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Analytical and numerical investigations of the performance of a series of potential dual-mode propulsion systems

using ionic liquids are presented. A comparison of the predicted specific impulse of ionic liquids with hydrazine and

unsymmetrical dimethylhydrazine shows that ionic liquid fuels have a 3–12% lower specific impulse when paired

with a nitrogen tetroxide oxidizer. However, when paired with hydroxylammonium nitrate oxidizer, 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 ion extraction in

the pure ion regime provides a very high specific impulse, outside the optimum range for potential missions. Results

suggest a deceleration grid, a lower ion fraction, or emission of higher solvated states is required. Analysis of a dual-

mode ionic-liquid-propelled spacecraft shows that the electric propulsion component determines the overall

feasibility comparedwith current technology. Results indicate that the specific power for an ionic liquid electrospray

systemmust be at least 15 W=kg in order for a dual-mode ionic liquid system to compete with traditional hydrazine

and Hall thruster technology.

Nomenclature

e = fundamental charge, Coulomb
Ftu = Allowable material strength, GPa
g0 = gravitational constant, m=s2

Hfg = gaseous heat of formation
Iemit = current for a single emitter, A
K = ratio of specific heats
m = accelerated particle mass, kg
MW = molecular weight, g=mol
Mct = mass of chemical propellant tank, kg
Met = mass of xenon electric propellant tank, kg
Mp = mass of propellant, kg
_memit = mass flow rate of single emitter, kg=s
mf1 = mass of spacecraft after chemical burn, kg
mf2 = mass of spacecraft after electrical thrusting, kg
_mtot = total mass flow rate, kg=s
m0 = full spacecraft mass, kg
Nemit = number of emitters
Pc = combustion chamber pressure, kPa
Pin = input power, W
Pt = propellant tank pressure, kPa
P2=P1 = ratio of nozzle exit pressure to combustion chamber

pressure
R = universal gas constant, kJ=kmolK
RA = ion fraction
T = thrust, N
t = time required to change velocity, s
Tchem = thrust of chemical propulsion, N
Telec = thrust of electric propulsion, N
Tm = melting temperature, K
To = chamber temperature, K
Ve = exit velocity, m=s
Vxe = volume of xenon propellant, m3

�V = change in velocity, m=s
�’ = change in electric potential, Volt
" = nozzle expansion ratio
�sys = system efficiency
�m = density of tank structural material, kg=m3

�p = density of chemical propellant, kg=m3

I. Introduction

T HE combination of high-thrust chemical and high-specific
impulse electric propulsion (EP) into a single dual-mode system

has the potential to greatly enhance spacecraft mission capability.
Ideally, the combined system would share both hardware and
propellant to provide the greatest reduction in system mass and
maximum spacecraft flexibility. This paper describes and reviews the
current state of the art in dual-mode propulsion and ionic liquids. It
then quantifies the anticipated chemical and electric thruster per-
formances of popular ionic liquids. Finally, it summarizes predicted
propulsion performance and identifies three potential dual-mode
systems. These dual-mode systems are compared with two tra-
ditional systems.

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 liquid 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 [2,3] and volatile
industrial solvents in chemical processing [2]. Although most pro-
fessionals consider ionic liquids benign, a large group of researchers
recently highlighted the combustibility of many ionic liquids as they
approached decomposition temperature [4]. This work also pointed
out that combustion of several ionic liquids becomes drasticallymore
vigorous when the ionic liquids are sprayed rather than combusted as
a pooled sample. Other articles have suggested that ionic liquid
hydroxylammoniumnitrate (HAN)maybe used as amonopropellant
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. In addition, hypergolic behavior has been reported for
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several ionic liquids when combined with traditional space storable
oxidizers [8–10].

Ionic liquids have also been investigated as electrospray pro-
pellants [11–13]. Ionic 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, resulting in a very inefficient impulse when no
impulse was required. 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 EP [13].

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 stationkeeping, low-thrust orbital transitions,
and precision low-thrust pulses for attitude control. Although the
dual-mode concept has been discussed in the academic community
for quite some time, focused research has been nearly 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: bi- andmonopropellant thrusters.
The system was developed on a tight budget and a rushed schedule
dictated by the loss of theMars Observer craft. The system consisted
of a common fuel bipropellant thruster and a catalytic mono-
propellant thruster. The bipropellant thruster was used in conjunction
with aerobraking 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 [14], which permitted the
integration of three identical and readily available tanks, thus
reducing costs. 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 II 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 per-
formance; therefore, new concepts for dual-mode propulsion are
investigated.

The following sections focus on analyzing the potential benefits of
an ionic liquid-based dual-mode propulsion system. First, in Sec. II,
the chemical propulsion performance of select ionic liquid fuels are

investigated and compared with their conventional counterparts.
Then the EP capabilities of an ionic liquid electrospray system
operating in the PIR are parametrically investigated in Sec. III. In
Sec. IV, a parametric investigation of an ionic liquid dual-mode
propulsion system is described and compared with conventional
thruster technology. Section V presents the conclusions of the
analysis.

II. Chemical Propulsion Analysis

The NASA John H. Glenn Research Center at Lewis Field’s
Gordon–McBride Chemical Equilibrium with Applications (CEA)
code is used to analyze the chemical combustion and rocket
performance of multiple bipropellant combinations [15]. Spec-
ifically, ionic liquid fuels and oxidizers are paired with conventional
fuels and oxidizers to determine rocket performance.

A. Fuels Investigated

Ten different ionic liquids are selected for analysis based on data
available in the literature. To evaluate the capabilities of an ionic
liquid fuel in a chemical propulsion system, the fundamental prop-
erties, such as the heat of formation, the melting point, and the
density, must be determined. Because investigation of the com-
bustion properties of ionic liquids has only recently begun to receive
attention, knowledge of the heat of formation of these liquids is
limited. Therefore, 1-butyl-3-methylimidazolium dicyanamide
(BIMDCA) and 1-butyl-3-methylpyrrolidinium dicyanamide are
selected as two of the ionic liquid fuels because of the availability of
heat of formation data. Additionally, BIMDCA 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 calculated and experi-
mental data. Heats of formation for eight energetic ionic liquids
based on 5-aminotetrazolate have also been determined [18]. To
permit a comparison with current space storable propellants,
hydrazine and unsymmetrical dimethylhydrazine (UDMH) are also
evaluated. Table 1 summarizes all thermodynamic data for these
fuels.

