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ABSTRACT

Analytical and numerical investigations of the performance of a series of potential
dual-mode propulsion systems using ionic liquids are presented. Chemical bipropellant
performance of select propellants is determined using NASAs Chemical Equilibrium with
Applications. Comparison of the predicted specific impulse of ionic liquids with
hydrazine and unsymmetrical dimethylhydrazine shows that the ionic liquid propellants
have 3-12% lower specific impulse when paired with nitrogen tetroxide. However, when
paired with hydroxylammonium nitrate, the specific impulse of the ionic liquids is 1-4%
lower than that of hydrazine and unsymmetrical dimethylhydrazine paired with nitrogen
tetroxide. Analytical investigation of an electrospray electric propulsion system shows
that if ionic liquids are capable of operating in an almost purely ionic regime, they can
provide very high specific impulse (~6000 sec). The predicted chemical and electric
performance data are used in conjunction with system mass estimates to predict the
system level performance of three dual-mode systems. Results indicate that the dual-
mode systems are capable of producing higher change in velocity than traditional systems
for any combination of chemical or electrical propulsion at the cost of time. Specifically,
if 80% of the velocity change is accomplished by using electrical propulsion, a
hydroxylammonium nitrate monopropellant electrospray system produces 190% more
change in velocity than a traditional system consisting of a hydrazine monopropellant and
xenon Hall effect thruster. This 190% increase in maximum velocity change comes at the

cost of 750% more time thrusting for the hydroxylammonium nitrate system.
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1. INTRODUCTION

This thesis summarizes research conducted in the area of dual-mode spacecraft
propulsion. A combination of high-thrust chemical and high-specific impulse electric
propulsion into a single dual-mode system has the potential to greatly enhance spacecraft
mission capability by allowing the spacecraft to adapt to changing mission propulsion
requirements. Ideally, the combined system would share both hardware and propellant to
provide the greatest reduction in system mass and maximize flexibility in the spacecraft
thrust history. By possessing a common fuel a dual-mode chemical, electric propulsion
system could trade high-thrust for high-specific impulse as the mission needs developed.
Thus, research was restricted to identifying a propellant that could act as a fuel for both
chemical and electric spacecraft propulsion, to estimate its performance in both modes
and quantify any advantages that result over traditional systems.

In this thesis, the methods, processes, and results of the research are described. In
section 1 a summary and a brief history of the class of fuels that became the focus of the
research is provided. The methods by which chemical propulsion performance estimated
are related and results are discussed in section 2. An introduction to the concept of
electrospray propulsion and a review of current methods of predicting performance are
presented in section 3. Candidate dual-mode systems are identified and mass budgets are
constructed for each system in section 4. The systems are then compared to identify the
advantages of each. Overall conclusions and potential avenues for future work are

identified in section 5.

1.1. IONIC LIQUIDS

An ionic liquid is either an organic or inorganic salt in a molten (liquid) state.
Because of its molten state, the cation and anion of the salt dissociate, but the overall
liguid remains quasi-neutral.  All salts obtain this state if heated to the proper
temperature, but there is a subgroup known as room-temperature ionic liquids that can
remain liquid at or below 293 K. Although ionic liquids have been known since 1914,
recent developments in chemistry have increased the number of known ionic liquids into

the hundreds [1]. The exact mechanism for this molten salt behavior has yet to be



identified, making the prediction of ionic liquid properties difficult. In general, however,
ionic liquids have high conductivity, high viscosity, and negligible vapor pressure.

Current research is investigating ionic liquids as replacements for traditional
explosives and rocket propellants and volatile industrial solvents in chemical processing
[2, 3]. Although most professionals consider ionic liquids benign, a large group of
researchers recently highlighted the combustibility of many ionic liquids as they
approach decomposition temperature [4]. This work also pointed out that the rate of
combustion of several ionic liquids increases dramatically when the ionic liquids are
sprayed rather than combusted as a pooled sample. Other articles have suggested that
ionic liquid hydroxylammonium nitrate (HAN) may be used as a monopropellant
substitute for hydrazine [5-7]. These analyses show that the performance of HAN in both
pure and mixed forms is similar to that of hydrazine. Lastly, hypergolic behavior has
been reported for several ionic liquids when combined with traditional space storable
oxidizers [8-10].

lonic liquids have also been investigated as electrospray propellants [11-13]. lonic
liquids for electrospray application were initially investigated because of their low vapor
pressure. Previous electrospray liquids had relatively high vapor pressure and would boil
off the emitter. Interest in this application of ionic liquids has prompted multiple studies
exploring plume emission of electrospray ionic liquids. Results have shown that an ionic
liquid spray can approach a purely ionic regime (PIR) of emission similar to that found in

field emission electric propulsion [13].

1.2. DUAL MODE PROPULSION

The main goal of a dual-mode propulsion system is to reduce spacecraft mass and
enhance flexibility through the use of common system resources. Examples of common
resources include hardware and propellant. The modes of propulsion can be characterized
by the tasks to be performed by the propulsion system during a mission. These tasks
include, but are not limited to, high-thrust orbit transfer maneuvers, low-thrust station
keeping, low-thrust orbital transitions, and precision low-thrust pulses for attitude
control. Although the dual-mode concept for spacecraft has been qualitatively discussed

for some time, focus research on the topic has been all but nonexistent.



One of the few instances in which dual-mode propulsion has been applied is the
Mars Global Surveyor [14]. However, this system consisted of two chemical systems, a
bi and monopropellant thruster. The system was developed on a tight budget and a
rushed schedule dictated by the loss of the Mars Observer craft. The system consisted of
a common fuel bipropellant thruster and catalyst monopropellant thruster, a detailed
schematic can be seen Figure 1-1. The bipropellant thruster was used in conjunction with
aero-braking to bring the probe into orbit around Mars, and the monopropellant system
was used for attitude control. The propellant common to both thrusters was hydrazine
which permitted for the integration of three identical and readily available tanks, thus
reducing costs [14]. Dual-mode propulsion was selected for this mission based not on
improved performance, but on a desire to speed up development, cut costs, and ease
integration issues presented by the smaller size of the Delta Il launch vehicle selected for
the mission. Although the Mars Global Surveyor does represent a dual-mode system, its
use of traditional hypergolic propellants and catalyst monopropellant thrusters leaves
little room for improved performance; therefore, new concepts for dual-mode propulsion

are investigated.

Thruster Thruster ~ Thruster  Th r
Clistar 1’ Clster? Cluster 3  Cluster 4

Figure 1-1: Mars Global Surveyor Propulsion Schematic



2. CHEMICAL PROPULSION ANALYSIS

2.1. METHODOLOGY

This work uses the NASA Glenn Research Center’s Gordon-McBride Chemical
Equilibrium with Applications (CEA) code to analyze the chemical combustion and
rocket performance of multiple bipropellant combinations [15]. Specifically, ionic liquid
fuels and oxidizers are paired with conventional fuels and oxidizers; CEA is then used to
determine the chamber temperature and product chemical properties. Using ideal
equations the performance measures of specific impulse, density impulse, and thermal
storability are determined and compared to assess the capability of ionic liquids to act as
substitutes for traditional chemical propellant combinations. Lastly, a comparison of the
predictions of CEA to historical test stand data is conducted to help quantify what
performance could be expected from an actual ionic liquid based chemical bipropellant

system.

2.2. INVESTIGATED FUELS

Ten different ionic liquids are selected for analysis based on data available in
literature. To evaluate the capabilities of an ionic liquid fuel in a chemical propulsion
system, the fundamental properties, such as heat of formation, melting point, and density
must be determined. Because investigation of the combustion properties of ionic liquids
has only recently begun to receive attention, knowledge of heat of formation of these
liquids is limited. Thus, 1-butyl-3-methylimidazolium dicyanamide and 1-butyl-3-
methylpyrrolidinium dicyanamide are selected as two of the ionic liquids fuels.
Additionally, 1-butyl-3-methylimidazolium dicyanamide has been reported to have
hypergolic reactions with standard storable oxidizers [10].

The heat of formation of both dicyanamide ionic liquids was determined through
calorimeter tests and calculations using the quantum chemistry program Gaussian 3[16-
17]. Reported results show a difference of approximately 1% between the calculated and
experimental data. Heats of formation for eight energetic ionic liquids based on 5-
aminotetrazolate have also been determined [19]. To permit a comparison with current

space storable propellants, hydrazine and unsymmetrical dimethylhydrazine (UDMH) are



also evaluated. Hydrazine has the best performance of all traditional storable fuels, but it
is highly toxic and notoriously unstable. The performance of UDMH is only slightly
inferior to that of hydrazine, but UDMH has a larger storable temperature range and

greater stability. Table 2-1 summarizes all thermodynamic data for these propellants.



