp (1.7)
With the governing equations established, it becomes clear from (1.2), (1.6), and (1.7) that
achieving the desired thrust and Av for a mission is ideally accomplished through high exhaust velocity
values instead of high amounts of propellent mass ejection. This avoids prohibitively high mass fractions
for the spacecraft [13]. It is also important to note that based on (1.6) and (1.7), achieving a large Av for a
mission does not require a large amount of thrust if the propulsion system has a large I, and assuming
there is enough time to the Av. Thus, a propulsion system with high I, and exit velocity is desirable for
any mission, especially for small spacecraft such as nanosatellites that cannot afford a large mass fraction.

Now armed with the parameters that are important for nanosatellite propulsion, it is worth analyzing
the available micro-propulsion systems that achieve these parameters. Micro-propulsion systems can be
divided into Cold/Warm Gas, Chemical, and the three electric propulsion categories: Electrothermal,
Electromagnetic, and Electrostatic. Figure 2 compares the thrust, I5,, and mass of micro-propulsion systems
across all five categories. Based on Figure 2, electric propulsion systems, and more specifically
electromagnetic and electrostatic systems, have the high Isp desirable for high Av missions. However, the
high I, found in electric propulsion systems does not come without penalties, namely in the form of a large
power supply, which adds to the mass of the system and can cause problems for small systems like
nanosatellites through electromagnetic interference (EMI). The mass of the power supply will likely scale
linearly with the propulsion system's power level. Figure 3 compares I, thrust, and power requirements
of micro-propulsion systems. Based on Figure 3, ETs require less power than most electric propulsion
systems (generally less than 30 W), which means their power supplies will be low in mass and will minimize
EMI. To maintain the low cost and rapid deployment benefits of nanosatellites the propulsion system needs
to be low-volume, low-mass, low-power, and have a high I,. From the analysis in this Section 1, it is clear

why ETs are an ideal solution for nanosatellite propulsion.
1.4 Electrospray Thruster Literature Review

The effects on liquids and gases exposed to an applied voltage have been extensively studied since
the 1700s. The origins of ES for space propulsion can be traced back to F. Huaksbee, who is credited with
the first observance of EHD effects in 1709, recording the feeling of wind against his face when held near
a charged tube [14, 16]. Isaac Newton managed to recreate his experiments and published them in Opticks
in 1709 [15, 16]. The first use of ionic wind for propulsion occurred in 1750 when Benjamin Wilson
harnessed the power of EHD effects to drive a rapid rotary pinwheel [16]. Decades later, EHD was
effectively described qualitatively by Michael Faraday when he correctly explained that the transfer of
momentum between charged and uncharged particles was caused by friction or collisions [16]. Despite the
quality of the quantitative work performed up to this point, it is James Maxwell’s quantitative work in 4
Treatise on Electricity and Magnetism in 1873 that established the foundation of electrostatics with the
well-known Maxwell Equations, which are a driving force in EHD [16].

Because the electrostatic acceleration of ions showed so much promise for propulsion, a lot of
research was performed on the production of ions. Some of the most important research at the time
demonstrated and described the mechanisms of field emission of positive ions from metallic sources such
as the work performed by Muller et al. in 1956 [17]. The use of metal propellants became ubiquitous in
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electric propulsion in field emission electric propulsion thrusters, which are still used today. This type of
research culminated in NASA's launch of the SERT 1 spacecraft in 1964. This spacecraft carried two
electrostatic thrusters: a cesium contact ion thruster and a mercury electron bombardment ion thruster. The
former failed to perform due to a voltage short circuit, but the latter operated for over 31 minutes and is
considered the first successful electric space thruster [13]. Despite its promise, there are drawbacks with
liquid metal propellants, such as toxicity and the ability to only produce positively charged ions. These
drawbacks have led to the pursuit of propellants other than metal for ETs.

The use of liquids other than metals for ETs finds its origins in the research performed by Lord
Rayleigh in 1879, who published a relationship for the charge limit of charged liquid droplets, which would
become important in the study of the relationship between charged droplets and ions produced by ES [18].
From 1915-1917, the first work recording cone-jets was published by John Zeleny, who performed
experiments charging ethyl alcohol in a glass tube to several thousand volts, which resulted in what he
described as a thread or stem of liquid emanating from the apex of the cone, as can be seen in Figure 4 [19].
The cone structure observed by Zeleny was investigated by Geoffery Taylor in 1964, who resolved the half
angle of the cone to be 49.3° before a jet forms at the cone apex. His discovery led to the structure, shown
in Figure 5, being named a Taylor cone [1].

Using Taylor and Zeleny’s research as a foundation, many applications of the cone-jet were created
to include pesticide spraying, spray painting, and inkjet printing [6]. In 1990, Cloupeau et al. described and
demonstrated through experiments using water and various organic products the different spraying modes
that can be produced by applying a voltage to a liquid which could be used in these applications. These
modes included dripping, micro-dripping, cone-jet, spindle, and pulsating [20]. The first three modes
focused on the production of droplets and jets with diameters in the micrometer range or larger. From 1993
to 2018, the physics of ES in these modes were researched extensively by A. M. Ganan-Calvo et al., who
produced scaling laws for ES that produced droplets and jets in the micrometer range. These scaling laws
showed that the parameters such as current, jet and droplet radii, etc. were dependent only on the liquid
flow rate through the capillary and the properties of the liquid and were independent of the voltage applied
to the system [2].

Another mode discovered in ES involves cone-jets that produce droplets and jets with diameters in
the nanometer range, sometimes called nano-ES. In the late 1980s, interest in nano-ES exploded as Fenn et
al. demonstrated its use for mass spectrometry [9]. This renewed interest has driven research from the late
1990s to the present day on the production of droplets versus ions during ES. Two models were developed
to explain the phenomenon: the charge residue mechanism (CRM) pioneered by Dole, and the lon
Evaporation Model (IEM) pioneered by Iribarne et al. [21]. The CRM can be summarized as an ionization
mechanism in which Coulomb fission is the only means a droplet can use to reduce its charge as it
approaches the Rayleigh limit. In 1993, Gomez et al. published a paper describing Coulomb fission, which
they found occurs at approximately 80% of the droplet charge limit due to the deformation of the droplet
caused by the forces acting on the droplet [3].

The IEM is an ionization mechanism in which droplets eject bare solution ions, reducing the droplet
charge before Coulomb fission can occur [22]. The [EM was hotly debated for a time, but research by de
la Mora et al. and M. Gamero-Castano et al. has shown that not only is [EM a valid model for ion production,
but also that both mechanisms can be present during ES ionization [21, 23].



Figure 4: ES Cone-jet of ethyl-alcohol [19].
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Figure 5: Taylor Cone—the broken lines’ half-angle is 49.3° [1].



Much like the scaling laws developed by Ganan et al., in 1994, de la Mora et al. developed scaling
laws for nano-ES to model parameters such as spray current and jet diameter, noting that these parameters
are a function of flow rate and fluid properties [21]. These scaling laws are backed up by M. Gamero-
Castano et al.’s experiments  with  the  ionic  liquid (IL) 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide (EMI-Im) in 2008 [26]. M. Gamero-Castano’s work on ILs has been for
the purpose of using ILs as propellants for ETs because, unlike liquid metals, ILs are generally less toxic
and can produce ions of both negative and positive charges, making them advantageous for space propulsion
[4, 24]. This type of work on ETs was demonstrated with the Colloidal Micro Newton Thruster Assemblies
(CMTAs) used on the LISA Pathfinder mission which launched in 2015. The CMTAs were successful in
meeting the attitude-control performance requirements for drag-free control of the spacecraft [25].

1.5 Electrospray Numerical Analysis Review

A large amount of effort is being put into developing reliable numerical analysis for ETs because
physical experimentation with ETs can be both time-consuming and expensive. Numerical analysis is a
powerful tool that can be relatively inexpensive and rapidly iterative regarding geometry and operating
conditions. Rapid iterations provide the opportunity to optimize device design before testing and increase
the chance of success during costly physical experiments. Also, it can provide values for properties that
cannot be practically measured through experiments. However, numerical simulations still have their
limitations, which is apparent in the relationship between accuracy and computational cost. Characteristic
times, which will be discussed in Section 2.9, in ES can reach values less than one picosecond, and the
mesh size required to accurately resolve the movement of a liquid subject to electrostatic forces can reach
values on the nanometer scale. These small scales drastically increase the computational cost to provide
accurate results. Thus, it is important to understand previously achieved successes in the numerical analysis
of ES and what can be done to reduce computational costs. To perform numerical analysis on ES,
commercially available computational fluid dynamics (CFD) software is generally employed, and there are
many types of commercial software available for this endeavor.

OpenFOAM is an open-source CFD software that has been used to solve EHD problems. In 2013
and 2023, OpenFOAM was used to simulate ES for n-heptane. Both models compared their droplet
diameter results to experiments conducted by Gomez et al. [27, 28]. The 2023 results were closer to the
droplet diameter values produced by their experiments, likely due to implementing a transient charge
conduction equation along the jet.

Another software available for ES simulation is LAMMPS, which is an open-source code used for
classical molecular dynamics modeling [29]. In 2021, LAMMPS was used to perform a molecular dynamics
simulation of the IL 1-ethyl-3-methyl-imidazolium tetrafluoroborate (EMI-BF4) in a charged capillary. This
study analyzed Taylor cone formation, ES currents, energy characteristics, and velocity distributions for
varying operating conditions [30]. In 2022, LAMMPS was used to simulate molecular dynamics for ion
emission, ion acceleration, and beam neutralization of an ET using EMI-BF4 as the propellant [31].

Gerris is free software that can solve fluid flow equations and has been used to solve EHD
problems. [32]. In 2011, an extension was developed for Gerris as a charge-conservation approach to
simulate two-phase flows, which build on the volume-of-fluid model [33]. This charge-conservation
approach has been adapted for use in future numerical analysis with other software.

COMSOL is a multiphysics software platform that is available for ES simulation. In 2023, this
software was used to simulate low- and high-conductivity liquids in an ES device. This model used an
interpolation method to achieve more accurate calculations of charge and current [34]. COMSOL was also



used by the University of California, Los Angeles to create an Interaction Model that simulates the plume
evolution of an ES device using ethanol as the propellant [35]. COMSOL was also used in 2023 to model
IL droplets of different diameters to observe Coulomb fission and ion evaporation, yielding results
comparable to physical experiments. [36]

STAR-CCM+ is another multiphysics software that has been explored for use in analyzing ES
systems. It was used by Jones et al. in 2020 to investigate the EHD and two-phase phenomenon of ES. This
investigation was successful in optimizing the geometry of a novel ET emitter [37].

ANSYS provides software suites that can be used to solve dynamic electrical and fluid systems. In
2006, ANSYS CFX 4.4 was used to simulate the EHD atomization process for heptane and ethanol. The
model successfully modified the heat conduction equation to solve the electrostatic field equations which
were used to determine the electric body forces acting on the liquid. This method was accurate for the initial
development of the cone-jet, but, because the current was neglected in the model, it did not accurately
predict steady-state behavior [38]. In 2012, ANSYS Fluent was used again to simulate the ES of heptane
and ethanol through a charged capillary. New updates to the ANSYS software meant that mean droplet
diameter results from this simulation could be compared to experimental results with good agreement [39]
In 2018, Ansys Fluent was used to model nano-ES ionization in a mass spectrometer. This model assumed
“fully desolvated gas-phase ions are instantaneously produced at the emitter tip” when being introduced.
[40] It implemented a particle-in-cell method using a user-defined scalar and a user-defined function to
accurately represent space-charge effects on the electric field. The model also used a corrected drag law to
represent forces on sub-micron particles [40]. In 2022, ANSYS Electronics Desktop was successfully used
by Howell et al. to investigate the minimum onset voltages to establish a Taylor cone using ionic liquid
propellants and optimal dimensions for an ET chip. [10] The simulations in this paper use ANSYS Fluent
to model and optimize the performance of the ET analyzed by Jones et al. and Howell et al., which will be
introduced in Chapter 3.

1.6 Organization

Chapter 1 focused on the relevant background information for electric propulsion as it applies to
space, ES, and numerical analysis of ES. Next, Chapter 2 will focus on the physics and governing equations
of ES related to electric propulsion. In Chapter 3, the physics and governing equations established in
Chapter 2 will be used to analyze an ET. Then, Chapter 4 will discuss numerical simulations conducted for
establishing a Taylor cone on an initially concave interface. Finally, Chapter 5 will provide conclusions for
the present thesis and recommendations for future work on this subject.