B. 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

Table 1 Thermochemical data for fuel and oxidizers investigated in this study

Fuel No. Fuel Name Formula Hfg, kJ�mol�1 Density, g�cm�3 Melting point, K

Hydrazine N2H4 —— 1.01 275
UDMH C2H8N2 —— 0.79 216

1 BIMDCA C10H15N5 363.40 1.06 267
2 1-Butyl-3-methylpyrrolidinium

dicyanamide
C11H20N4 218.90 1.02 223

3 Hydrazinium 5-aminotetrazolate CH7N7 383.60 1.48 398
4 Guanidinium 5-aminotetrazolate C2H8N8 205.40 1.54 399
5 Aminoguanidinium 5-aminotetrazolate C2H9N9 302.30 1.51 366
6 Guanylguanidinium 5-aminotetrazolate C3H10N10 306.90 1.41 414
7 4-Amino-1H-1,2, 4-triazolium

5-aminotetrazolate
C3H7N9 565.00 1.62 387

8 4-Amino-1-methyl-1, 2,4-triazolium
5-aminotetrazolate

C4H9N9 546.00 1.46 249

9 4-Amino-1-ethyl-1, 2,4-triazolium
5-aminotetrazolate

C5H11N9 523.40 1.39 235

10 1,5-Diamino-4-methyl-1,2,3,4-tetrazolium
5-aminotetrazolate

C3H9N11 655.10 1.57 444

Oxidizers

NTO N2O4 —— 1.44 261.95
WFNA HNO3 —— 1.33 231.6
IRFNA 83%HNO3 � 14%N2O4

� 2:4%H2O� :6%HF
—— 1.59 216

HAN NH3OHNO3 �79:68 1.83 316.05
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current state-of-the-art chemical rocket systems; these are nitrogen
tetroxide (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% N2O4, 2.4% H2, 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 ionic liquid-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 are summarized in Table 1.

C. 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 [19]

Isp �
���������������������������������������������������������������������������������������������
�2K=�K � 1���RT0=MW��1 � �P2=P1��K�1�=K �

p
g0

(1)

The pressure ratio in Eq. (1) is determined by solving the
transcendental equation, assuming a nozzle area ratio ":

1="�
�
K � 1

2

�
1=�K�1��P2

P1

�
1=K

������������������������������������������������������
K � 1

K � 1

�
1 �

�
P2

P1

��K�1�=K�s
(2)

Density impulse takes into account how easily the oxidizer–fuel
combination can be stored. 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:

Storability �
�
Tm;N2H4

Tm;Fluid

�
(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.

The NASA 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 Pc, the equivalence ratio, and the propellant combination
for a fixed expansion ratio " of 40.

D. Chemical Performance Estimation Results

The chamber pressure is varied between 150 and 600 psia, because
these are typical levels in onorbit engines [20]. Figure 1 shows
performance varies little with chamber pressure. This is to be
expected as temperature, not pressure, is the primary driving force for
dissociation; thus, the relatively small variations in the chamber
pressure examined have little effect on the molecular weight of the
gas and, thus, the ISP. Therefore, all subsequent analyses are
restricted to the 300 psia case.

For the 48 propellant combinations, the mixture ratio is varied
between 0.6 and 1.3 to determine the peak performance for each
combination using CEA’s combustion (enthalpy and pressure) case
in concert with Eqs. (1) and (2), resulting in the frozen flow ISPs 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. Tables 2 and 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�s=cm3). For example, the ISP ofUDMH-NTO
is 97% of that obtained for hydrazine-NTO.
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Fig. 1 Effect of chamber pressure on ISP for H2=LOX.

Table 2 Summary of chemical propulsion: NTO and HAN oxidizers

NTO HAN

Fuel ISP Density impulse ISP Density impulse Storability

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 1.11 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 1.12 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

Table 3 Summary of chemical propulsion: IRFNA

and WFNA oxidizers

IRFNA WFNA

Fuel ISP Density Impulse ISP 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 1.14 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 1.11 0.90 1.01
10 0.91 1.19 0.91 1.07
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Results show that hydrazine and UDMH provide higher ISPs than
any of the ionic liquids investigated here, regardless of the oxidizer.
However, in these simulations, hydrazine and UDHM combustion
with HAN oxidizer provides higher ISPs than when combusted with
NTO. With NTO oxidizer, the ionic liquid fuels have 3–12% lower
ISPs than that of hydrazine and UDMH. Results show that NTO
performs better than IRFNA andWFNA as an oxidizer for any given
fuel, with the single exception of BIMDCA, which has only a small
gain of 5 s ISPs. IRFNAandWFNAperform almost identically for all
propellant combinations. When combined with HAN for ideal
combustion, all fuels perform better; however, no ionic liquid HAN
combination performs better than the baseline hydrazine–NTO case.
The prediction that HAN performs better than NTOwarrants further
investigation.

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 with that of hydrazine and 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.

The 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 con-
sideration 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.

E. Error Analysis

Although CEA is 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. Given the
mixture ratio, expansion ratio, and chamber pressure, the predicted
ISP for equilibrium flow is compared with the actual performance
(Fig. 2).

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

Quantification of the error present in CEA represents an extensive
research project unto itself and is not conducted here. The error

present in the CPIA engine test data is impossible to determine. The
data represent 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 experi-
mental error can be defined for the CPIA data. However, 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 ISPs for fuel 2 is	0:06 s. Since the
error present in the inputs is negligible, and the errors associated with
the test stand data and CEA are not readily possible or readily
quantified, only a comparison of CEA to test stand data is possible.
Thus, this does not represent an actual quantification of error but only
a method for a more conservative estimate of performance.

Figure 2 shows that, as the 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
nonisentropic effects of a high heat transfer rate and boundary layers
that develop along the walls of the chamber and nozzle. For engines
with thrust levels below 100 lbf (typical of small spacecraft), the ISP
values predicted by CEA are 15.6% higher on average than those
indicated by the test data, with a standard deviation of 3.7%.A 19.3%
reduction in ISPs from the data shown in Tables 2 and 3 is used for the
remainder of the study to allow for a more conservative estimate of
the ISPs, and it represents a factor of safety of one standard deviation.

III. Electrical Performance

A dual-mode propulsion system with a common propellant must
have an EP system that can operate with a combustible fuel. This
investigation focuses on ionic liquids as possible EP propellants.
Electrospray EP systems have been operated with ionic liquids and
are the focus of this electric performance analysis. Specifically, this
work presents a conceptual analysis of an electrospray thruster
system that operates in or near the PIR on combustible ionic liquid
propellant. A parametric investigation using judiciously bracketed
figures is presented to study the effects of system parameters on
thruster performance and mission capabilities.