Table 2-1. Thermochemical data for fuel and oxidizers investigated

Fuel Fuel Name Formula  Hg, kJmol™  Density, gcm™  Melting Point, K
Hydrazine N,oH, - 1.01 275
UDMH C,HgN; - 0.79 216

1  1-Butyl-3-methylimidazolium CioH1sNs 363.40 1.06 267
Dicyanamide

2 1-Butyl-3-methylpyrrolidinium Ci1H20N4 218.90 1.02 223
Dicyanamide

3 Hydrazinium 5-aminotetrazolate CH;N; 383.60 1.48 398

4 Guanidinium 5-aminotetrazolate C,HgNg 205.40 1.54 399

5 Aminoguanidinium 5- C,HoNg 302.30 151 366
aminotetrazolate

6 Guanylguanidinium 5- C3HioNyg 306.90 1.41 414
aminotetrazolate

7 4-Amino-1H-1,2,4-triazolium 5- C3H7Ng 565.00 1.62 387
aminotetrazolate

8  4-Amino-1-methyl-1,2,4- C4HyNy 546.00 1.46 249
triazolium 5-aminotetrazolate

9 4-Amino-1-ethyl-1,2,4- CsHi1Ng 523.40 1.39 235
triazolium 5-aminotetrazolate

10  1,5-Diamino-4-methyl-1,2,3,4- C3HgNy; 655.10 1.57 444
tetrazolium 5-aminotetrazolate

Oxidizers
Nitrogen Tertroxide (NTO) N,O4 - 1.44 261.95
White Fuming Nitric Acid HNO, - 1.33 231.6
(WFNA)
Inhibited Red Fuming Nitric 83%HNO, - 1.59 216
Acid (IRFNA) +14%
N,O4+
2.4% H,0
+.6% HF

Hydroxylammonium nitrate NH;OHN -79.68 1.83 316.05
(HAN) 0Os




2.3. INVESTIGATED OXIDIZERS

Four oxidizers are selected for the combustion analysis. One of the oxidizers,
HAN, is an ionic liquid. The other three are common in current state of the art chemical
rocket systems; these are nitrogen tertroxide (NTO), white fuming nitric acid (WFNA),
and inhibited red fuming nitric acid (IRFNA). NTO is a highly toxic, storable space
oxidizer with extensive flight heritage, and in most reactions it provides the best
performance. WFNA is essentially pure nitric acid doped with a small percentage of
hydrofluoric acid to permit storage in a variety of container materials. In general, WFNA
does not perform as well as NTO; however, although it is corrosive, it is relatively
benign. In terms of percentage by mass, IRFNA is 83% HNO3, 14% N204, 2.4% H20,
and 0.6% HF. In general, IRFNA‘s performance is the same as that of WFNA, but its
melting point is much lower. The ionic liquid HAN is selected because of the
aforementioned interest in HAN-based monopropellant systems. For combustion
analysis, HAN is considered as an oxidizer in a pure liquid state at 316.05 K. The

thermodynamic data for the oxidizers is summarized in Table 2-1.

2.4. PERFORMANCE CRITERIA AND SIMULATIONS

The measures of performance selected for investigation here are specific impulse
(ISP), density impulse, and storability. ISP is defined as the thrust per unit weight flow
rate of propellant; it indicates how efficiently a system uses propellant. For ideal flows, it
is determined from (eq. 2.1) [19]. Although the performance of the propellants for rocket
propulsion is being assessed assuming that the system is in space the existence of a finite
nozzle area ratio € requires that the finite pressure ratio between the nozzle exit and the
chamber be determined. This pressure ratio shown in equation 2.1 is determined by
solving the transcendental equation (eg. 2.2) by assuming an area ratio (¢). Because of the
assumption of constant ratio of specific heats and molecular weight the ISP reported is
the frozen flow case. Density impulse takes into account how easily the oxidizer-fuel
combination can be stored by multiplying the ISP by the average storage density of fuel
and oxidizer combination. This gives a measure of performance per unit volume of
storage. For this project the storability of the propellant is described qualitatively as the

need for additional heating or cooling of the propellant to maintain liquid phase in the



storage tanks. Storability is important for reducing strain on the power system of the
satellite and preventing excessive propellant loss due to boil-off. For this study,
storability is defined quantitatively as the ratio of the melting point temperature of
hydrazine to the melting point temperature of the fluid (eg. 2.3). A value greater than one
indicates that a propellant is at least as storable as hydrazine, whereas a value less than
one indicates that additional heating of the propellant is required. These measures of
performance can be determined only if the chemical composition and thermodynamic

state of the exhaust stream from the rocket combustion chamber are known.

CAC T

9

ISP =

(2.1)

k-1

1 1 =
k-1 k k
}/:(k'i'ljkl i k+1 l—i (22)
¢\ 2 P ) \k-1" P

T
Storability = [ﬁ] (2.3)

m,Fluid

The NASA Chemical Equilibrium with Applications (CEA) code is used to
determine the performance of each propellant combination. This program has been under
continual development since the late 1950s and enables the user to determine equilibrium
composition and adiabatic flame temperature for any reaction [15]. A recent addition to
the program also allows the user to define a new fuel given the heat of formation and
molecular composition. Since the gaseous heat of formation is required the energy
needed to convert the propellants from a liquid to a gas phase is neglected. A series of
1536 simulations are performed using CEA by varying chamber pressure, equivalence

ratio, and propellant combination for a fixed expansion ratio (g) of 40.



2.5. CHEMICAL PERFORMANCE ESTIMATES

The chamber pressure is varied between 150 psia and 600 psia because these are
typical levels in on-orbit engines [20]. Figure 2-1 shows performance varied little with
chamber pressure. This is to be expected because such relatively small pressures cannot
greatly affect the product species dissociation. Therefore, all subsequent analyses are

restricted to the 300 psia case.

450 =150 psi
w
g
El
&
g
S
2]
h=
2
=7
7)
6 os 1 1.2
Equivalence Ratio

Figure 2-1: Effect of chamber pressure on ISP H2/LOX

For the 48 propellant combinations, the mixture ratio is varied between 0.6 and
1.3 to determine the peak performance for each combination. An equivalence ratio of
unity (stoichiometric) represents the point of complete combustion. Generally, peak
performance is far to the right of the stoichiometric condition. This result is common for
rocket performance because as excess fuel is introduced to the system, molecular weight
decreases faster than chamber temperature. Table 2-2 and Table 2-3 summarize the
results for all oxidizer fuel combinations. The performance values are scaled with respect

to the peak performance of hydrazine when combined with NTO (333, s and 406, g-
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slcm®).  For example, the ISP of UDMH-NTO is 97% of that obtained for hydrazine-
NTO.

Table 2-2. Summary of chemical propulsion — NTO and HAN oxidizer

NTO HAN
Specific Impulse, Density Impulse, Specific Impulse, Density Impulse,  Storability,

Fuel - - -
Hydrazine 1.00 1.00 1.03 1.14 1.00
UDMH 0.97 0.85 1.01 0.97 1.27
1 0.88 0.91 0.99 1.13 1.03
2 0.94 0.95 0.99 1.11 1.23
3 0.96 1.16 1.00 1.36 0.69
4 0.90 1.10 0.96 1.35 0.69
5 0.92 111 0.97 1.34 0.75
6 0.91 1.07 0.97 1.29 0.66
7 0.93 1.16 0.98 1.40 0.71
8 0.93 112 0.98 1.33 1.10
9 0.93 1.09 0.98 1.31 1.17
10 0.94 1.16 0.98 1.38 0.62

Results show that hydrazine and UDMH provide higher ISP than any of the ionic
liquids investigated here, regardless of the oxidizer. In simulations, however, hydrazine
and UDHM combusted with HAN oxidizer provides higher ISP than when combusted
with NTO. With NTO oxidizer, the ionic liquid fuels have 3-12% lower ISP than that of
hydrazine and UDMH. Results show that NTO performs better than IRFNA and WFNA
as an oxidizer for any given fuel with the single exception of 1-butyl-3-
methylimidazolium dicyanamide, which has only a small gain of five seconds ISP.
IRFNA and WFNA perform almost identically for all propellant combinations. When

combined with HAN for ideal combustion, all fuels perform better; however, no ionic
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liguid HAN combination performs better than the baseline hydrazine-NTO case.
However, the prediction that HAN performs better than NTO warrants further

investigation.