Chapter 2: Physics Review and Governing Equations

ES devices operate based on the effects of electric fields on conductive liquid propellants. The
behavior of a liquid subjected to the effects of an electric field can be described by the governing equations
of electrostatics and fluid mechanics. The electrostatic behavior is fundamentally represented by Maxwell’s
equations, and the fluid mechanics are represented by the conservation equations for mass, momentum, and
energy. This section will discuss these governing equations and the assumptions that will be used to simplify
them to solve them analytically or numerically.

2.1 Fluid Mechanics

Fluid motion behaves based on hydrodynamics. This behavior can be modeled using the Navier-
Stokes equations. The first equation is the conservation of mass equation, also called the continuity
equation, which is given by [41]:

0pm

?+V-pmu=0,

(2.1)
where p,,, is the fluid mass density. The second equation is conservation of momentum, which can be written
as [41]:
0 =

pm (B4 u-Vu)=-VP + VT + f}, 22)
where P is the pressure, T is the viscous stress tensor, and f}, represents other body forces acting on the
fluid. The third equation is the conservation of energy, given by [41]:

DT DP
‘Dmch_tz _v'qh+,8TD_t+<Da (2.3)

where ¢, is the specific heat at constant pressure, T is the temperature, g, is the heat of the system, £ is the
thermal expansion coefficient, and @ is the dissipation function. To complete the above system of

conservation equations an equation of state is required. The most common one is the ideal gas law, which
is given by [41]:
P = pmRT, (2.4)

where R is the specific gas constant.
2.2 Surface Tension

At the scale where ETs operate, the force from surface tension at the interface between two fluids
is required to accurately explain fluid behavior. In 1990, a continuum method for modeling surface tension
was developed by Brackbill, Kothe, and Zemach as a simplified and effective method of modeling flows
driven by surface forces [42]. This publication considers surface forces at the interface of two fluids as seen
in Figure 6.

The boundary condition for surface stress can be expressed as [42]

Pr—p2tyE) n=(T1—-T)'n+ V-y, (2.5)

where p; is the pressure in fluid 7, y is the surface tension between the two fluids, k is the curvature at the
interface of the fluids, and n is the unit normal vector. Brackbill et al. show that if the system is at
equilibrium, the terms on the right-hand side of the boundary condition balance each other. This means that
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the terms on the left-hand side of the equation also balance each other, such that the pressure jump across
the interface is proportional to the curvature of the interface as shown in (2.6) [42]:
P2 —P1 =YK, (2.6)

This result shows that the normal surface force per unit area can be written as [42]

Fgq = yKn, (2.7)

Brackbill et al. then show that this surface force can be transformed into a volume force via the gradient of
a “color function,” which describes the mixing of the two fluids in a finite transition region near the interface
with height 4, as shown in Figure 6. This results in the Continuum Surface Force (CSF) equation, which is
given by [42]:

_ . e
[st =YK [c] (2.8)

where ¢ represents the “color function.”
2.3 Capillary Action

Typically, the fluid dynamics of capillary action would be described with Jurin’s Law, which
describes how high the fluid would rise in a capillary against the force of gravity. However, because we are
focused on electric propulsion in LEO, the force from gravity is negligible. Thus, the situation is described
by the Washburn equation, which can be written [43]:

yrctcos(0)
2u (2.9)

where d is the distance the fluid will travel in the capillary, y is the surface tension coefficient, t is the time

d =

it takes the fluid to travel the capillary length, 7, is the capillary radius, y is the dynamic viscosity, and 8 is
the contact angle of the fluid. We can solve the Washburn equation for time,

_ 2d%u
T yrecos(6) (2.10)

and find the volume of the capillary of height, h,:
V = h.r2 (2.11)

Assuming that d = h, the resulting equation for capillary volumetric flow rate, @4y, from capillary action
can be found from

v o_ nre3ycos()
t  2uhe (2.12)

Also, based on (2.9), over a long enough period of time, the fluid will always flow to the end of the capillary
in a vacuum, if capillary action is the only driving force in the fluid.

Qcap =

2.4 Electrostatics

As seen in Figure 1, ES devices apply an electric potential, ¢, between a capillary and an extraction
grid to induce an electric field, E, which can be represented as follows [44]:

E=-V¢. (2.13)
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The effects of this electric field on the liquid propellant are critical to the proper operation of an ES device
and are governed by Maxwell’s equation for electrostatics, charge continuity, and electrostatic force.
Maxwell provides two equations for electrostatics. The first is Gauss’s Law, which can be written as [44]

g e
ViE= (2.14)

where p, is the charge density, ¢ is the dielectric constant, and &, is the vacuum permittivity. The second
equation shows that the electric field has no curl [44].

VXE=0. (2.15)

These equations are a simplification of Maxwell’s electromagnetic equations, and they rely on the
following assumptions [44]:

1) The electric field goes to zero in the far field.
2) The magnetic field is equal to zero.

The second assumption can be evaluated by comparing the electric relaxation time, t,, to the magnetic
relaxation time, t,,,, such that t, > t,, [67]. These relaxation times can be written as follows [10]:

€€
te = 5 (2.16)

and
tm = UrioKL?, (2.17)

where K is the electrical conductivity, y, is the relative permeability, y, is the vacuum permeability, and L
is the characteristic length of the system. Both relaxation times will be explored in Chapter 3, where this
assumption will be shown to be valid. The existence of (2.15) implies that ¢ is a scalar potential and means
(2.10) can be written as Poisson’s equation [44],

Vi =t (2.18)
Tracking the charge in an electrostatic system requires the following conservation equation [44]:
%‘VV:O: (2.19)
where J is the current density.
The final electrostatic equation is that of electrostatic force, f, which is given by [44]
fe=V"7, (2.20)
where T,, is the Maxwell stress tensor of the electrostatic field. This tensor can be written as:

= _ 1 2
Te = &€& (EE _EIIEl ), (221)

where I is the Identity Matrix. Inserting (2.21) into (2.20), the following equation is found:

—-v. 1 2
fe =V E& (EE_E”El ). (222)
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Figure 6: Interface between two fluids [43].
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Using (2.14), this can be simplified to:

1
fe= peE — &lEI*Ve, (2.23)

where the first term on the right-hand side of the equation is the Coulomb force and the second term is the
polarization force.

2.5 Electrohydrodynamics

The governing equations of fluid mechanics and electrostatics can be combined to model EHD by
replacing the representative body force term with the electrostatic force density, the surface tension force
density, and the gravitational force density, f 4:

fo=Ffetfset [y (2.24)

Inserting this into the conservation of momentum equation yields

du =
pm(EJru.Vu):_vp+\7-r+fe+fst+fg- (2.25)

2.6 Electrospray Modes

Cloupeau and Prunet-Foch identified three ES modes: dripping mode, micro-dripping mode, and
cone-jet mode [20]. Two other modes have been found for ES, which are a hybrid droplet-ion beam and a
pure ion beam. [23, 45] Regarding ETs, the three modes of interest are the cone-jet, hybrid droplet-ion
beam, and pure ion beams, so this paper will focus only on these modes. Common to all three of these
modes is the formation of the Taylor cone.

2.6.1 Taylor Cone Formation

Taylor cone formation occurs due to a pressure balance at the interface of a liquid and a dielectric,
while electric stressing is present in a hydrostatic system between some liquid and air, as seen in Figure 7.
To understand this phenomenon, consider the stress balance provided in (2.5) with the electric stress present

[1]:
Dy —pi+y) =T, —T) N+ Tpe —Tpe) n+ Vy, (2.26)

where subscript v labels parameters for the vacuum and subscript / labels parameters for the liquid. Because
the system is hydrostatic, all tangential stresses must be balanced. Also, it is assumed the surface tension is
constant. [42] Thus, expanding and simplifying the Maxwell stress tensors results in the following:

1 1
Py —PL+VK) = €805 Evn” — €180 Ein” 2.27)

E};, is the electric field normal to the interface in the liquid and E,,, is the electric field in the vacuum normal
to the interface. Assuming that the liquid meniscus approaches a perfect dielectric, the electric field jump
condition across the interface is Ej, = E,, /. Also, assuming &, = 1, the following equation can be
obtained [21]:

1 -1
yi = Ap = S &0Em? (). (2.28)
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Figure 7: Taylor cone stress balance.
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Classic Taylor cone analysis generally neglects the hydrostatic pressure, Ap [45]. The curvature, k, can also
be represented as V - n. Converting this to spherical coordinates, k can be represented as

—Vn=vV.rp=L9.,2_2
k=V-n=V r=Srt = (2.29)

Thus, the stress balance for a Taylor cone is found to be

2y 1 2 (-1
T =3k’ () 230
If it is assumed that € > 1, (2.30) can be simplified further to [1]:

2y _ 1

T = g0k’ 231)
As Coulombic forces draw charge to the interface from the bulk liquid, the surface charge density is
increased, which increases the electric field strength normal to the meniscus. Therefore, for the surface
tension to continue to balance the electric stress, the radius must be reduced, which leads to the conical
shape of the Taylor cone. Through some minor algebraic manipulations, (2.31) can be used to find the
electric field on the surface of the liquid at the apex of the Taylor cone at equilibrium [1],

_ | &
Eon = |or (2.32)

where 1, is the apex radius of the evolving Taylor cone and can be estimated with the following equation:
T

Ty = ‘;tan(go), (233)

where w is a measure of the sharpness of the Taylor cone and 6y, is the Taylor cone half-angle, assumed to
be 49.29° [10]. This equation can used to find the onset voltage, V,, required for Taylor cone formation.
Using the derivation provided by Howell, the following equation is found [10]:

_1 |
Vo=¢lam (2.34)

E
where C = -2,
Vo

2.6.2 Cone-Jet Modes

The Taylor cone on its own is not particularly useful to ETs, but it is a precursor to some very useful
phenomenon, one of which is the cone-jet. These cone-jets can be steady or transient depending on the
applied electric field and the conditions of the fluid. The applied electric field causes the near-immediate
relaxation of mobile ionic species in this fluid, which leads to a highly charged interface [2]. Because the
electric relaxation time in the fluid is generally much shorter than the liquid residence time, t,,;, the charge
of the bulk fluid can be considered quasi-neutral. Using (2.14), this can be represented as

Pe
EZV.E!ZO. (235)

In a steady cone-jet, a quasi-steady cone originating at the end of a capillary emits a jet from its
apex that has a diameter much smaller than the diameter of the capillary. This jet develops due to
perturbations in the cone that elongates the cone tip. This reduces the cone angle and raises the intensity of
the electric field at the apex according to (2.32) [2]. The electric stresses overcome the surface tension, and
the electric forces accelerate the liquid out of the cone, forming the jet. As the jet lengthens, axisymmetric
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surface wave instabilities develop along its length, reaching a breakup point where droplets are formed in
a bimodal distribution of primary and satellite droplets, as shown in Figure 8 [3]. The system reaches a
steady state when the liquid flow rate into the meniscus matches the flow rate out of the meniscus via the
jet [2]. The diameter of the primary droplets are approximately 1.9 times the diameter of the jet, which
matches well with Rayleigh’s theory on capillary jet stability. As the electric field accelerates these droplets
away from the breakup point, they become monodispersed, with the satellite droplets being forced to the
edge of the spray due to their small charge-to-mass ratio [3].

Based on numerous experiments, it has been found that the diameter of the monodispersed droplets
created by steady cone-jets can be easily controllable based on the liquid properties of the meniscus and the
liquid flow rate through the capillary [2, 21] One of the most important parameters for the diameter of the
droplets is the electric conductivity of the liquid, because the higher the conductivity, the smaller the

diameter of the droplet that can be achieved. Liquids with low conductivity— K < 10™* [%]—are generally
only capable of producing droplets on the micrometer scale, whereas moderate- to high-conductivity
fluids— K > 10™* [%]— can produce droplets on the nanometer scale [21]. Sprays at these two separate

scales are generally similar but have enough differences that they have been worth analyzing separately.
2.6.2.1 Micro-Electrospray (Steady Cone-Jet)

Cone-jet mode sprays involving droplets at the micrometer scale, which will be referred to as micro-
ES in this paper, seem to have been studied the most since the discovery of ES. The scalability of the droplet
diameters makes it useful for many applications, including ETs [2]. The physics of steady cone-jet mode
can be broken into three regions based on the dominant charge transport mechanism. The first region is the
upstream meniscus attached to the capillary, where ohmic conduction dominates charge transport. This
region is quasi-neutral except at the interface between the liquid and gas. The second region is the transition
region, where charge transport is transitioning from ohmic conduction to surface convection, and both must
be taken into account. The third region is the downstream jet, where surface convection is the dominant
transport mechanism. The analysis of these regions has produced scaling laws that can be used to predict
important ES parameters such as minimum flow rate, droplet diameter and charge, and current [2].