A. Methods of Modeling Electrospray Propulsion

Traditional electrospray emission consists of fine droplets from a
microjet that forms at the apex of an electrofluidic structure known as
a Taylor cone [21]. This cone is formed from the application of a
startup potential between a capillary containing a conducting fluid
and an extractor grid downstream. Once formed, the applied voltage
on the cone can bevaried quite substantially, even to values below the
startup potential. Excessive voltages can result in the deformation of
the cone and multiple secondary emission points. A stable Taylor
cone emits droplets and ions in proportions dependent on the flow
rate of the propellant. A higher flow rate results in a predominant
droplet emission, whereas a minimum flow rate yields a nearly PIR
for some ionic liquids.

To quantify the performance of an electrospray propulsion system,
two models of traditional solution-based sprays are initially
investigated [21,22]. Bothmodels are empirically based on a series of
solutions consisting of a high dielectric constant solvent and a salt
additive. Theypredict ISP, thrust, and droplet size based on a series of
electrochemical properties and a proportionality curve between the
emitted current and a dielectric constant. Unfortunately, these two
models are invalid for use with ionic liquids. First, the two methods
disagree on the functional formof the curve of the emitted current and
dielectric constant. An analysis by Chen and Pui suggests that the
results of this curve may depend greatly on the mobility of ions
present in thefluid [23]. Since ionic liquids are typically composed of
complex ions, the ion mobility of ionic liquids can be expected to
differ significantly from the conventional additives of polar solvent
solutions. Second, the typical values of the ionic liquid dielectric
constant fall at the very edge of the range investigated in bothmodels.
Last, neither model is capable of predicting results near the PIR,
which is the range of most interest here. Instead, in the following
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sections, we outline a conceptual electrospray system and evaluate its
performance and capabilities using ranges of parameters based on the
current state of the art of electrospray and general EP technology.

B. Purely Ionic Regime Electrospray Conceptual Model

A future electrospray system that operates near the PIR consists of
four main components: propellant with storage tank, propellant feed
system, emitters, and power processing unit (PPU). Propellant from
the storage tank is fed to the emitters, while spacecraft power is
converted by the PPU and used to operate the emitters. A single
emitter consists of a capillary containing the ionic fluid and either a
single- or double-grid assembly. The grid closest to the capillary is
the extraction grid and is required to provide the potential difference
to form the Taylor cone and extract ions from the fluid. A second
optional downstream grid can be used for enhanced control by
providing acceleration or deceleration of the beam ions. The grid or
set of grids can be operated with either fixed or alternating polarity.
With fixed polarity operation, only one charged species is extracted
(e.g., only positively charged ions), whereas with alternating
polarity, both charge species are extracted, providing a net-neutral
beam. This mode of operation may be desirable in future systems,
because a net-neutral beam does not require a beam neutralizing
device (e.g., a cathode). Because of the low thrust associated with
each individual emitter, clusters of emitters are required to produce
thrust levels of interest for future missions at low-power levels.

The following equations can be used to describe the electrospray
system performance. Power supplied to the system can be related to
thrust, ISP, and system efficiency using Eq. (4). The exit velocity of
an ion that is accelerated through a net potential �’ is given by
Eq. (5):

�sysPin � 1=2 TIspgo (4)

Ve �
������������
2e�’

m

r
(5)

Results have shown that emission in the PIR consists of pure ions and
ions traveling with clusters of N number of neutral pairs (the 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 [13]. This percentage can be determined from time-of-flight
curves for ionic liquids that have operated near PIR. Such time-of-
flight curves are produced experimentally by grounding the voltage
to the emitter andmeasuring the current emitted as a function of time.
The ions arrive at the collector in order of least to greatest mass
(higher solvation). An examination of the curves shows that,
typically, only the first two ion states (N � 0, 1) are present in the
emission in any discernible quantity [13]. The ISP for a beam
consisting of two species (N � 0, 1) is given by Eq. (6), where RA is
the percentage of the total flow that is pure ions, also known as the ion
fraction:

Isp �
Ve;N�0RA � Ve;N�1�1 � RA�

go
(6)

The thrust of the system can be related to the total mass flow rate and
ISP usingEq. (7). Finally, themassflow rate of a single emitter can be
related to the single emitter current and total mass flow rate using
Eqs. (8) and (9):

T � _mtotIspgo (7)

_m tot � Nemit _memit (8)

_m emit �
Iemitm

e
(9)

C. Purely Ionic Regime Electrospray Parametric Investigation

The electrospraymodel is used to investigate the effect of different
parameters on system performance. Specifically, the effects of net
accelerating voltage, system power, system efficiency, emitter
current, and ion fraction on ISP, thrust, and the number of required
emitters is investigated. From this analysis, conclusions regarding
the most advantageous parameters for a future system are deter-
mined. Based on the chemical analysis presented previously, the two
main ionic liquids focused on areHANandBIMDCA, and theirmass
information is provided in Table 4.

The effect of net accelerating voltage on the ISP is shown in Fig. 3
for different beam ion fractions. These calculations assume that the
electrospray system is operating in an alternating polarity modewith
both positive (anion) and negative (cation) emission. Operation in a
fixed polarity mode shifts the ISP slightly and is further discussed
next. In the case of a single-grid emitter, the net accelerating voltage
is the extraction voltage, whereas for a two-grid system, it is the
combinedfields of the extraction and acceleration/deceleration grids.
For net accelerating voltages between 200 and 2000 V, the ISP varies
from 1500 to 9000 s for HAN and 1000 to 6000 s for BIMDCA. For a
fixed accelerating voltage and ion fraction, HAN always has a larger
ISP than BIMDCA because it has a lower ion mass. Furthermore,
these curves illustrate the effect of the ion fraction on ISPs. An ion
fraction of one represents pure ion emission (N � 0), while a value of
zero represents the emission of only thefirst solvated state (N � 1, an
ion connected with a net-neutral anion–cation pair). For both HAN
and BIMDCA, as the ion fraction decreases, the ISP decreases for
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Fig. 3 The ISP as a function of net accelerating voltage for a) HAN and b) BIMDCA for different values of ion fraction.

Table 4 Ionic liquid anion, cation,

and mass information

Property HAN BIMDCA

Anion NO3 C2N3

Cation NH3OH C8H15N2

Anion mass, g=mol 62 66
Cation mass, g=mol 34 139
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fixed accelerating voltage. This is due to the fact that ions in the first
solvated state are more massive than pure ions.