Table 2-3. Summary of chemical propulsion — IRFNA and WFNA oxidizer

IRFNA WFENA
Fuel Specific Impulse, - Density Impulse, - Specific Impulse, -  Density Impulse, -
Hydrazine 0.96 1.00 0.96 0.92
UDMH 0.93 0.85 0.93 0.79
1 0.90 0.96 0.90 0.88
2 0.90 0.95 0.90 0.87
3 0.93 1.18 0.93 1.07
4 0.88 1.13 0.88 1.00
5 0.89 114 0.89 1.02
6 0.88 1.09 0.88 0.98
7 0.90 1.20 0.90 1.08
8 0.90 1.14 0.90 1.03
9 0.90 111 0.90 1.01
10 0.91 1.19 0.91 1.07

In terms of density impulse, the ionic liquids perform better than traditional
propellants, especially when combined with IRFNA and HAN. This improved
performance is due to the greater density of the ionic liquids in comparison to that of
hydrazine or UDMH. Density impulse indicates how easily an oxidizer-fuel combination
can be stored. High density makes these propellant combinations ideal for small-volume
budgeted systems with proportionally high mass budgets.

Analysis indicates that storability of ionic liquids is a major difficulty. Propellants
1, 2, 8, and 9 show storability equal to or greater than that of hydrazine. The remaining

six propellants are not storable space propellants; therefore, they are dropped from
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consideration in the remainder of the study. With a storability factor of 0.87, HAN is not
necessarily a storable propellant. However, because it is substantially closer to hydrazine
than any other ionic liquid that failed the criteria (next closest is 0.75), HAN is the

subject of further analysis.

2.6. UNCERTAINTY ANALYSIS

Although CEA has been highly regarded for its predictive capabilities, its
performance predictions must still be assessed for accuracy. To quantify the difference in
the code performance predictions and real systems, a series of test cases are used to
compare the predictions with actual engine performance for systems found in the
Chemical Propulsion Information Agency (CPIA) engine manual [20]. Given the mixture
ratio, expansion ratio, and chamber pressure, the predicted ISP for equilibrium flow is
compared to the actual performance (Figure 2-2).

Error present in the analysis is difficult to quantify but its sources are readily
understood. First, the theory used in the design of CEA will have some limitations and
numerical error will exist no matter the methods used. Thus, there is an inherent error
present in CEA itself. Values of heat of formation for each of the ionic liquids examined
have some experimental or theoretical error associated with them depending on the
methods used. The test stand data retrieved from the CPIA will have experimental error
associated in the measurement of thrust and mass flow rate, thus error will be present in
the ISP reported.

Quantification of the error present in CEA would represent an extensive research
project unto itself and is not conducted here. The error present in the CPIA engine test
data would be all but impossible to determine. The data represents the culmination of
dozens of tests conducted by hundreds of individuals over the course of decades, with
varying levels of documentation. Thus, no concrete numbers for experimental error can
be defined for the CPIA data. The effect of error present in the heat of formation used to
determine chemical performance can be quantified. For example, the value for heat of
formation of fuel 2 has a reported experimental error of £3.4 kJ/kmol. By considering this
variation in heat of formation, the resultant error in frozen flow ISP for fuel 2 is £0.06 s.

Since error present in the inputs is negligible and the errors associated with the test stand
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data and CEA are not readily or possible to quantify only a comparison of the CEA to test
stand data is possible. Thus, this does not represent an actual quantification of error but
only a method for more conservative estimate of performance.

Figure 2-2 shows that as thrust level increases, the accuracy of the simulation
increases; this occurs because a larger thrust chamber dictates that a smaller percentage
of the fluid is exposed to the non isentropic effects of high heat transfer rate and
boundary layers that develop along the walls of chamber and nozzle. For engines with
thrust levels below 100 Ibf (typical of small spacecraft), the ISP values predicted by CEA
are 15.6% higher on average than those indicated by test data, with a standard deviation
of 3.7%. A 19.3% reduction in ISP from the data shown in Table 2-2 is used for the
remainder of the study to allow for a more conservative estimate of ISP and represents a

factor of safety of one standard deviation.
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3. ELECTRIC PROPULSION ANALYSIS

3.1. INTRODUCTORY CONCEPTS IN ELECTROSPRAY PROPULSION

A dual-mode propulsion system with common propellant must have an electric
propulsion system that can operate with a combustible fuel. This investigation focuses on
ionic liquids as possible electric propulsion propellants by means of electrospray. After
examination of the electrospray process a series of existing electrospray models are
summarized to show their limited use for ionic liquid electrospray. These models being
inadequate, results of tests on ionic liquids similar to the ionic liquids proposed in this
investigation are used to predict the electric propulsion performance of an electrospray
thruster.

3.1.1. Electrospray Thrusters. Electrospray is the generation of fine droplet
emission by means of an applied electrostatic field. This process has seen application in a
variety of fields, including but not limited to mass spectrometry, micro manufacturing
and pharmaceuticals. Historically, the modern electrospray thruster has its roots in field
emission electric propulsion (FEEP) developed in the 1960°s as an alternative to the far
better known ion thruster or Hall effect thruster [21]. This system produced propulsion by
placing liquidized metal such as cesium in the presence of an intense electric field. When
the field was applied a stream of pure ions was formed that would then be accelerated
through a potential on the order of 100 kV. The result was a high specific impulse but
low thrust on the order of a micro-newton. A drawback to this small thrust was the limit
on total thrust of the system. Each emitter was on the order of millimeters and with the
high voltage, arcing became a serious issue. Due to the need for higher thrust electric
propulsion and the fore mentioned packing difficulties, FEEP research was essentially
discontinued in favor of the ion thruster.

Research in the area of electrospray technology for space propulsion was put on
hold until the early 1990’s. Experiments conducted in other areas of application led Dr.
Fernandez de la Mora of Yale University to conclude that electrospray of polar solute
doped with metallic salts could produce a capable propulsion system [22]. Rather than
relying on field ionization these systems work on the principal of creating a liquid with

free ions present. An example of this would be to dissolve lithium chloride in ethylene
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glycol, thus a solution of free ions is created. The advantage of these systems was that,
instead of requiring on the order of hundreds of kilovolts like FEEP engines, emission of
ionized material could be accomplished on the order of 2 kV. Another advantage was the
state micro manufacturing which had developed rapidly in the intervening years since the
research on FEEP. Now reliable production of emitter sizes of micrometers could be
obtained rather than millimeters of the 1960s. This higher emitter density and lower
operating voltages made possible higher total thrust systems. However unlike the FEEP,
this thruster relied not on pure ion emission but on the ejection of finite drops from a
micro fluidic phenomenon known as a Taylor cone.

3.1.2. Taylor Cones and Solution Based Electrospray. This Taylor cone is a
micro fluid structure that was first noted by Zeleny in the 1910’s [23]. What Zeleny
noticed was that fluids in the presence of a strong electric field will evolve in to a conical
structure that will emit a micro jet. Much later in the 1960’s G.I. Taylor investigated
these formations using both mathematical and experimental methods and determined that
for conducting fluids a cone angle of 49.29 degrees would always occur [23]. However,
later research showed that highly conducting fluids did not obey this constant and
therefore the terminology of “cone jet” was introduced. It was later shown by Fernandez
de la Mora that highly conducting fluids would produce a space charge effect on the
structure effectively reducing this Taylor angle [23].

A cone jet (still often called a Taylor cone despite the discrepancy in angle of the
cone) is generally produced by first filling a capillary tube (emitter, syringe) such that a
hemispherical protrusion exists at the tip of the tube. From here a potential difference is
set up between the emitter and extractor plate. Once formed, the Taylor cone does exhibit
a hysteresis effect, whereby the voltage can be reduced below the start up voltage. As
voltage is increased beyond start up the conical shape proceeds to deform and protrude
further out from the emitter. This stressed jet condition often results in the formation of
many Taylor cones from the single meniscus.

Generally put the characteristics of the jet are determined by the flow rate through
the cone only and the voltage only determines if cone jet can exist. This independence
between voltage and flow rate is crucial to the performance of the electrospray thruster.