These scaling laws, which have been developed and succinctly summarized by Ganan et al., are a
powerful tool for verifying numerical analysis of micro-ES. Figure 9 shows parameters used for the scaling
laws. Ganan et al. show that the emitter droplet diameter can be sufficiently predicted via the following

equation [2]:
_ Q
dg = dgg /Q_o’ (2.36)

where Q is the capillary flow rate, and d o and Q are a characteristic droplet diameter and capillary flow
rate, respectively, given by [2]:

2
dao = (22 ), (2.37)
and
_ Y&
Qo =i (2.38)
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Figure 8: Flash shadowgraph of jet breakup [3].

18



cone

/ Y

‘5 Em.lu’EuHh‘ —

. CoRe
{;u En Lz

Figure 9: Steady cone-jet configuration with parameters used for scaling laws [2].

19

E — R E, - E:r)frt' . i
. é" LE”
-J-_,:;;;;_--[----.“--x:\\;---“ :Z-- E

S 5
[ ~KRE
1/2
AV~E.L~|ZE
£



This scaling law was extensively compared with experimental data and shows good agreement [46]. The
scaling laws also show that the current, /, transported by the jet scales with the flow rate with the following

equation:
Q
I = 2.6l /Q_o’ (2.39)

where [ is a characteristic current given by [46]:

€o

lo=v |- (2.40)

This scaling law has been verified through comparison of over 2000 data points from various experiments
[2]. Using a balance of the convective and conductive charge transports, the characteristic length, L, of the
transition region can be written [47]:

= Q
L=dao3, (2.41)
Finally, the diameter of the jet, R, is given by [2]
_ (P€oQ? 1/6
R = (—VK ) : (2.42)

These scaling laws lead to an important limit for micro-ES, which is the minimum flow rate, Q;; i,
at which a steady cone-jet can be maintained. There are two scenarios for which Q,,;, is approached:
viscous forces stall jet emission, and polarization forces stall jet emission. To determine which of these
forces will dominate the flow, the electric Reynolds number, Reg, and the dielectric constant are compared.
If viscous forces are dominant, Rege < 1, and if polarization forces are dominant, Rege > 1. In the former
case, the minimum flow rate is given by [47]

Qo
Rex’ (2.43)

Qmin -

and in the latter case, the minimum flow rate can be written:

Qmin = €Qo, (2.44)
where the electric Reynolds number is
5 1
v?peo)\3
Rey = ( ”31(0) . (2.45)

These scaling laws show that the parameters characterizing micro-ES are Q, ¢, p, v, i, and K. It is
interesting to note that these scaling laws are independent of the system applied voltage, which implies that
the only requirement of the applied voltage is to form and maintain a Taylor cone to create a micro-spray.
It is also worth noting that the applied voltage does influence the exit velocity of the droplets, because they
will be accelerated by the electric field.

2.6.2.2 Nano-Electrospray (Steady Cone-Jet)

For high electric conductivity in a liquid, the diameter of the droplets produced by ES can be
reduced to the nanoscale, which in this paper will be referred to as nano-ES. The scaling laws at this scale
differ from those of micro-ES by a function of the permittivity. Fernandez de la Mora and Loscertales used
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experimental measurements to show that a region of size R, and of the same order as the jet diameter at the
cone apex can be expressed as [21]

1

Rq = (Z22). (2.46)

This expression essentially states that residence time of the fluid at the cone apex, t;;, is of the same order
as the electric relaxation time at the apex of the cone [21]. They also determined a scale for the electric
current at the cone apex to be

, 0K
Ip~uRg0,~uRg€0Eppn~ yTa (2.47)

where u = 1% and o, is the surface charge at the interface of the cone, which can be written as the electric
field jump condition at that interface [21]:
0e = & (Epn — €Ep). (2.48)

In the electrostatic limit the electric field in the gas is normal to the interface and the electric field in the
liquid is zero. Using this assumption in (2.48) leads to [21]

G, = €oEym. (2.49)

The electric current of the system is then determined to be related to I such that [21]

_ YQK
I'=f(e) |/ (2.50)
It is also found that the droplet diameter is related to R, which can be expressed as [21]

dd = G(E) Ra- (2.51)

Chen and Pui use experimental data for eight liquids with various dielectric constants (12.51 < € < 182.4)
to determine the following expressions [48]:

1 1
f(g) = —449 — 0.21¢ + 157¢5 + 336¢ e, (2.52)

and
5 1
G(e) = —10.9¢ 76 + 4.08¢ 3. (2.53)

It is worth noting that, despite the relatively large variation of €, f(&) was found to be between 5 and 30
and increases for increasing €, and G (&) was found to be between 0.5 and 2 [48]. These scaling laws are
useful for the verification of numerical simulations.

2.6.2.3 Coulomb Fission (Transient Cone-Jet)

Transient cone-jets occur in situations where charge in a liquid body reaches its charge limit.
Competing stresses at the interface form a Taylor cone and emit charge through a jet. However, after
emitting the charge the body no longer has enough charge to maintain the Taylor cone, so both the jet and
Taylor cone disappear. This form of cone-jet is typically seen in charged droplets and is called Coulomb
fission [49]. This phenomenon is governed by Rayleigh’s droplet charge limit equation given by
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qg = 81 /Veeonf, (2.54)

where ¢ represents the dielectric constant of the fluid that surrounds the droplet and 7 is the radius of the
droplet. Any droplet at or above this charge limit can reduce its charge below this limit by emitting smaller
charged droplets, sometimes referred to as daughter droplets, of high charge-to-mass ratio via Coulomb
fission. The Rayleigh charge limit is widely accepted, but experiments conducted on charged droplets have
shown that Coulomb fission can occur in droplets at less than the Rayleigh charge limit [50]. This is because
the Rayleigh charge limit equation assumes a perfect sphere, which is rarely, if ever, the case due to a
reduction in the effective radius of the droplet. This reduction in effective radius can occur due to the
reduction in mass of the droplet from evaporation or deformation of the droplet.

Deformation of a droplet can occur due to external forces. Tang and Gomez showed that as droplets
travel through the atmosphere, drag elongates the droplet perpendicular to the direction of travel [50]. This
causes a reduction of the droplet’s effective radius and a subsequent increase in the electric field on the
surface of the droplet at the apex of that radius as seen in (2.32). The increased electric field creates a
transient cone-jet on the surface of the droplet. This cone-jet emits smaller, highly charged droplets to
reduce the charge of the droplet despite it being charged less than qg. Once the charge is released the electric
field on the droplet is quickly reduced and the transient cone-jet disappears. Figure 10 shows a close-up of
Coulomb fission [50].

This situation is also observed in charged droplets suspended in another fluid. In this case, the
droplets are elongated along the lines of the applied electric field, reducing the radius and increasing the
electric field at the apex to produce a transient spray. Duft et al. investigated this phenomenon by suspending
ethylene-glycol droplets in an electro-dynamic levitator. The evolution of the transient cone-jet is shown in
Figure 11 [51].

2.6.2.4 Hybrid Droplet/Ion Beam

Based on the discussion about nano-ES and (2.50), it can be assumed that the current produced by
nano-ES decreases as flow rate decreases. However, experiments show that below a critical flow rate, the
current produced by nano-ES increases. Figure 12 shows the results of nano-ES experiments performed by
Castano using formamide. These results show that at higher flow rates and lower electric field strengths,
the cone-jet and subsequent droplets are the primary contributors to the total current. But, below a critical
flow rate, ions from the formamide contribute to a significant portion of the total current and eventually
dominate the current over droplets. [52] The mechanism by which the ions are produced during ES was
debated for a time with two models considered: the Charge Residue Mechanism (CRM) championed by
Dole and the lon Evaporation Model (IEM) suggested by Iribarne and Thomson [53].

The CRM is an ionization mechanism that asserts that the only way for a droplet to reduce its charge
is through Coulomb fission. For ions to be produced in this method, the initial droplet would evaporate until
its radius is reduced enough that the droplet reaches its charge limit based on (2.54). That droplet would
emit daughter droplets to reduce its charge, and the daughter droplets would go through the same
evaporation and emission process. This would occur until droplets are produced that contain a single analyte
molecule [54].

The IEM is an ionization mechanism which asserts that as the radius of a charged droplet is reduced
by evaporation, the electric field on the droplet surface becomes large enough to overcome the forces
holding the ion to its solvent and pulls the ion into the ambient gas. This model relies on an Image Potential
Model (IPM) where the polarization forces between the ion and liquid molecules describe the potential.
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Figure 10: Close-up of ES-produced droplet experiencing Coulomb fission. Mean flow direction: top to bottom [50].
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Figure 11: Evolution of transient cone-jets on levitated ethylene-glycol droplet [51].
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Figure 12: Plot of electric field, current, and flow rate for formamide nano-ES [52].
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Iribarne and Thomson’s use of the polarization force for the [IPM was an important distinction in their model
because the characteristic time of the polarization interaction is smaller than the electric relaxation time and
the ion escape time, which is what ensures the model holds [54]. Both the CRM and the IEM are valid
models because the phenomenon they describe can occur in ES, but IEM is the only model that explains
the contribution and dominance of ions in the total current as seen in Figure 12, because Iribarne and
Thomson showed that the ionization rate increases rapidly with the electric field when it reaches ~1 V/nm
[54]. This electric field strength is achievable for liquids with an electric conductivity greater than ~1 S/m
[22, 52].

The location of ion evaporation in nano-ES is driven by the normal component of the electric field
along the cone-jet. There are two locations of local maxima for this normal component, which are the base
of the jet and at the jet breakup point. Experiments by Castano using EMI-Im show that the electric field at
the base of the jet is not high enough to induce ion evaporation. Thus, ion evaporation occurs at the pinched
area of the jet breakup or on droplets with sufficiently small radii, resulting in a hybrid droplet/ion beam
[55].

2.6.2.5 Pure Ion Beam

The final mode that will be discussed in this paper is the pure ion beam. In contrast to steady cone-
jets, pure ion beams do not require the electric stresses to overcome the surface tension of the liquid. Rather,
the electric field at the apex of the Taylor cone must be strong enough to evaporate ions from the liquid.
Using EMI-BF4, de la Mora and Castano showed that a regime of pure ion evaporation with no droplet
production can be obtained very near the Taylor cone’s stable minimum flow rate. They observed that the
likely position of ion evaporation was at a fixed position in the meniscus [23]. The lack of droplet
production and a very small flow rate implies that a jet is never formed at the apex of the Taylor cone when
a pure ion beam is produced. Instead, the accumulation of charge at the apex increases the normal
component of the electric field high enough that the ions are lifted directly from the solvent. The mechanism
for this ion evaporation is described by the IEM and is given by the absolute reaction rate equation [45],

_ _ kgT _ AG—G(Eyn)
Ji=0e.=, exp( ~kpT ) (2.55)

where J; is the ion current density evaporating from the meniscus, kg is Boltzmann’s constant, 7" is the
temperature, 4 is Planck’s constant, and AG is the solvation energy of the liquid. The term G (E,,,) can be
expressed as [45]

e3Ey,

e (2.56)

where e is the fundamental charge. The term in the numerator of the exponential of equation (2.55) can be
considered the activation energy of this process. To better understand (2.55), consider a situation in which
the liquid is not subject to an electric field such that G(E,,) = 0 and assume T is room temperature. AG is
much larger than k5T, which would preclude any meaningful ion evaporation. However, when the liquid
is subject to an electric field, the activation energy decreases, making ion evaporation more likely. At a high
enough Eg, where AG~G(E,,), the activation energy is reduced enough that meaningful ion evaporation

G(Epp) =

occurs, creating a pure ion beam. [45] Thus, rearranging (2.56) and substituting AG~G (E,;,) the following
equation for the critical electric field, E*, that results in ion evaporation is found [45]:

« _ Ameg(AG)?
E'=— 7—. (2.57)
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Using (2.32) and substituting in (2.57), the critical apex radius, r*, associated with the critical electric field
can be written [45]

* 4y

Ly (2.58)