Operating the electrospray system in a fixed polarity mode, such
that only anion or cation emission is achieved, slightly modifies the
ISP from that shown in Fig. 3. For HAN, the ISP shifts, at most,
	15% with the increase corresponding to purely cation emission,
while the shift for BIMDCA is 	18%, with the increase
corresponding to purely anion emission. Again, this result is due to
the mass of the propellant ions that are extracted. In the alternating
polaritymode, both the heavy (HANanion andBIMDCAcation) and
light (HAN cation and BIMDCA anion) ion species are extracted,
yielding an averaged ISP. In fixed polarity mode, extraction of the
heavier ion results in lower ISPs, while the lighter ion yields higher
ISPs.

Thrust is plotted as a function of ISP for fixed input power and
different levels of system efficiency in Fig. 4. The power level is set at
200 W, because missions that electrospray systems are being
considered for are currently performed with low-power 200 W Hall
thruster technology. Lower power levels reduce the thrust level
according to Eq. (4), and the effect of power on electrospray system
attributes is further investigated in the next section. For fixed ISPs,

Fig. 4 shows that thrust decreases as efficiency decreases.
Efficiencies of 75, 50, and 25% are investigated to provide a wide
range of possibilities, since future electrospray system capabilities
are still uncertain. However, the efficiency can still be bounded.
System efficiency is not likely to be above 75%, since a single emitter
is anticipated to have, at most, 85% efficiency [11], and current state-
of-the-art EP power supplies are 
90% efficient [24–26]. State-of-
the-art Hall thruster systems are only 
50% efficient [25–27] and,
given the current level of immaturity of PIR electrospray technology,
initial systems are likely to have even lower efficiency closer to 25%.

One of the major factors that impacts the future development of
PIR electrospray technology for dual-mode propulsion applications
is the large number of emitters required to achieve even low-thrust
levels. Figure 5 shows how the number of required emitters changes
with ISP, ion fraction, power, and the current each emitter is capable
of emitting. These results are for a 200W system. Individual emitter
current levels of 1 nA, up to 1 �A, have been demonstrated [11], and
we include 1 mA to show how a significant advancement in the
technology might affect the system requirements. The number of
emitters required is large, because the current, and thus themass flow
rate per emitter, is small. For instance, at the 2000 s ISP, a 200 W
system with 50% efficiency has a thrust of 10.2 mN. Achieving this
thrust requires a flow rate of 5:2 � 10�7 kg=s. If a single emitter only
produces 1 �A of current, which is equivalent to 1:0 � 10�12 kg=s
for PIR emission of HAN, then a total of 520,000 emitters are
required. Figure 5a shows that the number of required emitters
decreases as ISP increases because thrust andmassflow rate decrease
for fixed power. The number of emitters for BIMDCA is 50% less
than HAN, because BIMDCA is more massive, providing a larger
flow rate per emitter. As the current per emitter increases, the number
of required emitters decreases, because each emitter is capable of
providing a higher flow rate and a larger portion of the thrust. If
significant advances in the amount of current each emitter can
provide are achieved, such that the current per emitter is as high as
1 mA, then the number of required emitters decreases to only a few
hundred.

Figure 5b shows the effect of ion fraction on the number of
required emitters. Results are shown for BIMDCA operating at
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200 W, 2000 s ISP, and 50% system efficiency. As the ion fraction
decreases, the number of required emitters decreases, because the
equivalent mass of the emitted ion increases, resulting in a larger
mass flow rate per emitter. The trends are identical for HAN, with the
number of emitters being 50% larger due to the smaller HAN ion
mass. While the number of required emitters decreases with the ion
fraction, even at an ion fraction of zero (only theN � 1 first solvated
state being emitted), the number of required emitters for a 1 �A
current per emitter is over 81,000. This is 66% less than the number
of emitters required at an ion fraction of one, but it is still significant.

Figure 5c shows the effect of power on the number of required
emitters. Results are shown for the 2000 s ISP, 25% system
efficiency, and an ion fraction of 50%. As input power increases, the
number of required emitters increases, because larger total flow rates
are required to produce more thrust. At the 1 �A level, from 2 to
200 W, the number of emitters increases from 1200 to 12,000.
Emitter capillaries vary in size, but typical diameters are 1–100 �m.
If capillaries of a 10 �m inner diameter and a 100 �m outer diameter
are spaced 50 �m apart, then 12,000 emitters would occupy a square
with a side of length about 1.6 cm.

IV. Dual-Mode Benefits Trade Study

The following sections analyze the effect of dual-mode spacecraft
propulsion capability on mission performance. Two main analytic
investigations are performed. First, a combustible ionic liquid dual-
mode propulsion system with a monopropellant chemical thruster
and PIR electrospray system is studied. The effects of electrospray
specific power, efficiency, and ISP are quantified in terms of the
maximumchanges in spacecraft velocity�V and thrust time. Results
are presented as a function of the EP fraction: that is, the fraction of
the total�V performed by the EP (electrospray) system. The second
analysis compares themission capabilities offive different spacecraft
propulsion systems that have both a chemical and an electric thruster
system. These propulsion systems include a combination of a
conventional hydrazinemonopropellant and a xenonHall thruster, as
well as a dual-mode ionic liquid monopropellant and electrospray
system. The goal is to quantify the benefits of a dual-mode ionic
liquid system over separate state-of-the-art chemical and electric
systems. All of these analyses rely on a spacecraft systems mass
budget that is described next.

A. Systems Mass Budgets

For all propulsion system configurations investigated, a mass
budget is developed based on a 100 kg total spacecraft mass. In each
case, a value of 35% of the 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 [20,28,29]. 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 (e.g., combi-
nation of a hydrazine monopropellant and xenon Hall thruster), the
total system mass is divided evenly between electrical and chemical
propulsion subsystems.

Representative values for the mass of monopropellant, bipro-
pellant, and Hall thrusters are obtained from literature in the range of
the thruster performance being investigated [20,28,29]. Monop-
ropellant and bipropellant thrusters have an averagemass of 0.21 and
0.54 kg, respectively, with standard deviations of 0.09 and 0.18 kg.
To ensure conservative estimates, the monopropellant and bipro-
pellant thruster masses are estimated as 0.3 and 0.7 kg. Available
literature did not indicate themass of aBHT200Hall thruster, but the
similarly sized SPT-50 has a mass of 0.8 kg [30]. 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. The data in the literature also provide the
mass of the PPU for a Hall thruster [25,26]. Based on values reported
for the NASA Solar Electric Propulsion Technology Application
Readiness, the NASA Evolutionary Xenon Thruster, and SPT-50
PPU, the specific power is 161 W=kg, resulting in a PPU mass of
1.3 kg for a 200 W system.