At the initial start up condition, a fine jet will be emitted from the cone. As this jet travels
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downstream, it will begin to destabilize and form a series of fine droplets with diameters
of the order of the jet. Depending on the flow rate the distribution of droplet size can vary
greatly. As flow rate is increased the jet diameter increases and results in larger droplet
sizes while also resulting in effectively in only one size of droplet. A decrease in the flow
rate will result in an overall thinning of the jet and reduction in size of the droplets
emitted. If flow rate is varied to greatly from the value necessary to create a stable Taylor
cone the cone will tend to destabilize resulting in the return to the hemispherical structure
or the expulsion of large quantities of fluid.

When the micro jet destabilizes it has been found that secondary processes occur
upon the drops themselves. Evidence tends to point to the Rayleigh limit as the maximum
charge a droplet can hold [24]. Once the droplet is emitted the rate of solvent evaporation
accelerates and the diameter of the drop will rapidly decrease. Once a critical diameter is
reached a “Columbic” explosion occurs in which the majority of charge on the drop is
lost in axial emission. This resultant droplet system of parent and daughters will continue
to undergo this process until collision ends the flight of the drop. This breakdown
behavior is counterproductive for the production of high exhaust velocities.

The performance of the doped polar solutions as electrospray propellants has been
reported previously and has shown rather varied potential in specific impulse (ISP).
Depending on the emission droplet size it can vary from as low as several hundred
seconds ISP to the low thousands. The extent to which ISP increases is primarily
governed by the development of low mass high charge daughters, as describe previously.
Additional problems develop from the finite vapor pressure of the polar solvents. At
reduced pressures of space the propellant can be lost through evaporation out of Taylor
cones. Despite the low performance this style thruster is already slated to be used on the
LISA mission because of its ability to produce repeatable low level thrust for precision
station keeping.

3.1.3. lonic Liquid Based Electrospray. Electrospray of ionic liquids was
initially investigated to correct the issue of low vapor pressure of most of the solutions
used in various applications [25]. What was found through testing was that a spray of an
ionic liquid could actually yield a nearly pure ionic regime (PIR) of emission similar to

that found in FEEP. Through time of flight analysis and mass spectrometry it was found
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that at certain conditions only ions of the form Cation® (Cation-Anion)y were being
emitted. Here N is the degree of solvation of ions ranging typically from 0 to 3. Were a
value of N = O represents the pure ion, with larger values representing the number of
neutral pairs carried along by the ion. This result opens up the possibility of greatly
increasing the performance for the electrospray thruster by permitting higher ISP.

When high flow rates are used, ionic liquids behave in a similar manner to that of
solution based electrospray. As flow rate is decreased, TOF analysis points to a greater
decrease in the production of droplets and an increase in the production of pure ions. Pure
ionic emission is apparent only when the jet emission has ceased entirely and the cone
has reformed into an equal-potential surface. However, PIR is not universal amongst
ionic liquids. At room temperature only, EMI-BF4 and EMI-IM have been reported to
approach this regime [13, 25]. A wider group of ionic liquids has been found to produce
PIR emission at elevated temperatures but PIR has not been reported for liquids

possessing relatively high viscosities [22].

3.2. PRESENT ANALYSIS METHODOLOGIES FOR ELECTROSPRAY

With the goal of predicting the capabilities of an ionic liquid based dual mode
propulsion system, it is necessary to predict the performance of electrospray. Presented in
section are detailed descriptions of the methodologies currently used to predict the
performance of doped solvent electrospray thrusters. It is shown that none of the existing
methods currently are capable of predicting performance of ionic liquids, especially near
PIR.

3.2.1. Experimentally Derived Scaling Laws. The most common methodology
of predicting electrospray performance is based on experimentally formulated scaling
laws. To date, two experimentally derived scaling laws have been proposed by,
Fernandez de la Mora and Loscertales (1994) and Ganan-Calvo (1994) [23, 27].
Fernandez de la Mora and Loscertales started from dimensional analysis, while Ganan-
Calvo started from one dimensional flow equations.

The properties used to determine these equations were density, viscosity,
conductivity, surface tension, dielectric constant, and flow rate. To examine the behavior

of the electrospray three non-dimensional parameters for flow rate, spray current and
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viscosity were derived by Fernandez de la Mora and Loscertales (eq. 3.1-3.3). Ganan-
Calvo decided on non-dimensional parameters for current, jet radius and a factor for the
slenderness (eq. 3.4-3.6). After examining their respective data, both groups came to the
conclusion that viscosity would not be a factor except in the case where its value is

exceptionally high IT, > 0.3.
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Prediction of spray current for both groups resulted in a proportionality of
(QKy/e)*2. In the case of Fernandez de la Mora, this proportionality took the form of (eq.
3.7). The functional form of f(€) can be seen in Figure 3-1, apparently showing a plateau
in emitted current for high dielectric constant (highly polarized) fluids. Ganan-Calvo

results produced the proportionality in (eq. 3.8). Which, rather than approaching a
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constant grew for all polarities investigated Figure 3-1. A third group, Chen and Pui
(1997) derived their own f(g) from test data (eq. 3.9) [28].
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Figure 3-1: Comparison of f(€) [28]

Both Fernandez de la Mora and Chen used a similar set of solvents for their
experiments, yet their results varied greatly. Chen proposed the possibility that the ion
mobility for the different additives used to control conductivity might have resulted in the
variation. In the case of Fernandez de la Mora lithium chloride was used and in the case

of Chen, the additive used was nitric acid. This supposes that the current has two
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contributors, convection and conduction. In this case the conduction current would be
dictated by the mobility of the ions in additives used and convection would be dictated by
the current carried along in the bulk flow. Chen continues on to use a simple order of
magnitude analysis to support this claim.

In the case of droplet size, both Fernandez de la Mora and Ganan-Calvo proposed
scaling with the charge relaxation length r* (eq. 3.10), where Q is the flow rate. In the
case of Fernandez de la Mora the scaling was accomplished by a function G(g), which
represents the change in the diameter of the jet over the change in r*. Fernandez de la
Mora did not actually derive this G(g) but Chen empirically generated it based on high
speed images of droplet emission and found the form (eg. 3.11). Ganan also found a

value for the constant k; to be 1.66 in a similar manner.
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3.2.2. Mathematically Derived Scaling Laws. In addition to the fore mentioned
scaling laws a purely mathematical formulation was provided by Ganan-Calvo [29]. First
by examining the necking and slender jet region of the Taylor cone Gaan-Calvo was able
to derive an equation (eq. 3.12) for the momentum of the jet. In this equation z is the
axial position downstream, Z is the radius of the jet, En and Es are the electric fields
normal and along the surface of the cone and, B is the ratio of the fluid dielectric constant
to that of vacuum. Each term shown in the equation (eq. 3.12) represents the effects
surface tension, inertia, viscosity, tangential electrostatic surface stress and axial

component of normal electrostatic surface stress respectively.
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After considering that jet break should take place far away from the origin
(d¢/dz=>0) equation 3.12 can be reduced and transformed into equation 3.13. Equation
3.13 represent the total current being emitted by the jet and is formally an Eigen value
problem. The author then divides the cone jet into two regions necking and the developed
jet. Examining the resulting jet far downstream he defines three potential dominate
physical non-dimensional quantities (eq. 3.14a-c) surface tension, inertial and viscous. It
is then shown by examination of cone necking region that for solutions to be consistent
across both regions they must also be either dominate due to electrostatic suction or

polarization forces.
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Pairing these potential conditions resulted in six possible flows that are shown in
Figure 5, where I, V, S, E and P define the regions of the flow and represent inertial,
viscous, surface tension, electrostatic and polarization. Ganan-Calvo goes on to derive the
current and jet diameter equations that result from asymptotic analysis. Additionally
defined are the inertial and viscous coefficients (eq. 3.15 a, b) that are used to limit the

range of validity for each of the equation sets.
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Table 3-1. Summary of regimes of cone jet emission
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The results of this analysis are quite striking when compared to existing findings
of Fernandez de la Mora and Ganan-Calvo. First, in the case of flows dominated by
inertial forces the jet diameter is defined by the same equation regardless of being suction
or polarization dominate. This result for jet diameter is consistent with Ganan-Calvo
earlier work. One of the over arching assumptions in the authors analysis was that a well
defined cone would exist. However, in the areas where viscous dominate regime relations
should hold no such clearly defined cone has been seen. This yields a question of validity
of the relations in this region. Careful examination of the equations for surface tension
and polarization dominate flow show that they match Fernandez de la Mora’s equations
quite closely. The only factor missing is f(¢) which if looked at in the context of this
derivation would have to represent a correction for the relative polarity of the fluid. These
base equations are only valid far from the boundaries defined by the range of validly and
further adjustment would need to be done to make them truly valid for a particular fluid.