(2.57) and (2.58) can be used to find a characteristic current and velocity in vicinity of r* which are given
by [45]

* . ¥ ~ ~ KE* *2 __ 327TKV2
1 =] A= KElnA = B 2nr - SgEE*?’ ) (259)
and
u* = A
@)’ (2.60)

where j* is a characteristic convective current density and (q/m) is the charge to mass ratio.
2.7 Space Charge

Once the ions are evaporated from the surface of the meniscus, they are accelerated by the applied
electric field. However, the ions in the vicinity of the apex (~7*) result in a space charge that can affect the
electric field at the apex. To analyze this, a simple energy balance, assuming one-dimensional motion, can
be written as [5]:

1 *2 __ *
aMve” = qhe", (2.61)

where m is the mass of the ion, v, is the ion velocity, and A¢™ is the characteristic potential drop. Solving
for ion velocity, (2.61) becomes [5]:

v = [2(2)ag" (2.62)

The characteristic potential drop can be written [5]

Now, writing (2.14) in terms of space charge gives [5]
&V E = pg.. (2.64)
This results in the relationships [5]:
E ji*
€0—% ~Psc™ - (2.65)

Substituting (2.60), (2.62), and (2.63) into (2.65) a ratio of the change in electric field to the critical electric
field can be found [5]:

Esc K r*

~ —

B e [ (2.66)
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2.8 Pure Ion Thrust Equations

A new thrust equation is needed for the acceleration of ions. Returning to Poisson’s equation (2.18)
and using the derivation provided by Jahn, a space charge-limited current density, j.;, can be written [13]

1 3
; 4g0 (2q\2 D5
jou =22 () %, (2.67)
where ¢ is the applied voltage and x, is the distance from the ion source to the extraction grid of the ES
device. (2.67) is known as Child’s law and describes a limit on the current density based on thruster
geometry and applied voltage. For a steady state, this leads to a limit on the thrust density. Dividing (1.2)
by area and substituting (2.67), the following is found [13]:

To_ ﬁ(ﬁ){

AcL 9 \xq (2.68)

where ECLis the thrust density found using Child’s Law. Jahn also shows it is possible to express the thrust
density as a function of the maximum electric field in the ES cavity, which can be written as [13]:

T _1 2
2 EOEmax- (269)

AEmax

(2.69) is the electric pressure at the Taylor cone apex. It is also possible to define the thrust density in terms
of the current density, ion velocity, and charge-to-mass ratio [13]:

Z _ Jve
Aj~ (q/my (2.70)

where v, is the extraction velocity of the ET which is the velocity of the ions produced by the extraction
grid. This expression can be analyzed with critical values and IL properties. A simple energy balance can
be rearranged to find v,, which can be written as follows:

ve= vz +2(2) @), @71)

where v* is the velocity of the ion in the region of the Taylor cone apex found by (2.62). Assuming that the
voltage decreases linearly between the top of the capillary and the extraction grid and that all of the voltage
is transferred to kinetic energy, the value of Ag will be the voltage at the Taylor cone apex. The height of
the Taylor cone can be found using the Taylor cone half angle, 8, = 49.29° and the radius of the capillary,
1, from [1]

Tc

h= e (2.72)

This height can now be used to find an approximation for the change in voltage at the Taylor cone apex,
Ag, via the following equation:

B¢ = o (1 - x—f;) (2.73)

where ¢ is the applied voltage and x, is the distance between the top of the capillary and extraction grid.
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2.9 Characteristic Times
2.9.1 Electric Relaxation Time

Characteristic times are a valuable method for analyzing the physics of a system and justifying
assumptions such as the electrostatic assumption mentioned in Section 2.4. Key to this assumption was the
electric relaxation time, which physically represents the time scale at which charge is redistributed in a
substance to make it quasi-neutral. To obtain this characteristic time, consider the charge conservation
equation (2.19). Substituting in (2.14), the following equation is found:

9pe _ kK . _
ot eg Pe =V pett =0, (2.74)

where the coefficient of the second term is the inverse of the electric relaxation time [45]:

te ego (2.75)

2.9.2 Residence Time

Besides the electric relaxation time, there are other characteristic times useful for analyzing ES
systems. The first is the liquid residence time, which is typically given by the ratio of a characteristic length
and a characteristic velocity [45]:

_ L
=y (2.76)

When working with capillary systems it is typical to define t,. in terms of volumetric flow rate where t,, =
t,;. Using (2.60), (2.76) becomes [45]:

¢ _ rplg/m)
rl — i (2.77)

In the gas phase, which will occur in ion evaporation, the characteristic particle velocity can be represented
by (2.62). Therefore, (2.76) can be written [45]:

P o(%)e (2.78)

2.9.3 Viscous Capillary Time

Another important characteristic time is that of viscous capillary time, which physically represents
the residence time of flow for fluid driven solely by surface tension forces. This means we can use (2.76)
to define this time if we have a velocity. The characteristic viscous capillary speed can be defined as the
ratio of surface tension to the dynamic viscosity and written as [45]

=Y
= (2.79)
This means (2.76) can be written:
to=H
= (2.80)



2.9.4 Inertial Time
Inertial time considers the capillary forces driving a fluid and is represented by Newton’s second
law. Using r again as our length scale, Newton’s second law can be written as [45]
— 3y (T
yr =)z ) (2.81)

Solving for the characteristic inertial time, (2.81) becomes

£ = /PTﬂ (2.82)

2.9.5 Emission Time

The characteristic emission time provides the characteristic time of ion evaporation caused by the
ion evaporation mechanism and is established in the absolute reaction rate equation (2.55) where [45]:

1 Tkg

tem  h (2.83)

The physics and equations presented in this chapter provide the foundation for the analysis of any ET and
will be used in subsequent Chapters to analyze an ET and verify the micro-ES model.
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Chapter 3: Analytical Investigation of an Electrospray
Thruster

In preparation for using CFD software to model an ET, it is important to verify assumptions and
determine the mode of the ES. This can be done by analysis of relevant propellant properties, ET geometry,
ES scaling laws, and Taylor cone electric fields. This analysis starts by verifying the electrostatic
assumption. If verified, it should be determined if the system can form a Taylor cone. Next, the ES mode
needs to be found. To do this, scaling laws should be used to determine whether a steady cone-jet can be
formed, and if so, whether the jet is on the microscale or the nanoscale. Key to this step is determining and
comparing the minimum required flow rate for a steady cone-jet to the flow rate into the ET capillary. Then,
it should be determined if ion emission is possible for the system. Key to this step is determining the electric
field strength at the Taylor cone apex. Finally, after all physics and governing equations are identified,
thruster performance can be analyzed. This section will demonstrate this analysis by analyzing a novel ET
known as the Micro Scalable Thrusters for Adaptive Mission Profiles in Space (WSTAMPS) along with
three ILs as candidate propellants.

3.1 nSTAMPS Overview

The uSTAMPS is an ET that uses a novel thruster chip design to address known failure mechanisms
of common ETs. The capillary tubes are machined into a borosilicate glass emitter chip using ultrafast laser
machining techniques, and the extractor grid is a thin layer of indium tin oxide (ITO) deposited on top of
the emitter chip substrate [164]. A schematic of the uSTAMPS emitter chip is shown in Figure 13. This
design meets all the requirements to create an ES but is more robust than typical designs that rely on fragile
needles which protrude from the emitter chip surface, as depicted in the general ET setup shown in Figure
1. It is worth noting that the purpose of uSTAMPS is not to produce as much thrust as possible, but rather
to produce enough thrust for a particular mission while minimizing the power and mass requirements of the
thruster. Previous numerical investigations by Jones and Howell have determined the dimensions and
minimum onset voltage to minimize the uSTAMPS’s power need and mass [10, 37]. The target dimensions
of the capillaries and ES cavities can be seen in Figure 14.

The uSTAMPS uses capillary action to pull electrically conductive propellant through its array of
capillaries rather than being fed through a pump. A voltage is then applied to the ITO while the propellant
is grounded. This creates the necessary electric field to initiate the ES process. Once ES begins, the particles
ejected out of the ES cavity provide the change in momentum that creates thrust. To neutralize the charged
plume created by the ejection of particles, the uSTAMPS cycles the polarity of the applied voltage to extract
both cations and anions for thrust, effectively neutralizing the plume without the need for external
neutralizing apparatus.

3.2 Ionic Liquid Overview

The pSTAMPS uses ionic liquid, which is a salt that remains liquid over a wide range of
temperatures, as the propellant. ILs are excellent propellants for ETs due to some of them having relatively
high electrical conductivity and surface tension and negligible vapor pressure [56]. From (2.14) and (2.32),
high electrical conductivity and surface tension are important for ES, but the vapor pressure becomes
important in preventing solvent evaporation in vacuum environments where ETs operate [68]. Another
important property for ILs is its electrochemical stability window (ESW). Because the IL is subject to an
applied voltage, it is possible for it to be reduced or oxidized. Thus, understanding the ESWs of the ILs
chosen as ET propellants is important for proper operation of the ET [56]. In addition, because the
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USTAMPS emits both cations and anions to address spacecraft charging issues, the mass of the cations and
anions becomes important in ensuring consistent thrust performance. This paper will focus on two ILs: 1-
butyl-1-methyl-pyrrolidinium dicyanamide (BMP-DCA) and ethylammonium nitrate (EAN). Their
parameters along with order of magnitude (OOM) values are listed in Table B1 of Appendix B. The OOM
values are there to ensure OOM analysis provides reasonable results.

3.3 The Electrostatic Assumption

In Section 2.4, it is assumed that ES devices are electrostatic, which means there is no meaningful
magnetic field, and the electric field has no curl. This assumption relies on the idea that the electric
relaxation time, t,, is much greater than the characteristic magnetic time, t,,. Using the IL property values
and (2.16), t,, for the ILs of interest is ~1071% s The relative magnetic permeability of the ILs of interest is
not readily available in the literature, but using the IL property values and (2.17) the value of the t,, is
~u, * 10718 5. Unless p, reaches values greater than 10°, the electrostatic assumption would hold. It is
expected that the ILs in this study will have a u, < 10° because highly ferrous materials like pure iron
have a u,,~10°, and ILs are not considered highly ferrous material [165]. Thus, the electrostatic assumption
will hold.

3.4 nSTAMPS Taylor Cone Formation

As established in Section 2, fundamental to ES is the formation of a Taylor cone at the end of the
capillary in the ET. Using (2.34), the properties important for Taylor cone formation are ¢, y, 7y, and C,
which will account for the ET geometry. Both Jones and Howell use the simulation technique of Krpoun
and Shea to determine r, and the optimal ¢, to establish a Taylor cone using the following equation [10,
37]:

T, = %tan(qbo), 3.1

where w is a parameter related to the sharpness of the Taylor cone. Figure 15 shows the effect of variations
of w on the Taylor cone shape based on numerical simulations. Jones determined that at w~11 the Taylor
cone reaches a steady state. (Refer to [11] for more information on the optimization of ET geometry and
minimization of the onset voltage.) Having established that a Taylor cone will be formed, the ES mode can
be determined [10, 37].

3.5 uSTAMPS Electrospray Mode
3.5.1 Electric Conductivity

To properly analyze and model any ES device, it is important to identify the ES mode in which it
operates. Section 2 identified four possible ES modes that are applicable to uSTAMPS: micro-ES, nano-
ES, hybrid droplet/ion beam, and pure ion beam. To begin, consider the electric conductivities of the ILs
listed in Table 1. All values are greater than 10™2 S/m, which are considered high conductivities. Thus,
micro-ES can likely be eliminated as an ES mode for uSTAMPS.

3.5.2 Scaling Laws: Droplet Diameter

The elimination of micro-ES as a mode for uSTAMPS can be verified using the droplet diameter
scaling laws of micro-ES. Using (2.37) the characteristic diameter for each of the ILs is ~10~° m, putting
the droplets in the nano-ES range. It is now important to understand if the ET is capable of maintaining a
steady cone-jet.
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Table 1: lonic liquid properties of interest (@ 25° C).