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 et al. [31]. 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 [31]:

Mct � 6
Mp�mPt
�pFtu

(10)

The mass of the Hall thruster xenon propellant tank is computed
assuming a maximum pressure of 1450 psi:

Met � 6
Vxe�mPt
Ftu

(11)

Because of the high pressure, the volume of xenon is evaluated using
the van der Waals equation of state in place of the ideal gas law [32].

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 systemmust 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 themass 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. Because of the high disparity between storage pressure
and thruster pressure in EP 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 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 [31]. Since the total mass of themain
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. The results for each analysis are provided in
the sections that follow.

B. Measure of System Performance

Measures of propulsion performance are based on the total change
in velocity, mass of propellant consumed, and time required to
produce the velocity change. All orbital perturbations are dis-
regarded, as are potential 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 EP; this is referred to as
the EP fraction. For example, a value of 0 EPmeans that all change in
velocity is accomplished by chemical means only, whereas 1 EP
would mean that all change in velocity is accomplished by electrical
means. To determine the total velocity change each system can
produce, the rocket equation is used in a two-part form:
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�V � Isp;chemgo ln �m0=mf1� � Isp;elecgo ln �mf1=mf2� (12)

where the first term represents the change in velocity provided by
chemical propulsion and the second term represents the change
provided by EP. The values of satellite mass at the end of each
subsequent burn (mf1 chemical thrust and mf2 electrical thrust) are
restricted based on the available propellant mass. Furthermore, all
chemical thrusting is assumed to take place before the electrical
thrusting, and thrusting is continuous and not subject to specific
orbital constraints. To determine the time required to apply the
change in velocity, the mass flow rate of each thruster type is used in
conjunction with the total mass of propellant consumed. The result is
the sum of the chemical burn time and electric thrust time:

t� Isp;chemgo
�m0 �mf1�
Tchem

� Isp;elecgo
�mf1 �mf2�

Telec
(13)

C. Dual-Mode Ionic Liquid System

Mission performance of a dual-mode propelled spacecraft with an
ionic liquid monopropellant thruster and PIR electrospray system is
investigated in this section. The ionic liquid chemical thruster is
assumed to have performance equivalent to 218 s ISP and 10N thrust,
which is typical for HAN ionic liquid thrusters [19]. The EP is a PIR
electrospray, as described in Sec. III. Based on the previous analysis
that showed higher powers are more desirable for stationkeeping and
orbit transfer maneuvers, we assume an electric thruster input power
of 200 W. The effects of electrospray specific power, system
efficiency, and ISP on the mission performance are assessed in this
section.Most results are presented as a function of EP fraction,which
is the fraction of the total velocity change that is accomplished by the
EP (electrospray) system.

Spacecraft propulsion system mass budget for a dual-mode ionic
liquid system is shown in Fig. 6 as a function of electrospray specific
power. Total available mass is 35 kg for the propulsion system.
Values of specific power from 10 W=kg up to the EP state-of-the-art
of about 150 W=kg are investigated. An increase in specific power
means that less electrospray system mass is required to process the

200 W input power. As a result, PPU mass decreases,and propellant
mass increases as specific power increases. The fraction of ionic
liquid propellant available is 10.1 kg at a specific power of 10 W=kg,
and it increases to 27.0 kg at 150 W=kg. PPU mass is larger than the
propellant mass for specific power values below 12 W=kg. It has a
mass of 19.6 kg at 10 W=kg and decreases to 0.93 kg at 150 W=kg.
Thruster mass is the combined mass of the monopropellant thruster
and electrospray emitters. Based on the system mass analysis
described previously, these combine together for a 0.7 kg total mass
and do not change with specific power. The mass fraction of other
hardware associated with the propulsion system (valves, lines, tanks,
and mounts) increases initially and then plateaus. Mass associated
with these components is dependent on the mass of the propellant.
For instance, as propellant mass increases, a larger tank, more
pressurant, and a larger pressurant tank are required. All of these
effects combine to slightly increase the mass of other required
hardware. As specific power increases, other hardwaremass plateaus
at about 6.2 kg after 40 W=kg.

The effects of specific power on the maximum possible change in
spacecraft velocity and the required thrust time to accomplish that
velocity change are shown in Fig. 7 as a function of the EP fraction.
An EP fraction of zero means the ionic liquid monopropellant
thruster provides all the change in velocity, while a fraction of one
means the PIR electrospray system provides all the velocity change.
These results are for a dual-mode systemwith an electrospray system
ISP of 1000 s, 200 W input power, and 25% efficiency, yielding a
thrust level of 10.2 mN from the analysis in Sec. III.

Figure 7a shows that the maximum possible change in spacecraft
velocity is greatly affected by the fraction of EP used to complete the
maneuver. Specifically, as EP fraction increases, the maximum �V
increases. For a specific power of 10 W=kg, an EP fraction of zero
has a maximum �V of 225 m=s, while an EP fraction of one has
1030 m=s. This trend is explained by the fact that, at anEP fraction of
zero, the chemical thruster is completing all the�Vwith ISPs of only
218 s. At an EP fraction of one, the electrospray system completes all
the�V with ISPs of 1000 s. At EP fractions between zero and one, a
different fraction of the mission is performed with the chemical and
electric systems, providing a �V between the extremes. Figure 7a
also shows that, as specific power increases, maximum �V
increases. However, the rate of increase in maximum �V decreases
as specific power increases. This trend is explained by the results
from Fig. 6, which show that, as specific power increases, the
available propellant mass increases and plateaus. With more pro-
pellant mass, a spacecraft can accomplish a greater�V, regardless of
the EP fraction.

Figure 7b shows that thrust time to accomplish the maximum
change in velocity (Figure 7a) can vary from almost 0 to 300 days,
depending on the EP fraction and electrospray specific power. For a
specific power of 10 W=kg, at an EP fraction of zero, the thrust time
is 36 min., while at an EP fraction of one, it is 111 days. As the EP
fraction increases, the required thrust time increases, because the
effective ISP increases as more EP is used. As specific power
increases, the thrust time increases, because more propellant is
available, and it takes a longer time to expend more propellant.
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However, the rate of increase of thrust time decreases as specific
power increases. Again, this trend is explained by the results from
Fig. 6.

The ISP of the electrospray system is investigated in Fig. 8. The
maximum spacecraft velocity change and thrust time are shown as a
function of EP fraction for different values of the electrospray ISP.
The electrospray system has 200Winput power, 25% efficiency, and
a specific power of 10 W=kg. Figure 8a shows that higher ISPs
provide larger �V, as expected. Furthermore, it shows that the
benefit of higher ISPs is less pronounced as theEP fraction decreases.
This is due to the fact that, as the EP fraction decreases, less �V is
being provided by the electrospray system. For instance, the
maximum �V for a 2000 s operation becomes 20% larger than
operation at 1000 s, only for an EP fraction greater than 70%.
Comparison of the �V between 3000 and 2000 s ISP shows that
3000 s operation is 20% larger than that at 2000 s for an EP fraction
greater than 90%. Figure 8b shows that ISP has a greater effect on
thrust time at larger EP fraction.