3.2.3. Startup Voltage Prediction. Taylor was able to produce a relation
governing the necessary voltage to predict cone formation (eq. 3.16), where R is the
radius of curvature near the tip [21]. Based on the balancing of electrostatic forces with
the surface tension in the fluid this equation provides an estimate to required voltage
only. One of the obvious factors missing in the equation is a finite back pressure from the

pumping system.
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3.2.4. Validity of Existing Scaling Laws Application to lonic Liquids. When
examining the results of the scaling laws of Fernandez de la Mora, Chen and, Ganan-
Calvo one is first struck by the differences in the functional form of f(¢) and G(g).
Despite using similar fluids the group’s results showed drastically different behavior.
Fernandez de la Mora’s curve suggests a plateau in data while Chen and Ganan-Calvo
show an ever increasing value. One possible solution suggested by Chen is that due to
differences in the ion motilities the effective emitted current may have changed. Based on

this only, one would expect very different f(g) and G(g) for ionic liquids because of the
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complexity of ionic liquid ions and very different fundamental properties of the fluids.
The general closed form solutions of Ganan-Calvo could be investigated for ionic liquid
application by first determining the region in which the fluids would fall (i.e. IE, IP, VE,
VP, SI SP). However, in its general form the equations do not match experimental results.

Due to the presents of ion evaporation the results for these scaling laws would
become less reliable as the flow rate was decreased. Ultimately the equations cease to be
accurate because of the increasing domination of ion evaporation compared to droplet
emission. No theory currently presented in literature is capable of accurately predicting
the PIR.

During the course of investigating the different models governing electrospray
propulsion rather significant amounts of electrochemical data for 48 ionic liquids were
gathered. These data which includes conductivity, melting temperature, viscosity,
density, surface tension and dielectric constant have been tabulated and can be found in
Appendix B. Reported values and errors are given with the corresponding reference from
which they were obtained. In the case of single sources the value and error are reported as
given in the reference. In the case of multiple sources the property value reported is the

average of all sources and the error present is the standard deviation.

3.3. ESTIMATION OF ELECTROSPRAY PERFORMANCE

Fundamentally none of the current scaling laws have the ability to examine the
mixed regime of ion emission and droplet formation much less the PIR. These equations
are most applicable in the region of large drops. If PIR occurs, it is known to be
manifested at very low flow rates. Predictions for the minimum flow rate nmin for
solutions have varied from 0.5 to 1.4 and thus do not represent an exact prediction but
perhaps a ball park value for experimentation. Predictions for the minimum flow rate for
ionic liquids are currently not available. Similarly, the start up voltage is an
approximation and does not represent an accurate solution. It was therefore necessary to
approach the prediction of performance by other means.

3.3.1. Method of Performance Estimation. Although no formal method exists
to determine whether an ionic liquid can produce a pure ionic regime, emission close to

PIR has been reported for several ionic liquids [13, 22, 24, 25]. Generally, the fluid must
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possess high conductivity and surface tension and a relatively low viscosity [23]. For all
but the most viscous fluids, a regime close to PIR has been induced by heating the fluid
[22]. This heating results in decreasing the fluid viscosity. The conductivity and viscosity
of Fuel 1 (1.139 S/m and 0.0466 N/m respectively) show that it falls into the reported
range of conductivity and surface tension of the other fluids reported to have obtained
PIR [30, 31]. Unfortunately, electrochemical data for HAN and Fuels 2, 8, and 9 are
unavailable in the published literature. Therefore, this work disregards the two ionic
liquids based on 5-aminotetrazolate. It is important to note that if Fuel 2 could undergo
PIR electrospray, its performance would be virtually identical to that of Fuel 1 because of
their similar molecular composition. HAN is retained for further study because it
represents a known ionic liquid monopropellant, and any resultant dual-mode system is
of foremost interest. Because Fuel 1 has properties similar to those of ionic liquids that
have shown PIR, it is assumed to operate in PIR with similar flow rates [13, 24, 30, 31].
Emission in the PIR consists of pure ions and ions traveling with clusters of N
number of neutral pairs (degree of solvation). To calculate thrust and ISP, the percentage
of the mass flow rate that is pure ions and ions of various degrees of solvation is required,
and an approximate value is taken from previously published literature [13]. This
percentage can be determined from time-of-flight curves for ionic liquids that have
operated near PIR. Such time-of-flight curves were produced experimentally by
grounding the voltage to the emitter and measuring the current emitted as a function of
time. The ions arrive at the collector in order of least to greatest mass (higher solvation).
Assuming an ideal collapse of emission; a typical curve would resemble that shown in
Figure 3-2. The incremental reduction in current represents the final arrival time of a
particular species. Assuming that all emission strikes the collector, this reduction also
represents the steady current contribution of that species. Given the current contribution
of a species, the mass flow rate of that species is given by equation 3.17, where m is the
mass of one molecule of the species and e is the fundamental charge. The total mass flow

rate of the jet would be found by summation of the component mass flow rates.
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Figure 3-2: Idealized electrospray emission time flight curve

M. = i (3.17)

Using this technique and actual time-of-flight curves, the average total mass flow
rate for PIR emission ionic liquids is estimated as 1.2x10™% g/s/emitter [32]. An
examination of the curves®® shows that, typically, only the first two ion states (N=0, 1)
are present in the emission in any discernable quantity. The averaged result is a 40%
emission of pure ions and a 60% emission of the first solvated state. In reality, the time-
of-flight curve varies from the ideal because of collisions of molecules and nonfinite
cessation of emission. Based on the available data; the potential associated with near-PIR
emission for a typical ionic liquid is 1760 V [32].

3.3.2. Results of Analysis. The formulations of the equation governing the
specific impulse of an electrospray are as follows. By definition the potential energy of a
charge mass is given by the voltage times the charge. As the charged mass travels in the
direction of decreasing potential it will trade this potential energy for Kkinetic energy.
Thus, the final velocity of a charged mass in a potential field is given by equation 3.18.
Since, the flow will consist of both pure ions and the first solvated state the effective ISP
is given by equation 3.19; where V4 is the velocity of the pure ion and Vg is the velocity

of first solvated state. Ra is the percent of the total mass flow rate that is pure ions.
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Thrust is obtained by multiplying equation 3.19 by the total mass flow rate and the

gravitation constant.
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Applying the equations, the ISP for the system would be 6526s for HAN and
4511s for 1-butyl-3-methylimidazolium dicyanamide (BIMDCA). Using the power level
and efficiency of the BHT-200 (200 W, 43.5%) produces a system thrust of 2.7 mN and
3.8 mN, respectively, for the propellants. A comparison of these results with the
performance of the BHT-200 (1390 s, 12.8 mN) shows that thrust is traded for higher
propellant efficiency when using an electrospray in PIR [33]. For HAN, if emitters of 50
um inner diameter and 150 pum outer diameter were spaced 50 um apart, the system
would consist of 34,798 needles and occupy a circular area with a diameter of 5.3 cm.
Comparison of this configuration with the space-charge-limit shows that the system

would be operating at only 3-5% of the maximum.
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4. DUAL-MODE BENEFITS TRADE STUDY

Three candidate dual-mode systems and two conventional systems are selected
and investigated using the estimations for ionic liquid-based chemical and electric
propulsion. Table 4-1 lists the performance specifications for these five systems.
Performance values in terms of thrust and ISP were taken from sections 2 and 3 of this
thesis for bipropellant and electrospray systems. Performance values for monopropellant
and Hall thrusters were taken from literature [6, 33]. Systems 1 and 2 are typical on-orbit
propulsion systems that use hydrazine and NTO in conjunction with a Hall thruster. The
purpose of system 3 is to bridge the gap between completely conventional and pure dual-
mode by using the same fuel in both chemical and electric modes, but using the
conventional oxidizer NTO for chemical propulsion only. System 4 represents a pure
dual-mode propulsion system that uses a combination of ionic liquid HAN and BIMDCA
to accomplish both chemical and electric propulsion. A HAN monopropellant chemical
thruster and electrospray thruster makes system 5 a dual-mode system. In the following
sections, the performance of each of these systems is investigated using a realistic mass
budget. The performance metric for each of these systems are maximum velocity change,

time of flight, and mass consumption.