Ionic Liquid ¥ (N/m) o (kg/m?) K (S/m) u (kg/m-s) £ q/m (C/kg)
Cation Anion
OOM ~1072 ~103 ~10° ~1072 ~10t ~10° ~10°
BMP-DCA  0.0562 [60] 950 [59] 0.325[59] 0.0352[59] 18.0[58] 0.68 x 10°[59]  1.43 x 10° [59]
EAN 0.0492 [64] 1260 [63] 2.03 [63] 0.036[63]  263[61] 2.09x10°[29] 1.56 X 10°[29]
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Figure 14: Target dimensions of uSTAMPS emitter chip.
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3.5.3 Steady Cone-Jet

The scaling laws of nano-ES must be used to determine whether or not a steady cone-jet can be
maintained. Key to these scaling laws is understanding the flow rate at which fluid is fed into the Taylor
cone apex. As discussed in Section 2.3 and 3.1, capillary action draws the IL all the way through the
opening. However, once the fluid reaches the top of the capillary, the flow rate produced by capillary action
goes to zero. Thus, the fluid inertia is being driven by the electric field in the Taylor cone apex given by [2]

€oEyn~p (rg) 3.2)

Thus, the flow rate at the apex can be written as

4
Q~ |5 (33)
Table B1 in Appendix B shows the OOM and actual values of IL parameters for minimum flow rate analysis.
Based on the minimum volumetric flow rate requirements discussed in Section 2.6.2.1, the product of the
dielectric constant and the electric Reynolds number is less than unity. Thus, the Q,,;;, required to sustain a
steady cone-jet is given by (2.43) and is shown in Figure 16 . From this analysis, ILs will not reach the
Qmin required for a steady cone-jet, which rules out nano-ES and hybrid droplet/ion as the mode.

3.5.4 Ton Emission

This leaves pure ion emission as the final option for the ES mode. As discussed in Section 2.6.2.4,
for ion evaporation to occur the electric field strength at the Taylor cone apex must be ~1 V/nm which is
possible for liquids with an electric conductivity greater than ~1 S/m. Though not measured for many ILs,
the typical activation energy, AG, of an IL is 1- 2 eV [5]. Using this value of AG in (2.56) returns a critical
electric field, E*, of ~10° V/m or ~1 V/nm. Substituting this result into (2.57) gives a critical apex radius
of ~1078 m.

These OOM values can be compared to actual IL values by using apex radius values calculated
from (2.32). The value for w was found by Jones et al. to be ~11 for a steady-state system [10] and the
capillary radius, 7., for the u.STAMPS is 0.5 um. Table B2 in Appendix B shows the value of the apex
radius to be approximately 50 nm, which is the approximate value reported for ILs based on an activation
energy of 1- 2 eV [5]. These apex radius values lead to electric field intensities near 1 V/nm as shown in
Figure 17. No IL from this study reaches the exact value of the critical electric field strength, but
experiments conducted with the IL EMI-BF4 showed that a pure ion emission regime is possible even
though the electric field strength calculated was only 0.693 X 10% V/m [45]. Thus, the ILs of interest are
likely capable of providing the electric field strength required at the apex of the Taylor cone to induce ion
evaporation, though experimentation will be needed to confirm. Thus, the puSTAMPS is capable of
operating in the pure ion emission mode.

3.6 Electric Thruster Analysis Results and Discussion

Having established that the pSTAMPS operates in a pure ion emission mode, the physics and
governing equations can be solidified. Figure 18 shows the ion emission domain based on the physics
discussed in Section 2, and Table A1, Table A2, Table A3, and Table A4 in Appendix A summarize the
governing equations for uSTAMPS.
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Figure 15: Effects of w values on Taylor cone shape [10].
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3.6.1 Characteristic Times

Table B3 in Appendix B shows the important characteristic times in the region of the Taylor cone
apex. These times give an idea of the general importance of the different forces acting on the fluid in this
region. The OOM for each time has been listed, along with the values calculated using the properties of the
two ILs of interest for the purpose of ensuring an OOM analysis is accurate for this system. For the electric,
liquid residence, viscous-capillary, and inertial characteristic times the OOM analysis results in values that
are one OOM higher than the times that result from IL properties. For the particle residence and emission
characteristic time the OOM and IL property values are similar. Thus, for any thruster that uses ILs, it is
beneficial to look at the characteristic times resulting from IL properties, rather than just using the OOMs
to get an accurate understanding of the forces acting at the Taylor cone apex.

Also listed in Table B3 in Appendix B are the values of the characteristic times for both the cations
and anions of each IL. For the purposes of this analysis, the only property that differs between the cations
and anions is the charge-to-mass ratio. For the ILs of interest in this paper, the characteristic times of the
cations and anions are of the same OOM and will thus exhibit similar behavior in the vicinity of the Taylor
cone apex.

Inside of the liquid in the Taylor cone there are four characteristic times that are important: ¢, , t,;,
try> and ;. Shown in Figure 19, the smallest of these times is the electric characteristic time, which tells
us that the charge transport is dominated by ohmic conduction versus surface convection. It is worth noting
that ¢, is only one OOM faster than t;, for the ILs of interest. In other scenarios t;; could become

significant in the redistribution of charge in the cone apex and may need to be accounted for in a
computational model.

Figure 20 shows the values of the electric times, the residence times of the cation and anion
particles, and the emission times for the two ILs of interest. As previously mentioned, ohmic conduction
dominates charge transport in the liquid until it reaches the meniscus in the Taylor cone apex. At the
meniscus, the emission time is much faster than the electric time, so charge transport is dominated by the
ion evaporation mechanism where the electric field is strong enough to reduce the activation energy of the
ions and move the ions from the liquid into the vacuum. As ions are accelerated from the vacuum side of
the meniscus out of the region of the apex, the emission time becomes irrelevant, and comparing the electric
time to the particle residence time shows that the dominant charge transport mechanism in the vacuum is
convective.

One of the most important characteristic time comparisons is between the particle residence and
electric times near the Taylor cone apex. This ratio provides an understanding of space charge effects of the
ions evaporated from the meniscus and will be discussed in the next section.

3.6.2 Thruster Performance Analysis

Thruster performance analysis in this paper will focus on the thrust density and the specific impulse
of the uSTAMPS based on geometry, critical values, and IL properties. Jahn provided three equations for
thrust density of ETs that electrostatically accelerate ions: (2.68), (2.69), and (2.70) [13]. (2.68) is based on
Child’s Law, which provides the case for a space charge-limited acceleration field. (2.69) is based on the
electric pressure from the maximum electric field in the ES cavity. And (2.70) is based on the ion extraction
velocity. All values are given in Table C1 in Appendix C.
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The velocity calculated for Child’s Law, v, is found using a modified version of (2.62) that can be written

as [13]
Ver = /2 (%) ®o, (3.5)

where ¢, is the applied voltage, and it is assumed that all electric potential is transferred to kinetic energy.
The other velocity values are found using (2.60).

3.6.2.1 Thrust Density

From Figure 21, it can be seen that the thrust densities found using the electric pressure and the
ohmic conduction are similar, but despite the velocities for each category being similar, the thrust density
found for Child’s Law is much smaller. This also occurs for the current densities found from Child’s Law
and for the ohmic conduction. The reason for this discrepancy is that one of the assumptions of Child’s Law

is that the space charge will disrupt the electric field at the Taylor cone apex. Jahn explains that when ions

are emitted from the liquid with a negligible velocity, the electric field must be in the range of 0 < E < o

Xa
[13]. In the absence of space charge, the electric field is at the maximum of the range. However, as current
is increased with the applied voltage, the electric field approaches the minimum of that range. This leads to
the space charge-limited case of Child’s Law in (2.67) and (2.68) [13]. This assumption is predicated on
the fact that the space charge is strong enough to affect the electric field at the location of ion production.
In contrast, the current density used in the 2" Law is calculated using (3.2).

To analyze the strength of the space charge, (2.66) can be used. For the case of very high-
conductivity liquids (K~10% S/m) such as liquid metals like gallium, (2.66) results in a value near unity.
This means that for ETs that rely on liquid metal propellants, space charge is likely to have a significant
effect on thruster performance. However, for ILs this may not be the case. To analyze IL propellants (2.66)
can be re-written as the ratio of the particle residence time to the electric time [5]:

Esc K r _t

~ —

E* &€ 2_qE*r* B te‘ (36)

For both ILs of interest and their respective cations and anions, the particle residence time is two
OOMs smaller than the electric time, which means the electric field produced by the evaporating ions is
two OOMs smaller than the electric field produced at the apex of the Taylor cone as seen in Table C2 in
Appendix C. Thus, in contrast to liquid metals, ILs may avoid the limitations of space charge. Completely
ignoring space charge will not provide completely accurate results, but the uSTAMPS thrust density is not
minimized by the space charge-limited case given by Child’s Law.

This is further supported by the fact that Jahn assumed the maximum electric field would occur at
the extraction grid, but in an ET using an IL propellant, the maximum electric field clearly occurs at the
Taylor cone apex [13]. This is why the values from the electric pressure agree more with the values found
using ohmic conduction rather than with Child’s Law. It is worth noting that space charge will still have
some effect on thruster performance, so although the thrust density values provided by the electric pressure
and ohmic conduction are better estimates than Child’s Law, they are likely to be overestimates of the thrust
density.
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Figure 21: uSTAMPS theoretical thrust density comparison.
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Some ETs are configured to emit both cations and anions to eliminate the need for an external
neutralizer on the spacecraft. One concern for this configuration is the large difference between the thrust
density provided by the cation versus the anion. However, Figure 21 shows that the thrust densities of the
cations and anions of the ILs of interest are similar in value. Thus, switching between the two ions should
not have any major effect on the thrust performance of the ET.

3.6.2.2 Specific Impulse

Table ble C1 in Appendix C and Figure 22 show the values of specific impulse found for cations
and anions of the ILs of interest. All of the values are in the range expected of an ET. The extremely high
extraction velocities of each of the ions ensures ETs that use ILs are very efficient. However, unlike the
thrust density, there is a large difference between the specific impulse of the cations and anions of the ILs.
For the BMP-DCA, there is a 31% difference between the cation and the anion, and for the EAN, there is a
13.5% difference between the cation and the anion. This difference could be compensated for by modulating
the applied voltage to increase or decrease the extraction velocity as needed.

3.6.4 Importance of IL surface tension

In any mode of ES, surface tension plays a role in the formation of the Taylor cone, and in the
steady cone-jet mode, it hinders the production of the jet. Thus, it may be tempting to want to reduce the
surface tension as much as possible to increase the ease of Taylor cone and jet formation. However, in the
case of pure ion emission, reducing the surface tension may reduce the electric field strength at the apex
and hinder ion evaporation. (2.32) provides the strength of the electric field at the apex of the Taylor cone.
The critical value for this electric field has been shown to be ~1 V/nm. The graph in Figure 23 shows that
for a fixed apex radius, expected to be near 50 nm for ILs, as the surface tension decreases from 0.1 N/m
to 0.01 N/m, a typical range for ILs, the electric field strength decreases from the critical value needed to
produce ion evaporation [5]. Also, below 0.03 N/m, the electric field strength seems to begin decreasing
rapidly. Thus, it is important to balance the need to increase the ease of Taylor cone formation with the need
to produce the necessary electric field strength at the Taylor cone apex to include ion evaporation.

3.6.5 Analysis Limitations
3.6.5.1 Perfect Dielectric Assumption

To solve for the charge density from the ion emission (2.48) the surface charge density on the
meniscus must be found. (2.48) uses the electric field jump condition at the meniscus to find that surface
charge density. However, when looking at the derivation of the stress balance that leads to formation of the
Taylor cone (2.31), one of the fundamental assumptions is that the liquid approaches a perfect dielectric,
such that £, = E:—" If this assumption is used in (2.48), the surface charge density becomes zero. The
critical values for electric field and apex radius which are fundamental in our ion emission analysis are
based on (2.31). This discrepancy will likely cause inaccuracies in any solution found using the perfect
dielectric assumption. Thus, it is important that in any numerical analysis conducted, the full meniscus
surface stress balance (2.26) be used to solve for the meniscus shape and electric field.

3.6.5.2 Characteristic Current Density

To calculate the thrust density using the extraction velocity, the conductive current density in the
Taylor cone apex was used instead of the emission current density (2.55). This is because (2.55) requires a
solution for the surface charge using (2.48), which is problematic for this analysis as stated in Section
3.6.5.1. Surface charge can be found using a numerical analysis, which is outside of the scope of this paper.
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However, because the emission time is smaller than the electric time it can be expected that the conductive
current density will be of the same OOM as the emission current density.