Electrospray system efficiency effects on the dual-mode ionic-
liquid-propelled spacecraft are examined in Fig. 9. These results are
for a specific power of 10 W=kg and ISPs of 1000 s. Changes in
electrospray system efficiency have no effect on the maximum

possible change in spacecraft velocity, because the total available
propellant mass and the system ISP are not affected by efficiency in
this model. However, system efficiency does affect the required
thrust time. As Fig. 9 shows, as the EP fraction increases, thrust time
increases for fixed efficiency. This is explained by the fact that, as EP
fraction increases, a larger portion of the�V is performed by the low-
thrust electrospray system, such that a longer thrust time is required.
Figure 9 also shows that, as efficiency decreases, the thrust time
increases. For fixed input power and fixed ISP, as efficiency
decreases, thrust decreases (Fig. 4). To expend the same amount of
propellant at a lower thrust, a longer thrust time is required.

Based on the analysis presented in this section, several conclusions
can be drawn regarding an ionic liquid dual-mode propulsion system.
Specific power is important for decreasing PPUmass and increasing
propellant mass. However, as Fig. 6 shows, the benefit decreases as
specific power increases. Specifically, increasing specific power
above about 50 W=kg no longer provides substantial benefits. This
same trend is again evident in Fig. 7 for the maximum change in
spacecraft velocity and thrust time. The electrospray ISP has a
dramatic effect on maximum �V and thrust time, but only for EP
fractions close to one.Operation of the electrospray systemwith ISPs
greater than about 2000 s yields thrust times greater than 14 months
to expend all the propellant. These thrust times are greater than
desired for the types of dual-mode missions envisioned.

D. Comparison of Dual-Mode with Current Technology

This section compares the mission performance of three candidate
dual-mode propulsion systems and two conventional propulsion
systems. A conventional propulsion system is defined as having a
traditional mono- or bipropellant thruster and an EP system (xenon
Hall thruster) that do not use the same propellant. A dual-mode
system is a mono- or bipropellant thruster and an EP system (electro-
spray) that both use at least one common propellant. A description of
each propulsion system combination and its performance are
described in the next section, along with a mass analysis. The
maximum spacecraft velocity change and thrust time for each
combination are described in the Sec. IV.D.2. Finally, the different
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Table 5 Propulsion system performance specifications

System 1 2 3 4 5

Chemical Mode

Propellant N2H4 N2H4=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 1600 1900 2300
Thrust, mN 12.8 12.8 6.4 5.4 4.4
Mass flow, mg=s 0.94 0.94 0.41 0.46 0.20
Type Hall Hall Electrospray Electrospray Electrospray
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combinations are compared with each other to quantify performance
and system requirements for future dual-mode propulsion.

1. Systems Performance and Mass Budgets

Table 5 lists the performance specifications for the five propulsion
system combinations investigated. Systems 1 and 2 are typical
onorbit propulsion systems that use hydrazine and NTO in
conjunction with a Hall thruster and are termed conventional. 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 liquidHAN
and BIMDCA to accomplish both chemical and EP. A HAN
monopropellant chemical thruster and an electrospray thrustermakes
system 5 a dual-mode system. System 5 is the type of system
investigated in the previous section.

Chemical propulsion performance for these five systems is
determined based on the previous analysis (see Table 2) and typical
performance for these propellants [19]. The EP systems are all
assumed to have 200 W input power. The Xenon Hall thruster
performance presented in Table 5 is typical of a 200 W BHT-200
device [27]. For the ionic liquid electrospray systems, a 200 V net
accelerating potential and 50% ion fraction are assumed with ISPs
(given by Fig. 3). The efficiency of the system is likely to be low due
to the PPU and the substantial deceleration of extracted ions, so an
efficiency of 25% is assumed. At the mass flow rate levels shown in
Table 5, approximately 200,000 emitters are required if a single
emitter provides 1 �A of current. The combined BIMDCA/HAN
electrospray system ISP is set at the mass-averaged ISP based on the
propellant masses found in the next section. The effect of changing
these electrospray system parameters was investigated and described
in the previous section. Other values can be used for the calculations
and, as the technology develops, better assumptions and estimations
will be available. Given the current incipient state of the art, the
purpose of this analysis is to compare systems that consist of
conventional propulsion and true dual-mode capability in an effort to
quantify the potential benefits and system requirements for a dual-
mode system.

Amass analysis is completed for each of the five combinations and
is shown in Table 6. The procedure was described previously in
Sec. IV.A. For 200 W electrospray systems, we assume a specific
power of 10 W=kg. The result is that systems 3, 4, and 5 have a PPU
mass of 19.6 kg and an electrospray thruster mass of 0.4 kg. As
shown in the table, the PPU mass dominates the mass budget for the
dual-mode electrospray configurations. The effects of higher specific
power are analyzed and described in the previous section. Those
results and the analysis presented next are used to draw conclusions
regarding requirements for future dual-mode systems that use PIR
electrospray systems.

2. Trade Study Results

Figures 10 and 11 show the results for systems 1 and 5,
respectively. Results for these two systems are shown and discussed
in detail, whereas results for systems 2, 3, and 4 are not shown but are
also discussed. Figure 10 shows the results for system 1. This is the
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Fig. 10 System 1 performance for lines of constant EP fraction.

Table 6 Mass budget breakdown for all systems

System 1 2 3 4 5

Thruster, kg 1.10 1.50 1.10 1.10 0.70
Fuel, kg 14.1 7.31 5.11 5.32 9.96
Oxidizer, kg 0.00 6.10 4.25 4.09 0.00
Pressurant, kg 0.60 0.50 0.34 0.32 0.41
Fuel tank, kg 0.37 0.19 0.13 0.13 0.25
Oxidizer tank, kg 0.00 0.11 0.08 0.06 0.00
Pressurant tank, kg 0.47 0.39 0.27 0.25 0.32
Lines/valves, kg 0.87 1.35 0.99 0.99 0.63
Xenon, kg 12.3 12.3 0.00 0.00 0.00
Xenon tank, kg 0.82 0.82 0.00 0.00 0.00
PPU, kg 1.33 1.33 19.6 19.6 19.6
Structural mounts, kg 3.19 3.19 3.19 3.19 3.19