Table 4-1. Propulsion System Performance Specifications

System 1 2 3 4 5
Chemical Mode

Propellant N,H,4 N,H,/NTO BIMDCA/NTO BIMDCA/HAN HAN
ISP, s 227 270 239 267 218
Thrust, N 10 10 10 10 10
Mass Flow, g/s 4.4 3.7 4.2 3.7 4.6
Type Monopropellant  Bipropellant Bipropellant Bipropellant Monopropellant
Electric Mode

Propellant Xenon Xenon BIMDCA BIMDCA/HAN HAN
ISP, s 1390 1390 4511 5747 6526
Thrust, m N 12.8 12.8 3.8 3.4 2.7
Mass Flow, mg/s 0.94 0.94 0.09 0.06 0.04
Type Hall Hall Electrospray Electrospray Electrospray
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4.1. SYSTEM MASS BUDGET

For each of the five possible configurations of the spacecraft main propulsion
system a mass budget is developed based on a 100 kg total spacecraft mass. In each case,
a value of 35% of total system mass is devoted to the propulsion system. For each
configuration, the subcomponent masses are determined based on literature data and an
approximation methodology [20, 34, 35]. Such estimates are necessary because the
amount of fuel available for each system varies based on the mass of its support
hardware. For the conventional systems, total system mass is divided evenly between
electric and chemical propulsion subsystems.

Representative values (in the range of performance being investigated) for the
mass of monopropellant, bipropellant, and Hall thrusters are obtained from literature [20,
34, 35]. Monopropellant and bipropellant thrusters have an average mass of 0.21 kg and
0.54 kg respectively, with standard deviations of 0.09 kg and 0.18 kg. To ensure
conservative estimates, monopropellant and bipropellant thruster mass is estimated as 0.3
kg and 0.7 kg. Auvailable literature did not indicate the mass of a BHT 200 Hall thruster,
but the similarly sized SPT-50 has a mass of 0.8 kg [36]. Since the electrospray thruster is
essentially a crucible with a lid consisting of emitters and an extraction grid, the mass is
assumed to be at least half that of the Hall thruster. Data in literature also provides the
mass of the power processing unit (PPU) for both types of electric propulsion [37, 38].
Based on values reported for NSTAR, NEXT, and SPT-50 PPU, the specific power is
161 W/kg, resulting in a PPU mass of 1.3 kg for these systems.

Each main propulsion system also contains propellant tanks, pressurization tanks,
feed lines, regulation valves, and mounting brackets. The masses of these subcomponents
are determined using methodologies described by Humble, Henry, and Larson [39]. The
propellant tank pressures are determined by starting with the specified chamber pressure
of 300 psi and backing up through the propellant feed system. An injector head loss of
20% of the chamber pressure is assumed, along with overall line losses of 0.35 psi. The
mass of each chemical propellant tank is calculated from the propellant storage pressure,
the propellant volume (assuming a liquid incompressible state), and material properties.

The mass of the Hall thruster xenon propellant tank was computed assuming a maximum
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pressure of 1450 psi using equation 4.2. Because of the high pressure, the volume of
xenon was evaluated using the VVan der Waals equation of state in place of the ideal gas
law [40].
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A pumping system is required to maintain a constant propellant flow rate, (due to
the low mass of the system) and a pressure feed system is selected. Such a system must
provide enough pressurant to occupy the volume of the entire main propulsion system at
a pressure at least equal to the tank pressure. The pressurant tank pressure is limited to
1450 psi so that it is typical of spacecraft pressure vessels. When the pressure is limited,
the mass of pressurant gas becomes coupled with the volume of the pressurant tank itself.
Thus, an iterative procedure is used to compute both the mass of pressurant gas and the
volume of the pressurant tank. The mass of the pressurant required to fill the main
propulsion system is computed for an initial volume equal to that of the propellant tanks.
The volume needed to store the pressurant is then computed. This new volume is added
to the initial volume, and the total volume is used to calculate a new pressurant mass.
This process is repeated until convergence, providing both pressurant mass and
pressurization tank volume, and thus the pressurant tank mass.

The mass of lines and regulation valves are provided by the CPIA manual [20].
For typical monopropellant and bipropellant systems at the thrust level under
consideration here, the mass of lines and valves combined would be approximately 50%
and 90% of the thruster mass, respectively. Due to the high disparity between storage
pressure and thruster pressure in electric propulsion systems, the valves and lines for the
Hall thruster are assumed to have the same percent mass as those for the bipropellant

thrusters. This value of 90% of the thruster mass is also assumed for the electrospray



31

thruster because of the need for a high degree of mass flow control. Based on methods in
literature, mounting brackets are assumed to be 10% of the total mass of the other
components in the system [39]. Since the total mass of the main propulsion system is
limited to 35 kg, all of these approximations are used in an iterative routine to find the
distribution of system mass among the components. Table 4-2 shows the results of this
analysis.

Table 4-2. Mass budget break down for all systems

System 1 2 3 4 5

Thruster, kg 110 150 110 110 O0.70
Fuel, kg 1406 7.31 1427 1487 27.71
Oxidizer, kg 0.00 6.10 1189 11.44 0.00
Pressurant, kg 0.60 050 094 088 0.67
Fuel Tank, kg 037 019 038 037 041
Oxidizer Tank, kg 0.00 011 022 017 0.00

Pressurant Tank, kg 047 039 074 070 0.53

Lines/Valves, kg 087 135 099 099 0.1
Xenon, kg 12.25 1225 0.00 0.00 0.00
Xenon Tank, kg 0.82 082 0.00 0.00 0.00
PPU, kg 133 133 133 133 133

Structural Mounts, kg | 3.19 319 319 319 3.19

4.2. MEASURE OF SYSTEM PERFORMANCE
Measures of propulsion performance in the dual-mode systems are based on the
total change in velocity, the mass of propellant consumed, and the time required to

produce the velocity change. All orbital perturbations are disregarded, as are potential
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gravity losses inherent in low-thrust applications. Therefore, the change in velocity
reported here is ideal. Each of these metrics is computed as a function of the fraction of
the total velocity change that is accomplished by electric propulsion; this is referred to as
the EP fraction. For example a value of 0 EP means that all change in velocity is
accomplished by chemical means only. Whereas 1 EP would mean that all change in
velocity is accomplished by electric means.

To determine the total velocity change each system could produce, the rocket
equation was used in a two-part form (equation 4.3) were Cchem and Celec are the exhaust
velocities, and the first term represents the change in velocity provided by chemical
means and term two that provided by electric means. The values of satellite mass at the
end of each subsequent burn (mg chemical thrust and mg, electric thrust) were restricted
based on the available propellant masses as described in section IV A above. Further, all
chemical thrusting was assumed to take place before the electric thrusting. To determine
the time required to apply the change in velocity, the mass flow rate of each thruster type
was used in conjunction with the total mass of propellant consumed. The result is the sum

of the chemical burn time and electric thrust time (eq. 4.4).

_ m My,
AV =Cyn In[ %nflj+celec In( mfzj (4.3

(4.4)

4.3. RESULTS OF TRADE STUDY

Figure 4-1 shows the results for system 1. This is the hydrazine monopropellant
Hall thruster configuration. Figure 4-la shows the fraction of hydrazine (N2H4)
consumed as a function of the change in spacecraft velocity for different values of EP
fraction. At 0 EP, a maximum velocity change of 370 m/s is obtained, and all of
hydrazine propellant mass is consumed. At 0.86 EP the maximum velocity of the system
transitions from being limited by chemical propellant to being limited by electric

propellant. Increasing the EP fraction beyond this point leaves unused chemical
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propellant in the tank, thus incurring a mass penalty for accelerating the chemical
propellant; if the fuel is not burned, the potential change in velocity is not realized. For
example, in Figure 4-1a, operating at 0.95 EP achieves higher change in velocity than at
an EP fraction of 1. For the 0.95 EP case 30% of hydrazine was used were at 1 EP all of
the hydrazine propellant remains. Thus, at 0.95 EP the spacecraft has less mass to
accelerate when the electric mode is used. Operating with an EP fraction of 1 would
result in no consumption of hydrazine fuel. Chemical propellant remains in the tank after
0.86 EP because there is insufficient xenon to produce a higher change in velocity. In the
region from 0.86 EP to 1 EP xenon is the limiting factor in change in velocity.