3.6.5.3 Concave Meniscus

Another limitation of this analysis is the uSTAMPS’s method of using capillary action to draw
propellant into the ET capillary rather than pumping the propellant in at a specific flow rate. This would
result in a concave meniscus at the top of the capillary with an angle that depends on the contact angle of
the liquid propellant. There is little research on ES devices that initialize with a meniscus in a concave
shape, and it is not certain if it is possible for a Taylor cone to form from a concave meniscus. The next
Chapter will discuss the use of ANSYS Fluent to simulate a concave meniscus subject to an applied electric
field and determine if a Taylor cone can be formed.
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Chapter 4: Numerical Investigation of Concave Meniscus

The uSTAMPS will introduce propellant into the thruster chip via capillary action. In a vacuum,
the propellant will flow to the end of the capillary but will settle with a concave meniscus that depends on
the contact angle of the propellant. Little research has been conducted on ES devices with an initially
concave meniscus, which is why it is worthwhile to perform numerical simulations to determine if this is
feasible. Ideally, these simulations would be performed on the geometry and propellant used in uSTAMPS,
but because the electric relaxation time produced by ILs is so short (~10719 s) the computational cost of
performing numerical simulations on ILs is prohibitively high with available equipment and time. However,
low-conductivity fluids can have much longer electric relaxations times (~107> s). Thus, it is feasible to
perform numerical simulations of ES devices that use low-conductivity fluids. There is also much more
published research on ES using low-conductivity fluids, which makes verification of numerical simulations
simpler. This section will focus on numerical simulations conducted in ANSYS Fluent to determine if a
low-conductivity fluid with an initially concave meniscus will deform into a Taylor cone and produce an
ES when subject to an applied electric field.

4.1 Design of Research Model

Currently, there is no published experimental research on an ES device that has an initially concave
meniscus. Thus, it is necessary to create a verification model to ensure accurate results in the concave case.
This verification model will use n-heptane and air in a stainless-steel capillary-fed ES device configured as
shown in Figure 24. The goal of this ES device will be to create a steady-cone jet on the microscale, which
can then be verified with the scaling laws discussed in Section 2.6.2.1 [2]. The general set up for this
verification model includes geometry that is axisymmetric, a transient time state, and gravity acting in the
x-direction. Once the model is verified, it will be adjusted to n-heptane in an initially concave shape, with
no gravity, and the mass flow rate will be adjusted to zero to reflect the operating conditions of an ET in
vacuum. To model an ES device in ANSYS Fluent, three models are used simultaneously: the
Magnetohydrodynamics (MHD) model, the Volume-of-Fraction (VOF) model, and the Discrete Phase
Model (DPM).

4.1.1 Electrohydrodynamics Model

ANSYS Fluent has a built-in model for EHD inside of the MHD model called the Electric Potential
Method. This model uses the electric potential equation (Laplace’s equation) [65]:

V¢ = 0. 4.1)

To solve the steady-state version of the conservation of charge equation (2.19) for charge density which is
given by [65]:

V-J=0, (4.2)
where | is given by [65]

J = KE. (4.3)

This model adds an electric force to the momentum equation, which can be written [65]

du =
pm(5+u-Vu)=—VP+V-t+fe, (44)
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where the electric force is [65]

fe =peE. (4.5)

For boundary conditions, this method allows boundaries to be assigned electric potential values, potential
flux values, and current values where desired. Limitations of this model regarding this research will be
discussed in Section 4.3.4.

4.1.2 Volume-of-Fraction Model

The Volume-of-Fraction (VOF) Model is capable of modelling interaction between two immiscible
fluids, where the interface between the two fluids is of interest. In this model, the fluids share a momentum
equation, and the volume fraction of each fluid is tracked by cell. This is useful for modeling surface tension
forces using the CSF method for two fluids as proposed by Brackbill et al., which is given by [65]

_ .,  PrVa;
st y”%(Pi"’Pj)’ (4.5)

where k; is the curvature of the interface and p is the density given by [65]
p=2 AqPq> (4.6)
where a is the volume fraction of the q™ species defined as [66]

aq =0 for a qth fluid if none of the qth fluid is in the cell;
ay = 1for aqth fluid if only that qth fluid is in the cell; 4.7)
0 <ay <1 foragqth fluid at the interface of the qth fluid and another fluid.

The surface tension force given in (4.5) is added to the conservation of momentum equation such that (4.3)
becomes [65]

ou 7
pm(EJru-Vu):—VP+V-r+fe+fst- (4.8)

The ability to model surface tension means this model can predict jet breakup as seen in micro-ES and
nano-ES. It is also important to note that this model is compatible with the built-in MHD model, whereas
the more accurate Eulerian model is not. This model was chosen over the Continuum Surface Stress model
because the surface tension is assumed to be constant throughout the system, and there was no need to
resolve solutions near sharp corners.

Accuracy at the interface between the liquid and air in the system is extremely important for this
research due to the balance of forces that exist along the meniscus. As such, the Explicit Volume Fraction
Formulation was chosen for this research. It is non-iterative and, because it is time-dependent, it can only
be used in a transient model. This formulation provides more accurate results than the Implicit Volume
Fraction Formulation, but it is limited by the Courant-based stability criterion defined by the user in the
user interface [66]. The Courant-based stability criterion will be discussed further in Section 4.2.4. The
Sharp interfacial modeling type was chosen for this research due to the distinct interface between the liquid
and gas in the system. Using the Explicit Formulation and the Sharp interface allows for the use of a geo-
reconstruction approach at the interface of the two fluids. This approach, though more computationally
expensive than others, is the most accurate. It assumes a linear slope between the two fluids at their interface
per cell and uses that assumption to solve for the advection of the fluid through the cell [65].
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4.1.3 Discrete Phase Model

The DPM is used to introduce particles into a system. Particle trajectory is predicted using particle
motion theory. This research will assume there are no particle collisions in the system. When used in
conjunction with the MHD model, the particles can be given a constant charge density. These particles can
be set to interact with the continuous phase of a system, which creates a two-way coupling between the
particles and the continuous phase. This allows momentum to be exchanged between the particles and the
fluid when solving for the fluid motion [65, 66]. For ES applications, this method can be used to introduce
a charge into the liquid, which allows the liquid to interact with the applied electric field. This will provide
the balance between the surface tension and the electric field that will ultimately create a steady cone-jet.
Limitations of this model regarding this research will be discussed in Section 4.3.4

4.1.4 Solution Method and Control

Spatial discretization in ANSY'S Fluent is accomplished by storing the value of a scalar at the center
of a cell. To solve for convection terms cell face values for the scalar are required. These face values are
found through interpolation using one of two upwind schemes. The first scheme is the first-order upwind
scheme and is used when first-order accuracy is required. The second is the second-order upwind scheme,
which uses a Taylor expansion of the cell solution to achieve second-order accuracy [65]. In this research,
momentum was found using a second-order scheme and the electric potential was found using a first-order
scheme. These schemes were chosen because ANSYSS Fluent considers second order schemes necessary for
convective flow terms to properly resolve the flow, but first order schemes are considered accurate to
properly resolve scalar fields [66]. It is also possible to use High Order Term Relaxation (HOTR) to assist
in solution stability [66]. During this research, if a solution lost stability, it usually occurred due to
instabilities in the momentum equations. Thus, HOTR was implemented to assist in finding stable solutions
for the momentum equations.

The models in this research are transient so, besides spatial discretization, the governing equations
also require temporal discretization. The models in this research used a pressure-based solver and a constant
time step. So, to accomplish temporal discretization they used the first-order implicit method, which has
the advantage of being unconditionally stable for each time step [65].

Evaluations of gradients and derivatives are required for solving for the scalar face value of a cell.
Because the mesh used in this research was quadrilateral with minimal skewness in the fluid flow regions,
the least squares cell-based gradient method was chosen. This method is less computationally expensive
than the node-based gradient methods available [65].

ANSYS Fluent has two types of solution methods: pressure-based and density-based. Micro-ES is
a low-speed, incompressible flow, which pressure-based methods were designed to solve. The pressure-
based solvers control the way velocity and pressure are updated during calculations. Computational expense
is an issue with ES models, so of the pressure-based solvers available in ANSYS Fluent, the Pressure-
Implicit with Splitting of Operators (PISO) was selected because it allows transient solutions to be solved
with a larger time-step and larger under-relaxation factors than other methods. This method increases the
efficiency of calculations using neighbor correction. This correction moves repeated calculations required
by other methods into the pressure-correction equation, which helps to decrease the number of iterations
required for convergence, particularly in transient models [65].

The density relaxation was left at unity, because this system is assumed incompressible, and no
major density changes take place. However, the rest of the relaxation factors were reduced to 0.6. Though
this reduction increases the number of iterations needed per time step, the reduction allowed the time step
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to be dropped one OOM while keeping the solutions stable. This greatly decreased the computational cost
of the simulations without sacrificing accuracy.

4.2 Verification Model
4.2.1 Materials

The VOF model determines interactions between two fluids, particularly in terms of momentum
and surface tension. For this model, those fluids are liquid n-heptane and air. The DPM will introduce
charged particles of n-heptane. Also, the capillary tube and extraction grid are made of stainless steel. All
material properties are listed in Table 2.

4.2.2 Boundary Conditions and Initial Conditions

One of the most important aspects of any model are the boundary conditions and initial conditions.
As shown in Section 2, besides the propellant properties, the most important aspects of an ES device are
the volumetric flow rate, the applied electric potential, and the electric field at the boundaries. These
boundary conditions are defined in Table 3. For the initial conditions, the particle introduction and initial
fluid locations must be identified. ANSYS Fluent allows cells to be filled with either of the fluids being
considered. The cells internal to the capillary are filled with n-heptane to the height of the capillary and the
rest of the system is filled with air, as shown in Figure 24. In the DPM, the diameter, flow rate, and velocity
of the particles is defined along with the location and way the particles will be introduced. The diameter of
the particles is assumed to be the same as of the droplets produced by the steady cone-jet, which is found
using (2.31). The flow rate of the particles matches the flow rate of the n-heptane. The initial velocity of
the particles is zero. The particles will be introduced evenly distributed at the top of the capillary along the
interface of n-heptane and air.

4.2.3 Mesh Independence Study

The mesh independence study for this research was conducted using four meshes of 200k nodes,
300k nodes, 450k nodes, and 900k nodes. The mesh cases were built in Ansys Meshing using quadrilateral
nodes. The model used to evaluate these mesh cases had a volumetric flow rate of 10 cc/hr of n-heptane
into the capillary and an applied voltage of 7500 V. Quadrilateral mesh quality can be evaluated on four
properties: element quality, aspect ratio, skewness, and orthogonal quality. The element quality is a
dimensionless metric that denotes a perfectly regular element as 1 and a completely degenerated element
as 0. The aspect ratio is a measure of the longest side of an element to the shortest. High-quality elements
have an aspect ratio close to one. Skewness assigns a numerical value to how equilateral the quadrilateral
elements are throughout the domain with a value of 1 being the worst and 0 being the best. Orthogonal
quality indicates a deviation from the line that connects two cell enters. A value of 1 is the best and 0 the
worst [66]. Table 4 lists the properties of each of the mesh cases and shows that for each of the cases, the
average element quality is > 0.96, the average aspect ratio is ~1.1, the average skewness is < 3 X 1072,
and the average orthogonal quality is > 0.997 which makes it reasonable to say that the mesh in each case
is of high quality. More information on the properties of each of these cases can be found in Table 4.

Before discussing each case, it is worth mentioning the issues during startup for this transient
model. In the subfigure on the left of Figure 25 there is an example of this start-up issue, where there is
buildup of n-heptane in the initial portion of the jet. By inspection, this build up is non-physical, and from
the pressure graph it is clear that it causes instabilities in the solution data. This solution instability from
the initial portion of the jet occurs in all mesh cases. However, once that initial portion of the jet has exited
the domain, the solution becomes stable for all mesh cases.
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Figure 25: Model transient startup issue example.

Table 2: Model material properties.