Summary

Chemical propellant, kg 14.1 13.4 4.25 0.00 0.00
Electric propellant, kg 12.3 12.3 0.00 0.00 0.00
Common propellant, kg 0.00 0.00 5.11 9.41 9.96
Other hardware, kg 8.69 9.34 25.6 25.6 25.0
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hydrazine monopropellant and Hall thruster configuration.
Figure 10a shows the fraction of hydrazine consumed as a function
of the change in spacecraft velocity for different values of an EP
fraction. At 0 EP, a maximum velocity change of 370 m=s is
obtained, and all of the hydrazine 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
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 Fig. 10a, operating at
0.95 EP achieves higher change in velocity than at an EP fraction of
one. For the 0.95 EP case, 30% of the hydrazine is used, whereas at
1 EP, all of the hydrazine remains. Thus, at 0.95EP, the spacecraft has
less mass to accelerate when the electric mode is used. Operating
with an EP fraction of one results in no consumption of hydrazine
fuel. Chemical propellant remains in the tank after 0.86 EP, because
there is insufficient electric propellant to produce a higher change in
velocity. In the region from 0.86 to 1 EP, electric propellant is the
limiting factor in the change in velocity.

Figure 10b shows the fraction of xenon propellant consumed as a
function of the change in spacecraft velocity for different values of an
EP fraction, these results correspondwith Fig. 10a.At 0 EP, no xenon
propellant is consumed. As an EP fraction increases, the fraction of
xenon propellant consumed increases. At an EP fraction of one, the
maximum velocity obtained is 1780 m=s. However, this is not the
maximum velocity that the system can produce. The maximum
velocity of 2249 m=s occurs at the point of transition of 0.86 EP. For
values of EP lower than 0.86, the chemical propellant is the limiting
factor in change in velocity, and electric propellant remains in the
tank.

Figure 10c shows the time required to obtain a specific change in
velocity for different values of an EP fraction. At 0 EP, the time
required to accomplish the maximum change in velocity is only
52 min. As an EP fraction increases, the time required to perform
the change in velocity increases until it reaches 150 days. The
maximum velocity change at 0.86 EP also takes approximately
150 days.

Figure 11 shows the results for system 5. This is the HAN
monopropellant and electrospray configuration. Figure 11a shows
the fraction of HAN consumed as a function of the change in
spacecraft velocity for different values of an EP fraction. Regardless
of the EP fraction, all of the propellant can be consumed, unlike the
results from system 1, where some propellant may be left over after
maximum velocity change is achieved. Because this is a dual-mode
system with common propellant, only one chart is required to
describe the propellant consumption trends. At 0 EP, the maximum
velocity achieved is 224 m=s. As an EP fraction increases, the
maximum velocity possible increases, and the curve rotates upward.
Themaximum velocity for system 5 is 2350 m=s and occurs at an EP
fraction of one. The use of common propellant means no point of
transition exists as in the case of system 1. Instead, the maximum
velocity occurs when propellant is used completely as electric
propellant.

Figure 11b shows the time required to obtain the change invelocity
for different values of an EP fraction. At 0 EP, the time required to
perform themaximumvelocity change is only 35min. This is 67%of
the time required by system 1 because both systems have a thrust of
10 N, but system 5 has only 70% of the available chemical propellant
of system 1. Because system 5 has an electrospray thruster with ISPs
greater than theHall thruster of system1, it requires about 1.5 years to
accomplish the maximum change in velocity.

In the case of system 2, hydrazine is used in a bipropellant system
paired with NTO, and a Hall thruster is used for EP. By using a
bipropellant thruster, a change in velocity of 400 m=s is possible at
0 EP. This results in complete consumption of both 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 maximum
velocity that is observed in system 1 also 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 drymass of system 2,
it produces only a 2% greater change in velocity despite having ISPs
19% greater than system 1. The Hall thruster is burdened by the extra
drymass of the bipropellant system, resulting in a decrease in system
acceleration. As with the case of system 1, any increase in an EP
fraction results in higher xenon consumption. A decrease in chemical
propellant consumption only occurs after the transition point. At
0 EP, system 2 requires 59 min. for maximum change in velocity. As
with all systems, an increase in an EP fraction results in longer thrust
duration. Similar to system 1, performing maximum change in
velocity at the transition point requires 150 days.

For system 3, 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 230 m=s. System 3 obtains a
maximumvelocity change of 823 m=s at an EP fraction of one. At all
EP fractions, all of the BIMDCA is consumed. However, as the EP
fraction increases, greater amounts of the NTO remain unused until,
at an EP fraction of one, all of the NTO remains in the tank. The extra
oxidizer mass decreases performance, and it is probably best
ventilated in proportion to the amount of BIMDCA consumed.
Ventilation of some NTO would leave the system capable of
performing the maximum chemical change in velocity while
increasing EP performance because of reduced system mass. The
penalty is that the oxidizer is put into orbit with the spacecraft and
now provides no gain in overall system performance. At 0 EP,
37min. are required to perform the maximum velocity change. At an
EP fraction of one, 145 days are required to produce a maximum
change in velocity.

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 260 m=s: all of the BIMDCA and HAN
propellants are consumed. For all EP fractions, all propellants are
consumed. By augmenting the electrospray of BIMDCAwith higher
ISP HAN, a maximum velocity of 1840 m=s is obtained for an EP
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fraction of one. Aswith all systems, an increase in EP fraction results
in longer thrust duration. At 0 EP, 41 min. is required for maximum
velocity change. This increases to 1 yr for the case of 1 EP.

3. Trade Study Analysis

Figure 12 presents a comparison of the maximum change in
velocity for each of the five systems. It is evident that the per-
formances of systems 1 and 2 are virtually identical for small changes
in velocity, with a small advantage for system 2 at an EP fraction of
less than 0.85. The performance of systems 1 and 2 becomes
effectively identical when the xenon propellant becomes the limiting
factor in themaximumvelocity change for both systems (occurring at
0.86 and 0.85 EP, respectively). Initially, both bipropellant systems 3
and 4 outperform themonopropellant system 5 inmaximum velocity
change. This is expected because of the increase in chemical ISP
performance for the bipropellant systems. The higher ISP of the EP
for system 5 overtakes that of system 3 at 0.25 EP. System 5 does not
surpass the performance of system 4 until it reaches above 0.82 EP.
Systems 3, 4, and 5 are the dual-mode systems and, for the assumed
propulsion and system capabilities, they all provide a lower
maximumvelocity than the conventional systems for all EP fractions.