Figure 4-1b shows the fraction of xenon propellant consumed as a function of the
change in spacecraft velocity for different values of EP faction, these results correspond
with Figure 4-1a. At 0 EP, no xenon propellant is consumed. As the EP fraction increases
the fraction of xenon propellant consumed raises. At an EP fraction of 1 the maximum
velocity obtained is 1780 m/s, this is however not the maximum velocity that the system
can produce. The maximum velocity of 2249 m/s occurs at the point of transition 0.86
EP. For values of EP lower than 0.86 the chemical propellant is the limiting factor in
change in velocity and xenon will remain in the tank.

Figure 4-1c shows the time required to obtain a specific change in velocity for
different values of EP fraction. At 0 EP the time required to accomplish the maximum
change in velocity is only 52 minutes. As the EP fraction is increased the time required to
perform the change in velocity increases until it reaches 150 days. The maximum velocity

change also takes approximately 150 days.
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Figure 4-1: System 1 Monopropellant N2H4 Hall Thruster performance
(a) N2H4 consumption versus change in velocity and EP fraction

(b) Xenon consumption versus change in velocity and EP fraction

(c) Time required to execute change in velocity versus EP fraction

Figure 4-2 shows the performance of system 2. In this case hydrazine is used in a
bipropellant system paired with NTO and a Hall thruster is used for electric propulsion.
By using a bipropellant thruster a change in velocity of 400 m/s is possible at 0 EP.
Figure 4-2a, b show that this results in the complete consumption of both the hydrazine
and NTO propellants. As the fraction of EP is increased, the fraction of NTO and
hydrazine consumed are identical because they are directly related through the
equivalence ratio. The same transition from chemical propellant limited to electric
propellant limited observed in system 1 occurs for system 2; in the case of system 2 it
occurs at 0.85 EP. At this point the maximum velocity is 2460 m/s. Because of the

increased dry mass of system 2, it produces only a 2% greater change in velocity despite
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having an ISP 19% greater than system 1. The Hall thruster is burdened by the extra dry
mass of the bipropellant system resulting in a decrease in system acceleration. As with
the case of system 1, any increase in the EP fraction will result in higher xenon
consumption (Figure 4-2c). A decrease in chemical propellant consumption only occurs
after the transition point. Figure 4-2d shows that at 0 EP, system 2 requires 59 minutes
for maximum change in velocity. As with all systems, an increase in EP fraction results
in longer thrust duration. Similar to system 1, performing maximum change in velocity

at the transition point requires 150 days.
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Figure 4-2: System 2 Bipropellant N2H4 NTO Hall Thruster Performance
(a) N2H4 consumption versus change in velocity and EP fraction

(b) NTO consumption versus change in velocity and EP fraction

(c) Xenon consumption versus change in velocity and EP fraction

(d) Time required to execute change in velocity versus EP fraction
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Figure 4-3 shows the performance of system 3. In this system the ionic liquid
BIMDCA is substituted for hydrazine in the bipropellant thruster, NTO is maintained as
the oxidizer. In place of a Hall thruster an electrospray thruster is used, also operating on
BIMDCA. At 0 EP system 3 is capable of producing a velocity change of 711 m/s. This
velocity change is greater than in the case of system 2 despite having lower ISP. Greater
velocity change is possible because more propellant mass is available since system 3 is
partially a dual-mode system. System 3 obtains a maximum velocity change of 6813 m/s
at an EP fraction of 1. Figure 4-3a shows at all EP fractions all of the BIMDCA is
consumed. However, as EP fraction increases, greater amounts of the NTO remain
unused until at an EP fraction of 1 all of the NTO remains in the tank (Figure 4-3b). The
extra oxidizer mass decreases performance, and is probably best ventilated in proportion
to the amount of BIMDCA consumed. Ventilation of the NTO would leave the system
capable of performing the maximum chemical change in velocity, while increasing the
electric propulsion performance because of the reduced system mass. The penalty is that
the oxidizer is put into orbit with the spacecraft and now provides no gain to overall
system performance (Figure 4-3c). At 0 EP, 102 minutes are required to perform the
maximum velocity change. At an EP fraction of 1, 1624 days are required to produce

maximum change in velocity.
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Figure 4-3: System 3 BIMDCA NTO Bipropellant Electrospray Performance
(a) BIMDCA consumption versus change in velocity and EP fraction

(b) NTO consumption versus change in velocity and EP fraction

(c) Time required to execute change in velocity versus EP fraction

Figure 4-4 shows the performance of system 4. For system 4 BIMDCA is retained
as the bipropellant fuel, but the oxidizer HAN is used in place of NTO. At 0 EP the
maximum velocity change possible is 808 m/s, all of the BIMDCA and HAN propellants
are consumed (Figure 4-4a, b). For all EP fractions all propellants are consumed. By
augmenting the electrospray of BIMDCA with higher ISP HAN, a maximum velocity of
17210 m/s is obtained for an EP fraction of 1. Figure 4-4c shows as with all systems, that
an increase in EP fraction results in longer thrust duration. At 0 EP, 116 minutes is

required for maximum velocity change. This increases to 13.8 years for the case of 1 EP.
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Figure 4-4: System 4 Bipropellant BIMDCA HAN Electrospray Performance
(a) BIMDCA consumption versus change in velocity and EP fraction

(b) HAN consumption versus change in velocity and EP fraction

(c) Time required to execute change in velocity versus EP fraction

Figure 4-5 shows the results for system 5. This is the HAN monopropellant and
electrospray configuration. Figure 4-5a shows the fraction of HAN consumed as a
function of the change in spacecraft velocity for different values of EP fraction. At 0 EP
the maximum velocity achieved is 630 m/s. At this point all of HAN propellant is
consumed. Notice that unlike in the case of system 1 only one chart describes
consumption of propellant in case of system 5 because of the use of a common propellant
between electric and chemical modes. Increasing the fraction of EP will not change the
amount of propellant consumed, for any dual-mode system no matter the fraction of EP
all of the propellant will be consumed. The maximum velocity for system 5 is 20700 m/s
and occurs at an EP fraction of 1. The use of the common propellant means no point of

transition exists as in the case system 1. Instead, the maximum velocity for any system
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using dual-mode occurs when the propellant is being used completely as an electric
propellant.

Figure 4-5b shows the time required to obtain a specific change in velocity for
different values of EP fraction. At 0 EP the time required to perform the velocity change
is only 99 minutes. This is nearly twice the time required by system 1 because both
systems have a thrust of 10 N, but system 5 has nearly twice the available chemical
propellant as system one by using a common propellant. Because the system 5
electrospray thruster has an ISP 4.7 times greater than that of system 1, it requires 21

years to accomplish the maximum change in velocity.
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Figure 4-5: System 5 Monopropellant HAN Electrospray Performance
(a) HAN consumption versus change in velocity and EP fraction
(b) Time required to execute change in velocity versus EP fraction

4.4. TRADE STUDY ANALYSIS

Figure 4-6 presents a comparison of maximum change in velocity for all five
systems. It is evident that the performance of systems 1 and 2 are virtually identical for
small changes in velocity, with a small advantage for system 2 at higher EP fraction. The
performance of systems 1 and 2 become effectively identical once the xenon propellant
becomes the limiting factor in maximum velocity change for both systems (occurring at
0.86 EP and 0.85 EP, respectively). Initially, both bipropellant systems 3 and 4

outperform the monopropellant system 5 in maximum velocity change. This is expected
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because of the increase in chemical ISP performance for the bipropellant systems. The
ISP performance of system 5 overtakes that of system 3 at 0.37 EP. System 5 does not
surpass the performance of system 4 until it reaches above 0.95 EP. Sharing common
propellants between the chemical and electric modes allows for an overall larger change
in velocity due to the greater availability of propellant. Due to the higher ISP present in
the electrospray systems and the greater availability of propellant, the maximum change
in velocity increases by an order of magnitude for the dual-mode systems compared to

systems 1 and 2.
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Figure 4-6: Maximum velocity change versus EP fraction for systems 1-5

Figure 4-7 shows the total propellant expended for the maximum change in
velocity shown in Figure 4-6. Examination of systems 4 and 5 in Figure 4-7 shows that a
dual-mode system offers the advantage that under any thrusting condition all propellant is
consumed. Comparing Figure 4-1 and Figure 4-5 shows that systems 4 and 5 consume
the most propellant but also produce the highest change velocity. Sharing common
propellants has permitted systems 4 and 5 to have the greatest propellant masses.
System 3 initially consumes all of the BIMDCA and NTO propellants but as the EP
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fraction is increased the amount consumed decreases because of the residual NTO
oxidizer. Starting at around 0.75 EP, systems 1 and 2 show an interesting exchange in
propellant mass consumed. At this point, the bipropellant system 2 consumes more
propellant than system 1 because of the larger amount of chemical propellant present in
system 1. At each EP fraction until the systems reach their respective transition points, all
chemical propellant is expended. As a result, when system 2 begins its electric thrusting it
has a higher dry mass to accelerate. This extra mass requires additional xenon propellant
to affect the EP fraction of the total change in velocity, thus resulting in higher propellant
use. Also, at each EP fraction the bipropellant system is producing higher change in
velocity therefore the xenon Hall thruster is required to perform a higher change in
velocity to maintain the EP fraction, resulting in higher propellant consumption.