Time: 1.1 ms

Ansys
2022 R2

o/ L’Wum}_ Jbﬁ

Material Properties

Density (kg/m?) Electric Conductivity (S/m) Surface Tension (N/m)

Viscosity (kg/m-s)

n-heptane 684 1.15x 1076 21x 1073 2.62x 1073
n-heptane 684 1.15x 1076 - -
particles
stainless steel 8030 8.33 x 10° - -
Table 3: Model boundary conditions.
Domain Boundary Conditions
Domain Boundary Fluid Dynamics Electric Field
Air n-heptane
d
AB Inlet Q,=0 Qx = Qxo _d) =0
0x
dv ov do
CD Outlet — = — = =
e 0x 0 0x 0 0x 0
DE Electrode- 6_17 =0 a_v =0 ¢=0
ox ox
EFG Atmosphere 8_17 =0 6_17 =0 6_¢> =0
0x 0x 0x
GHIA Electrode+ v=20 v=20 b = ¢y
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Figure 26 and Figure 27 show the static pressure and the velocity, respectively, along the axis of
the domain in each of the mesh cases. Each case exhibits similar behavior in both of these metrics, with a
couple discrepancies, one of which can possibly be explained by perturbations in the jet. As described in
Section 2, perturbations will travel along the jet to a breakup point where droplets are produced. The small
fluctuations in the static pressure along the axis near the end of the transition region in Figure 26 are likely
caused by such perturbations. It is possible that these perturbations are better resolved by the two cases with
the greatest nodes, and those fluctuations in pressure are causing the differences in velocity near the end of
the transition region in Figure 27. More investigation is needed to verify this hypothesis. The other
discrepancy to note in Figure 26 is the large difference in static pressure near the Taylor cone apex. The
case with the highest number of nodes has a much larger pressure than the other cases. It is unknown at this
time what is causing this pressure difference.

The similar behavior across these parameters makes it difficult to choose an optimal mesh, so this
study moved to looking at the time and timesteps required for the initial portion of the jet to exit the domain.
Figure 28 shows the amount of time required for the initial portion of the jet to exit the domain for each
case. As the number of nodes is increased, the amount of time required for the initial jet to exit also
increases. However, Figure 29 shows the amount of time per node that is needed for the initial jet to exit
the domain. These results show that the 200k case requires the most amount of time per node and the 450k
case requires the least. Since meaningful results are not obtained until after the initial jet exits the domain
and the 450k case seems to resolve the pressure fluctuation of the perturbations nearly as well as the 900k
case, the 450k case was chosen as the mesh for this study.

4.2.4 Temporal Independence Study

This study will use a transient model to determine the capability of a concave meniscus to produce
ES, so besides a mesh independence study, a temporal independence study must also be conducted. To
establish a possible timestep the electric relaxation time and liquid residence time were required. The
dielectric constant for n-heptane is 1.93, [50] so for n-heptane, using (2.75) and (2.77), t,~107> s and
t;;~1075 s which means the timestep will need to be at least ~10~° s to find a stable solution. The stability
criteria for each simulation were based on the Courant number, CFL, which is given by [66]

_uae
CFL=—. (4.9)

A stable solution required that the Courant Number remained below 250, though it was found through
multiple iterations that if the Courant number reached ~0.1, it grew exponentially with each timestep that
followed. A timestep value of 10~° was attempted for these simulations, but the inherent instability of the
transient startup in these models meant that the timestep needed to be reduced to 1078 for the solution to
remain stable until the initial portion of the jet exited the domain. However, further experimentation led to
stable solutions using a timestep of 10~ if the relaxation factors for all parameters except density were
reduced to 0.2-0.3. Even though reducing the relaxation factors can increase the number of iterations
needed per timestep, the increase in timestep significantly reduced the amount of time needed to reach a
stable solution.

A test was conducted with the 10~7 timestep and the 10~8 timestep using a volumetric flow rate
of 10 cc/hr and an electric potential of 7500 V. Comparison of the average jet diameter in the transition
region showed that there are differences in the results when using the 10~8 versus the 10~7 timestep. The
average jet diameter in the former case is 41.5 pm and in the latter case it is 35.5 um. The value of the
scaling law jet diameter for this case is 41.9 pm. So, the 1078 timestep case is off by 1% where the 10~
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Table 4: Mesh independence case properties.

Case 200,000 300,000 450,000 900,000
Exact Nodes 208,751 299,255 456,548 927,027
Element size 9.00E-07 7.40E-07 6.16E-07  4.20E-07
Element Quality
Min 0.3395  0.36065 0.3549 0.43168
Max 0.99995  0.99954 0.9947 0.99948
Average 0.97161  0.96337 0.98699 0.9797
Standard Dev 2.23E-02 2.80E-02 1.83E-02 1.81E-02
Aspect Ratio
Min 1 1 1 1
Max 3.0523 2.6966 3.1519 3.0773
Average 1.1144 1.1475 1.0916 1.1343
Standard Dev 9.99E-02 0.12121 6.87E-02  8.38E-02
Skewness
Min 2.75E-05 6.98E-06 6.46E-06  3.70E-06
Max 0.66375  0.64873 0.74455 0.63794
Average 2.35E-02 2.78E-02 9.07E-03  1.24E-02
Standard Dev 2.60E-02 3.35E-02 1.78E-02  1.74E-02
Orthogonal Quality
Min 0.59201  0.60752 0.57524 0.69011
Max 1 1 1 1
Average 0.99866  0.99782 0.99962 0.99955
Standard Dev 5.50E-03 6.43E-03 5.45E-03  4.99E-03
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timestep case is off by 15%. Because this study is focused on the feasibility of ES from a concave meniscus
and not on specific values, the benefit of using the 107 timestep was deemed to be worth the sacrifice in
accuracy.

4.2.5 Particle Mass

The charged particles that ANSYS Fluent introduces into a system have their own mass. It is
important to determine if the total mass of the particles introduced into the system is significant enough to
affect the overall solution. ANSYS Fluent provides a summary of particle statistics in the Results tab of the
user interface. For the 10 cc/hr scenario, the total particle mass in the system is ~1071% kg, but the total
mass introduced into the capillary is ~107° kg. The particle mass is significantly smaller than the amount
that enters through the capillary, so it is assured that the particle mass has very little effect on the final
solution.

4.2.6 Results and Verification

The volumetric flow rate of the n-heptane into the capillary was varied for three scenarios, 10 cc/hr,
8 cc/hr, and 6 cc/hr, using the verification model described in Section 4.2. Figure 30 shows the VOF results
of all three flow rates. To confirm these results are accurate, the characteristic length of the transition region
was calculated from (2.41). Next, the average jet diameter inside of the characteristic length was found by
taking four measurements of the jet diameter inside of the characteristic length, as shown in Figure 31.
Finally, the average was compared to the jet radius calculated using (2.42). The results of these
measurements can be seen in Figure 32. The errors between the average jet diameter and the scaling law jet
diameter for the 10 cc/hr, 8 cc/hr, and 6 cc/hr scenarios were 15%, 6%, and 10%, respectively. These results
indicate that the simulation represents the physics of micro-ES accurately based on comparison to the
scaling laws. They also indicate that for decreasing volumetric flow rates, and thus decreasing jet radii, a
finer mesh may be needed than the present mesh to achieve the most accurate results. Because the purpose
of this model is to determine whether or not a Taylor cone will be formed when an electric field is applied
to a concave meniscus, and not to accurately determine the jet radius produced, the current mesh will be
maintained for the concave meniscus case.

4.3 Concave Meniscus Model
4.3.1 Changes from Verification Model

The concave meniscus model will use the same mesh, settings, and parameters as the verification
model with three exceptions. First, the mass flow rate is set to zero, and second, the acceleration due to
gravity will be set to zero. This will ensure that the only external force affecting the concave meniscus is
the electrostatic force. This will be more representative of capillaries in space environments, where the
uSTAMPS will be operating. The third exception is the concave meniscus shape in the initial n-heptane in
the system with a contact angle of 21°, which is shown in Figure 33.

The angle of the meniscus is achieved by patching a circle with air near the top of the capillary, as

shown in Figure 34. The radius of the circle is found using the following equation:
Tc

cos (6.) (4.3)

o =
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Figure 30: ES verification model VOF results for various flow rates.
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Figure 31: Characteristic length and jet diameter measurement locations.
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Figure 32: Comparison of simulation and scaling law jet diameters.
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Figure 33: Concave meniscus model domain.
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Figure 34:

Contact angle implementation schematic.
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The location of the center of the circle is found from:

Xo = he +xq. (4.4)
Also, the rake that introduces the charged particles is placed at the edge of the meniscus, which is found
from:

Xy = Xo — To- (4.5)

4.3.2 Results

Referring to Figure 35, the system begins with a concave meniscus at an angle of 21° with the n-
heptane in contact with the end of the capillary. After 0.03 ms, the n-heptane recedes from the edges of the
capillary, as the surface tension stresses reduce the local radius to begin forming the Taylor cone. At 0.05
ms, the n-heptane angle at the wall becomes acute with reference to the wall and has receded further down
the wall as more charge and n-heptane accumulate at the apex. At 0.15 ms, a cone-jet has fully formed. At
0.2 ms, perturbations form along the jet. Finally, at 0.25 ms, the jet is broken up into droplets because the
flow rate into the capillary is not enough to maintain a steady cone-jet.

4.3.3 Discussion

From Figure 35, it is clear that a Taylor cone can be formed from a concave meniscus. As expected,
because there is no flow rate into the capillary, mass is pulled from the edges of the capillary toward the
center to form the Taylor cone and subsequent cone-jet. Also, because there is no flow rate into the capillary,
the cone-jet runs out of mass and eventually breaks up into droplets, which quickly decrease in size.

Using these results, it can be theorized that, in the case of the uSTAMPS, a Taylor cone will form
from the concave meniscus of the IL propellant at the top of the capillary in the same manner as if there
were a flow rate into the capillary. Because the ES mode of uSTAMPS is in the pure ion regime, the lack
of a flow rate into the capillary becomes less of an issue, as the loss of ions will reduce the mass inside the
Taylor cone far slower than if a cone-jet were formed, allowing the cone to be maintained. Over a longer
period of time the capillary will need to be refilled, but the Taylor cone and ion evaporation should not be
interrupted until that refill is required. This means it is likely the uSTAMPS will provide a steady emission
of ions to provide thrust for a spacecraft.

4.3.4 Limitations of the ANSYS Fluent Model
4.3.4.1 Initial Meniscus Shape

As discussed in Section 4.3, there are limitations on the initial shape that can be implemented at
the meniscus of the liquid since ANSYS Fluent only allows rectangles and circles for creating the initial
meniscus shape. A physical meniscus will be tangential to the surface it is in contact with, then curve in a
parabolic shape, and flatten out at the apex of the parabola. Thus, the circular shape implemented for the
initial meniscus shape is only an approximation of a physical meniscus.

This limitation could be mitigated by having the n-heptane enter the domain at the beginning of the
capillary and have capillary forces move the fluid to the end of the capillary. However, this technique
required more time and computational cost than was available for the study.
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Figure 35: Evolution of concave meniscus (21°) subject to an applied voltage.
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4.3.4.3 Reporting of Values

The limitations in ANSYS Fluent in conducting EHD exist in the EHD model. The equation for
current density is given as [65]

j:O'(E+UXB), (4.6)

where o is the electric conductivity, U is the fluid velocity field, and B is the magnetic field. Because ES
occurs electrostatically, this limits the current density to ohmic conduction:

j=oE. (4.7)
As discussed in Section 2, ohmic conduction dominates charge transport in the Taylor cone of
micro- and nanoscale ES, but as the Taylor cone transitions into a jet, charge transport transitions to surface
convection, which becomes dominant in the jet itself. This causes the value of the current density to rapidly
go to zero after the transition region as shown in Figure 36. A similar issue exists in the reported values of
the electric field, which also goes to zero shortly after the transition region as shown in Figure 37. This is
because the Poisson Equation is assumed to be as follows [65]:

Vz(f) =V-(UXB), (4.10)
where ¢ is the applied voltage. Again, the electrostatic nature of ES changes (4.8) to
Vip =0, 4.11)

(4.11) implies that there is no free charge at the surface of the fluid, but, as explained in Section 2, at the
interface between the air and the cone-jet there is free charge at the surface. Also, Figure 38 shows that the
electric energy supplied by the applied voltage falls to zero inside the domain, as that energy is converted
to kinetic energy. Since there is no transition from ohmic conduction to surface convection, the surface free
charge is considered zero throughout the system, and the voltage falls to zero inside the domain, so the
electric field strength is incorrectly reported after the transition region. Importantly, these limitations do not
seem to affect the behavior of the model, but they do make it impossible to get accurate values of electric
potential, electric field, and current density.