Figure 12 illustrates the importance of specific power for a dual-
mode ionic liquid propulsion system to be competitive with
conventional technology. The dual-mode systems 3, 4, and 5 are
unable to provide the same maximum change in spacecraft velocity
as the conventional systems 1 and 2. This result is due to the power
supply penalty. For the 200-W 25% efficiency electrospray systems
assumed here, a specific power of 10 W=kg requires a 19.6 kg PPU
that accounts for over 50% of the allowed propulsion system mass.
There simply is not enough mass left for propellant. Increasing
efficiency provides more thrust to reduce trip time, but it does not
affect maximum spacecraft velocity (Fig. 11). Current state-of-the-
art colloid systems have a specific power of 1 W=kg [33]. As shown
in Fig. 7, increasing specific power within the 10–50 W=kg range
has a profound impact on the maximum possible velocity change.
Because a dual-mode system makes use of common propellants and
tanks, the specific power does not need to be as high as current Hall
thruster technology (
150 W=kg). However, based on the

calculations and investigation presented here, a future ionic liquid
electrospray system must have a specific power of at least 15 W=kg
to compete with conventional hydrazine and Hall thruster
technology. It is also important to note that, even if specific power
remains low, in some mission scenarios, the onorbit flexibility of a
dual-mode system may outweigh the penalty in total impulse.

Figure 13 shows the total propellant expended for the maximum
change in velocity shown in Fig. 12. Examination of systems 4 and 5
in Fig. 13 shows that a dual-mode system offers the advantage that,
under any thrusting condition, all propellant is consumed. System 3
initially consumes all of the BIMDCA and NTO propellants, but as
the EP fraction is increased, the amount consumed decreases because
of the residual NTO oxidizer. Starting at around 0.75 EP, systems 1
and 2 showan interesting exchange in the propellantmass 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 electrical 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 invelocity, thus
resulting in higher propellant use. This effect ceases almost
immediately after the xenon propellant becomes the limiting factor in
themaximumvelocity. In the region, from anEP 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 EP system to accelerate, resulting in a higher
consumption of xenon, and thus a higher total propellant mass
consumption.

Figure 14 shows that the improved propellant savings associated
with a higher EP fraction comes at the cost of mission time.
Maneuvers taking hundreds of days are required to reach amaximum
change in velocity. In the case of conventional systems (1 and 2), a
plateau in mission time is observed, because once the maximum
change in velocity accomplished by EP 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. Because of the higher
ISP of the electrospray system, the dual-mode systems (3, 4, and 5)
have higher thrust durations, even though the quantity of propellant is
reduced for these systems.

V. Conclusions

A class of propellants known as ionic liquids is identified that can
be used in both chemical and electric modes of propulsion. Based on
CEA simulations of bipropellant combustion, the ionic liquid fuel
and oxidizer combinations investigated are comparable to existing
space storable propellants with differences on the order of a few
percent. A comparison of the predicted ISPs of ionic liquids with
hydrazine and UDMH shows that ionic liquid fuels have 3–12%
lower ISPs when paired with NTO oxidizer. However, when paired
with HAN oxidizer, the ISP of the ionic liquids is 1–4% lower than
that of hydrazine andUDMHpaired with NTO. Ionic liquids are also
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attractive propellants because of their high density. Results indicate
that ionic liquids can have up to a 40% greater density impulse (the
product of density and ISP), signifying greater storability, which
makes them attractive as space storable propellants.

An electrospray EP systemmay be capable of operating with ionic
liquid propellant in the pure ion emission regime. For HAN and
BIMDCA, voltage levels required for extraction of ions from these
liquids (greater than 1000 V) cause acceleration that results in very
high ISPs (
4000–6000 s). To reduce the ISP to levels envisioned
for orbit raising and stationkeeping (
1000–2000 s), future ionic
liquid electrospray systems require either a deceleration grid or
propellant ions with higher mass [i.e., lower ion fraction or higher
solvated state (N > 0, 1)]. In addition, higher emission current per
electrospray emitter is desirable for future systems. Even at low
power (
10–100 W), higher current emission (>1 �A per emitter)
is required to reduce the total number of required emitters. Ten or
even hundreds of thousands of emitters are required for an
electrospray system at these power levels, so microfabrication
processes are imperative for fabrication of electrospray emitter
arrays.

Microfabrication of large emitter arrays is likely possible with
current technology. During early testing and development of colloid
electrospray devices, the area of microfabrication was still in its
infancy. As a result, alternative capillary and device geometries were
required to increase the current per emitter. Since then, the micro-
fabrication, and even nanofabrication, industry has grown to
permeate almost all areas of engineering technology and continues to
expand based on ever increasing requirements. Current fabrication
technology is capable of fabricating emitter arrays for obtaining
almost every possible thrust level desired from an EP system. In fact,
there are designs being investigated that focus on developing the
electrospray thruster, such that it becomes the standard for future
space propulsion technology [34–36].

The EP part of a dual-mode system has a significant effect on
spacecraft performance capability. Specific power is perhaps the
most important quantity, because it determines the EP system mass
requirements and the mass remaining that is available for propellant.
Increasing specific power from 10 to 50 W=kg can provide almost
two times more�V at an EP fraction of one and three times more at
an EP fraction of zero, where the EP fraction is the percentage of the
�V completed by the EP system. EP ISP should be within the

1000–2000 s range so that thrust levels are high enough to provide
a realistic trip time on the order of a few 100 days. Electrospray
system efficiency is likely to be low for first-generation devices that
may require deceleration grids and alternating polarity. Low
efficiency reduces thrust and causes thrust time to increase.

Results also indicate that the EP part of a dual-mode system
determines overall feasibility and advantages over conventional
technology. Specifically, increasing specific power of an electrospray
system from the current state-of-the-art 1 W=kg [33] up to at least
10 W=kg is mandatory for these systems to be considered for orbit-
raising-type and stationkeeping-type maneuvers for micro- and
medium-sized satellites. In fact, based on our calculations, a specific
power of 15 W=kg is required to compete with current state-of-the-
art hydrazine monopropellant and xenonHall thruster technology. In
other words, if electrospray specific power is less than 15 W=kg, our
analysis indicates that the combination of a hydrazine mono-
propellant and a xenon Hall thruster can provide larger total impulse
to a spacecraft in a shorter amount of time.

If specific power as high as 15 W=kg is not possible, the use of a
dual-mode system may still have other mission benefits due to its
flexible thrust history. Thegrowing 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 EP as the 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 before deployment, a generic
spacecraft may have a thrust history that is dictated as the mission

evolves rather than before launch. The concepts of orbital refueling
and space tugsmay also benefit from adual-mode propulsion system;
sharing a common propellant means both the tug and the assets being
transported or refueled will operate on the same propellant.
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