This effect ceases almost immediately after the xenon propellant becomes the
limiting factor in the maximum velocity. In the region from an EP fraction of 0.85 to 1,
system 1 consumes more propellant mass than system 2 because now less of the chemical
propellant is consumed. This leaves additional mass for the electric propulsion system to
accelerate, resulting in a higher consumption of xenon and thus, a higher total propellant
mass. Additionally the higher EP fraction dictates that the Hall thruster is limiting factor
in total change in velocity. Therefore less bipropellant fuel is consumed to effect the
same change in velocity as the monopropellant system. Significantly Figure 4-6
demonstrates that at no point during this transition does system 1 affect a greater change
in velocity than system 2. System 3 shows a gradual decline in propellant consumed as
the EP fraction increases. At EP of 1, the total initial mass of the NTO oxidizer remains.
For example, if system 1 and 5 are operated at 0.8 EP fraction, system 1 requires 100
days to produce a 1.7 km/s change in velocity. Whereas system 5 requires 2300 days to

produce an 8 km/s change in velocity.
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Figure 4-7: Total propellant consumed versus EP fraction for max change in velocity

Figure 4-8 shows that the improved propellant savings associated with higher EP
fraction comes at the cost of mission time. Maneuvers taking hundreds, or in the case of
the electrospray systems thousands of days are required to reach maximum change in
velocity. In the case of conventional systems, a plateau in mission time is observed
because once the maximum change in velocity is reached for both systems, the systems
are already thrusting for as long as possible. After this point, the few hours required to
fire the chemical systems are insignificant in comparison to the 150 days to expel the

xenon propellant, resulting in the effective plateau.
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Figure 4-8: Total time required for maximum change in velocity versus EP fraction for
systems 1-5

Because of the use of common propellants, the dual-mode systems are able to
perform greater velocity changes than the conventional analogs at the cost of higher
thrust durations. Examination of Figure 4-6 and Figure 4-8 shows that for an EP fraction
of 0.8, system 5 produces a maximum of 3.03 km/s change in velocity in 750 days. For
same value of EP fraction system 1 produces a maximum of 1.6 km/s in 100 days. Using
system 5 at 0.85 EP trades 750% more thrust time to produce a 190% increase in change
in velocity. Figure 5b shows that systems 5 requires 470 days or 470% more time to
match the maximum change velocity achieved by system 1 operating at 0.8 EP.

Given that the mass budget for the traditional systems is based on even
distribution of system mass between the electric and chemical systems one might imagine
the case of a pure bipropellant chemical system operating with same total system mass.
The result would be that a slight advantage in total chemical change velocity would go to
the traditional system because of its superior ISP and the additional propellant mass it
obtains by not supporting the electric system dry mass. However, the dual-mode system
would have the ability to outperform the traditional system assuming time-of-flight is not

the primary consideration.
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5. CONCLUSION

A class of propellants known as ionic liquids are identified that can be used in
both chemical and electric modes of propulsion. In terms of specific impulse, the
performance of the ionic liquids are comparable to existing space storable propellants
hydrazine and NTO, with only a 3-12% reduction in ISP when the ionic liquids were
paired with NTO. If the ionic liquids are combined with HAN this performance gap
reduces to 0-4% when compared with hydrazine/NTO combination. lonic liquid HAN
produces greater specific impulse than NTO when combined with any of the fuels
investigated. Density impulse is found to be up to 40% greater than traditional propellants
because of the larger density of ionic liquids. Based on the ionic liquids examined the
long term storability of such fluids may be in question as most of propellants would
require extensive heating to maintain a liquid state. Overall, the performance results with
HAN as an oxidizer warrant further experimental investigation despite not being
considered a storable propellant. An extensive investigation of ionic liquids
thermodynamic properties needs to be under taken as these results are only for a few
select ionic liquids out of hundreds available for study.

When operated in an electrospray, (given the same input power) ionic liquids may
offer up to 4.5 the specific impulse the traditional Hall Effect thruster by operating in a
regime of nearly pure ionic emission. The assumption of purely ionic emission means
that values of ISP determined represent an upper bound in possible electrospray
performance. In future systems, the ISP of electrospray thrusters may be decreased by
forcing the system to operate in the droplet emission mode. This approach may
effectively trade propellant efficiency for higher thrust. Thus, in terms of ISP, the dual-
mode systems may match the performance of a range of systems from low-performance
monopropellant systems to the level of state-of-the-art electric propulsion systems. This
flexibility in performance may offer the major advantage of adaptability to new missions.
However, the ability to accurately predict the performance of such systems needs to be
investigated if practical high performance systems are to be developed. This will also
require the extensive investigation of electrochemical properties of conductivity,

viscosity, surface tension, and dielectric constant.
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Three potential dual-mode systems are modeled here based on the performance
predicted for chemical and electric propulsion for ionic liquids, and are compared to two
conventional propulsion systems. Because of the common propellants, the dual-mode
systems are able to perform greater velocity changes than the conventional analogs at the
cost of higher thrust durations. Specifically, if 80% of the wvelocity change is
accomplished by using electric propulsion, a HAN monopropellant electrospray system
produces 190% more change in velocity than a traditional system consisting of a
hydrazine monopropellant and a xenon Hall effect thruster. This 190% increase in
maximum velocity change comes at the cost of 750% more time thrusting for the HAN
system.

The use of a dual-mode system offers numerous mission benefits resulting
primarily from its flexible thrust history. The growing threat of orbit debris offers a great
opportunity for dual-mode systems. Their flexibility may permit an asset to respond
quickly to an imminent hazard using a primarily chemical maneuver and slowly return to
its original orbit using higher efficiency electric propulsion as the potential threat
subsides. On the other hand, if no threat is encountered, the system may provide long-
term orbit maintenance capability. In the fast-paced world of military conflict, such
systems are ideal for rapid deployment of space assets. With little knowledge of the thrust
history prior to deployment, a generic spacecraft may have a thrust history that is dictated
as the mission evolves, rather than prior to launch. The concepts of orbital refueling and
space tugs may also benefit from a dual-mode propulsion system, sharing a common
propellant means both the tug and the assets being transported (or refueled) will operate
on the same propellant.

A dual-mode space propulsion system has been shown to be plausible and that the
in terms mission flexibility and total change in velocity it will have a significant
advantage over conventional systems. The use of ionic liquids represents only one
possible configuration by which a dual-mode system could be produced, other system
configurations are possible and should also be investigated. The concept of dual-mode
spacecraft propulsion in any form would represent a substantial step forward in

technology and should be pursued.



APPENDIX A.
DETAILED CHEMICAL PERFORMANCE CHARTS
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Figure A-1: Hydrazine combined with select oxidizers versus equivalence ratio
(a) Performance measured in specific impulse
(b) Performance measured in density impulse
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Figure A-2: UDMH combined with select oxidizers versus equivalence ratio

(a) Performance measured in specific impulse
(b) Performance measured in density impulse
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Figure A-3: Fuel 1 C1oH15Ns combined with select oxidizers versus equivalence ratio
(a) Performance measured in specific impulse
(b) Performance measured in density impulse
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Figure A-4: Fuel 2 C11H20N4 combined with select oxidizers versus equivalence ratio
(a) Performance measured in specific impulse
(b) Performance measured in density impulse
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Figure A-11: Fuel 9 CsH11Ng combined with select oxidizers versus equivalence ratio
(a) Performance measured in specific impulse
(b) Performance measured in density impulse
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Figure A-12: Fuel 9 C3HgN1; combined with select oxidizers versus equivalence ratio
(a) Performance measured in specific impulse
(b) Performance measured in density impulse
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