Another important limitation in reporting is the electric force, which is reported in ANSY'S Fluent
as the Lorentz force and is given by [65]

F=jxB. (4.12)
The electrostatic assumption changes (4.12) to

F=o. (4.13)

Clearly, the Lorentz force is not zero during ES, but the force is reported as zero nonetheless, as seen in
Figure 39. The ANSYS Fluent Theory Guide also provides an equation for Lorentz force on a particle which
is written [65]

Fp =q(E +vp X B), (4.14)

where q is the charge of the particle and v, is the particle velocity. As before, the magnetic field is zero, so
(4.14) becomes

Fp = qE, (4.15)
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This force certainly makes sense based on how charge is introduced into the system, but there does not
seem to be a way to report this force when processing results. Thus, the only force reported for the system
is (4.13). Again, this limitation does seem to affect the behavior of the model, but the model does not provide
an accurate report of the Lorentz force in the system.

The introduction of particles via the DPM includes another limitation. Because the charge is
coupled to the particle, the charges do not move through the fluid as a physical charge. Rather, they are
subjected to the drag laws that are applied to the particles and thus are slowed by the fluid. This is why the
charged particles must be introduced at the meniscus rather than initially assigning charge to be evenly
distributed through the n-heptane based on the charge density.

The introduction of charged particles in this manner caused unrealistic behavior in the initial stages
of the transient simulation, as shown in Figure 40. Once the bulge of n-heptane at the head of the jet exited
the domain, the solution moved towards a steady state and the behavior of the fluid moved closer to physical
reality, as shown by the comparison to scaling laws in Section 4.2.6. This is shown in the pressure graphs
of Figure 41. The top graph corresponds to Figure 40, and the two bottom graphs show the pressure at two
different times after the bulge leaves the domain. Clearly, the pressure has stabilized after the bulge passes
out of the domain. This is why the initial shape of the evolving Taylor cone shown in Figure 35 does
accurately represent the expected Taylor cone shape.

As discussed in Section 4.1.2, the CSF model was chosen for this research for surface tension
forces. This model is only valid for constant surface tension and performs well when there are no sharp
interfaces. For the purposes of micro-ES, these limitations are reasonable, but for research in nano-ES and
ion emission, even though constant surface tension is still expected, better resolution may be found at the
Taylor cone apex with CSS. More research would need to be done to confirm this theory.
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Chapter S: Conclusions and Future Work

5.1 Conclusions

With the rise in deployment of nanosatellites and the new requirements for deorbiting a satellite,
there is an increased need for propulsion devices compatible with these low-mass satellites. ETs are ideal
propulsion devices for this purpose, because the electrohydrodynamic principles that govern this type of
thruster can provide extremely high extraction velocities. This not only keeps the mass fraction of the
thruster low, but also ensures a very high specific impulse.

ETs can operate in different ES modes, and it is imperative to properly identify the ES mode to
make accurate analytical and numerical models. A successful procedure for identifying the ES mode
involves the following steps:

1. Verify the electrostatic solution is valid for the device.
2. Determine if the device can form a Taylor cone.
3. Determine if the device can establish a steady cone-jet:
a. Find the minimum flow rate required for a steady cone-jet.
b. Compare the expected flow rate of the system to the minimum flow rate.

If a steady cone-jet can be established:

c. Determine the scale of the cone-jet using electric conductivity and scaling laws.
d. Identify if ion emission will occur during the droplet breakup process.

If a steady cone-jet cannot be established:
e. Identify if ion emission will occur at the Taylor cone apex.

Once the ES mode is established, the governing equations and scaling laws can be gathered for the ET to
create both an analytical model and numerical model to analyze the thruster performance.

This procedure was used to analyze the novel ET, uSTAMPS, and identified it as operating in the
pure ion emission ES mode. The governing equations were then gathered for the uSTAMPS and used to
create an analytical model. Initially, this model was used to compare the characteristic times at the Taylor
cone apex to understand the behavior of the fluid and the ions in the smallest liquid domain of the system.
The characteristic times showed that the electric time was much smaller than any of the fluid times, which
says that the conductive current density will dominate charge transport in the Taylor cone. However, the
emission time shows that once the charge reaches the meniscus at the Taylor cone apex, the ion evaporation
mechanism will dominate charge transport and move ions from the liquid into the vacuum. lons are then
accelerated away from the apex and, from comparing the electric time and the particle residence time, the
dominant charge transport mechanism becomes convective.

Next, this model compared thrust density and specific impulse values given by Child’s Law, electric
pressure, and extraction velocity. This model showed that Child’s Law provided a much smaller estimate
for thrust density than either the electric pressure or the extraction velocity. An analysis of the space charge
effects by comparing the electric time to the particle residence time at the apex determined that the
uSTAMPS is likely not limited by space charge effects, and as such, Child’s Law is not a reliable estimate
for the thrust density for an ET using ILs. It is worth noting that space charge likely will have some effect
on the thruster performance, so even though the thrust densities found using the ohmic and electric pressure
may be better estimates than Child’s Law, they are likely to be overestimates of thruster performance.
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The uSTAMPS will emit both cations and anions to create thrust while eliminating the need for an
external neutralizer. Thus, the cation and anion performance for two possible IL propellants, BMP-DCA
and EAN, were analyzed. The analysis showed that for both ILs, the thrust density did not vary largely
between the cation and anion, but there is a large variation in the specific impulse produced by the cation
and anion. This variation could be mitigated by modulating the extraction voltage accordingly.

A unique feature of the uSTAMPS is the use of capillary action to draw the propellant to the end
of the capillaries. This will result in a concave meniscus dictated by the contact angle between the fluid and
the capillary. There is no published research on Taylor cone formation from a concave meniscus. So, using
a numerical model developed in ANSYS Fluent of a low-conductivity liquid inside a capillary and verified
using the scaling laws, this study showed that it is possible to form a Taylor cone from a concave meniscus.

5.2 Future Work

The ultimate goal of this work is to develop a full numerical model of the uSTAMPS. The
groundwork regarding identifying the underlying physics and governing equations for the pSTAMPS has
been accomplished in [10, 37], and in this study. To continue this effort, one of the things that must be
accomplished is the development of a model that can handle the short characteristic times involved in high-
conductivity liquid propellants. The simulations performed in this study worked with characteristic times
on the order of 107 s, which required a time step of 1077 s to remain stable. A simulation that works with
high-conductivity propellants will need to handle characteristic times on the order of 10713 s, which may
require a time step of 1071* s and which will be computationally expensive. Besides this capability being
needed to provide an accurate model for the uSTAMPS, it will also show if the concave meniscus can
produce a Taylor cone in high-conductivity spray as was shown for low-conductivity spray in this study.

The model will also need to be able to handle the ion emission physics. This will require tracking
a large number of particles between the Taylor cone apex and the domain outlet, which can also be very
computationally expensive. Accurate tracking of particle trajectories will provide accurate measurements
of the ion beam shape, an understanding of the ion plume, and space charge effects on thruster performance.

Another topic that needs to be solved is the introduction of charge so that the initial formation of
the Taylor cone is accurate. This is especially important for an ET that will emit both cations and anions.
The process of switching polarity will likely cause changes in the Taylor cone shape and understanding that
shape evolution, and more importantly, the changes in the radius of the apex, will provide accurate data on
ion evaporation and the transition from ohmic conduction to ion evaporation to convection.

The final topic to be mentioned in this study is the effect of temperature on the electric conductivity
of the IL propellants. This study did not focus on the energy equation or temperature. However, temperature
may fluctuate significantly during space operations. Decreases in temperature result in the decrease of
electric conductivity. If the electric conductivity gets too small, the electric field at the apex may not be
strong enough to cause ion evaporation. Understanding these effects will determine if the IL propellant in
the ET needs to have any kind of temperature control to make sure thruster performance is optimal and
consistent.
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Appendices

Appendix A: Summary of Equation Tables

Table Al: Summary of uSTAMPS governing equations.

Equation Equation Name
V-u=0 Mass Conservation
Pmu-Vu)=-VP +V-T +V-7, Momentum Conservation
V-J=0 Charge Conservation
V-(¢E) = p, Maxwell-Poisson
VXE=0 Maxwell
E=-V¢ Scalar Potential
(py—pi+yR) n=FT,—T) N +Tpe —Te)' M Meniscus Normal Stress Balance
1
T, = €& (EE — §I|E|2> Maxwell Stress Tensor
O, = 80( - eEln) Surface Charge Jump Condition
_ kgT _AG-G ( ) Current Density—Absolute Reaction
Ji=0e——ex KT Rate
. _KE Current Density—Ohmic
Jeond = =~ Conduction
Table A2: Summary of Taylor cone apex domain equations.
Equation Equation Name
2
_ dme(A6) Critical Electric Field
e
4y . .
rt=—s Critical Apex Radius
&kE
. _ (Q) . s .
v'= [2(—)Ap Ion Velocity in r* Domain
m
Ap* = E*r* Potential Drop in r* Domain
KE*
jr=— Current Density in 7* Domain
€
t = J Liquid Velocity in r* Domain
p(q/m)
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Table A3

: Summary of characteristic time equations.

Equation Equation Name
£g -
e =% Electric Time
r m
ty = p(fj./ ) Liquid Residence Time
- T
P . . .
Particle Residence Time
2(75) 29
ur : . .
rw = 2 Viscous-Capillary Time
pr3 N
tin = |— Inertial Time
14
h . .
tem = The Emission Time
B
Table A4: Summary of thruster analysis equations.
Equation Equation Name
3
1 2
5 42
JoL = ﬁ (2_61)2 & Current Density—Child’s Law
79 \m/ x2,

Ve = \/v*z +2 (%) (Ag)

T 8¢ <¢0 >2
Act 9 Xag

T L
— = —£
AEmax 2 0~max
T JVe
A} (Q/m)
v
I = —

Extraction Velocity

Thrust Density—Child’s Law

Thrust Density—Electric Pressure

Thrust Density—Ohmic Conduction

Specific Impulse
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Appendix B: Electrospray Thruster Mode Analysis Tables

Table B1: Scaling laws and minimum volumetric flow rate values.

IL Reg Reye dgo (M) Iy (A) Qq (m’/s) Quin (m*/s) Q (m’/s)

OOM ~1073 ~1072 ~10710 ~10710 ~10~Y7 ~1071% ~1071°
BMP-DCA 1.23x107%2 22x107! 35x107° 543x107° 1.61x107% 131x10713 2.7 x 10717
EAN 658x 1073 1.7x107! 9x1071% 412x107° 1.7 x 10716 259 x 107"  2.65x%x10717

Table B2: Critical electric field strength for ILs.

Ionic Liquid r* (OOM) or r, (IL) (m) E* (OOM) E,,,, (IL) (V/m)
OOM ~1078 ~10° V/m
BMP-DCA 5.28 x 1078 0.693 x 10°
EAN 5.28 x 1078 0.555 x 10°

Table B3: Characteristic times of ILs in the r* or r, domain.

IL te (S) trl (S) tp (S) tru (S) tin (S) tem (S)

OOM ~10"11 ~1077 ~10712 ~10~° ~10710 ~10713
Cation

BMP-DCA 49 x 1071 273x107® 7.49x1072 331x107% 158x107° 1.64 x 10713

EAN 1.15x1071%  278x107® 441x107'? 387x10"% 194x10° 1.64 x 10713
Anion

BMP-DCA 4.9 x 1071 573x107% 516x 10712 331x107® 1.58x107° 1.64 x 10713

EAN 1.15x1071%  207x107® 511x107'? 387x10"% 194x10° 1.64 x 10713
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Appendix C: Thrust Metric Analysis Tables

Table C1: Thrust density and specific impulse analysis.

Thrust Density from Child’s Law

IL ve, (M/s)  jon (A/m?) T/A., (N/m?) Isp (5)
OOM 2 x 10* 1.94 x 10° 3.89 x 103 2040
Thrust Density from Electric Pressure
IL -- -- T/Ag ., N/m?) -
OOM -- -- ~107 --
BMP-DCA -- -- 2.13 x 10° --
EAN -- -- 1.86 x 10° --
Thrust Density from the Extraction Velocity
IL v, (m/s) j (A/m?) T/A,, (N/m?) Isp (5)
OOM ~10* ~108 ~10° ~103
Cation
BMP-DCA 1.8x10* 1.25x 107 3.23 x 10° 1790
EAN 3.1x10* 5.01x 107 7.34 x 10° 3120
Anion
BMP-DCA 2.5x10% 1.25x 107 2.23 x 10° 2600
EAN 2.6 x 10*  5.01 x 107 8.5 x 105 2700

Table 5: Space charge ratios for ILs of interest.

IL E../(E* or E) cation E../(E* or E) anion
OOM ~102 ~1072
BMP-DCA 1.53 x 1072 1.05x 1072
EAN 3.85 x 1072 445 x 1072
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