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Abstract
Hydrazine monopropellant is ubiquitous is in the aerospace industry for low total-impulse maneuvers
such as station-keeping, attitude control, and auxiliary/emergency power generation. Its relatively
high specific impulse, compared to cold-gas thrusters, and the simplicity of a monopropellant system
have been the main contributors to hydrazine’s popularity. The cost of safely handling hydrazine,
however, is substantial, as the propellant is toxic, highly flammable, and corrosive. The recent advent
of safer, “green” monopropellants over the past couple decades has caused the industry to re-evaluate
its use of hydrazine and assess the feasibility of a low-thrust system driven by these alternatives. Of
particular merit is the Air Force Research Lab-developed AF-M315E, a HAN-based monopropellant,
which offers an approximately 50% increase in density-ISP over hydrazine, but requires a preheated
catalyst bed for decomposition initiation. The replacement of the hydrazine-based fuel, H-70 (70%
anhydrous hydrazine in aqueous solution) with a diluted variant of AF-M315E (AF-M315EM) in the
emergency power unit of the F-16 fighter jet would require near instantaneous ignition of the green
monopropellant, which cannot occur catalytically, due to the time-delay associated with catalyst
preheat. Therefore, an alternative ignition scheme is necessary. This thesis explores the ignition
characteristics of AF-M315EM using a plasma torch–assisted microwave system and assesses the
feasibility of its implementation into the F-16 emergency power unit (EPU).
Previous research at Penn State has proven the capability of torch-assisted microwave ignition of
green monopropellants, including AF-M315E and Swedish Defense Research Organization–
developed LMP-103s at atmospheric and sub-atmospheric pressures. The objective of this thesis is to
eliminate the current preheat requirement of green monopropellants. Therefore, microwave ignition
characteristics at temperatures and pressures indicative of F-16 flight conditions and the ability to
sustain the microwave-induced reaction at the required chamber pressure (300 psig) must be
assessed. A secondary objective is to evaluate the input power requirements of ignition at various
low pressures and AF-M315E formulations. The ultimate goal of this and subsequent research is to
create a prototype microwave igniter for implementation into the F-16 EPU. The proposed system
will be light-weight, using several solid-state power amplifiers for microwave generation and coaxial
cables for EM propagation; while the objectives of this research are tailored to meet the needs of a
turbine-driven power generator, as in the EPU, such an ignition scheme would be applicable to lowthrust spacecraft propulsion systems.
Several parameters must be assessed to evaluate the merits of a microwave ignition system against
other ignition schemes, including: the minimum power needed to ignite the monopropellant, the
minimum power needed to sustain the reaction, the optimal flow rate, any ignition delay, the time
required to reach operating pressure, and the burn duration capacity. Thus far, AF-M315EM has been
ignited and sustained, using 317 and 301 W of microwave power, respectively, at ambient
temperature and pressures of 1.9, 4, 6.5, and 14.3 psig, with a 1.0-ml/min optimum flow rate. The
power required for HAN-based monopropellant ignition using microwave radiation is independent of
fuel composition and pressure (at or below ambient), proving this system is a viable, versatile
ignition scheme for ionic, green monopropellants. The torch was capable of sustaining combustion at
327 W, 4 psig for 15 continuous minutes before significant erosion of the molybdenum electrode
reduced flame stability. This firing period exceeds the current operational time of the hydrazinedriven F-16 EPU. AF-M315EM can also be ignited at near vacuum pressures at temperatures nearing
−40 °C, using approximately 320 W of microwave power and, if it can be brought to operational
pressure within 2–3 seconds, a microwave ignition scheme would be verified as a viable alternative
to the current hydrazine-driven EPU. Assessing these capabilities is the focus of ongoing research.
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Chapter 1: Introduction
Since the induction of hydrazine as a rocket propellant during World War II, the aerospace
industry has been dominated by its use in low-thrust engines for orbit maneuvers, station
keeping, and auxiliary power. Hydrazine is widely popular due to its storability, stability, and
relatively high performance as a monopropellant combustion scheme. It has been used on
numerous orbital, interplanetary, and atmospheric missions including the Viking Mars landers
launched in the 1970s, the lander of the Mars Science Laboratory (2011), the upper stages of the
Titan-III and Centaur rockets, the auxiliary power units of the Space Shuttle, a number of
Department of Defense satellites, and most pertinent to this research, the emergency power unit
(EPU) of the F-16 fighter jet.1,2,3 Monopropellant hydrazine’s hypergolic nature allows for a
simple, light, and reliable propulsion system comprised of a single fuel tank, pressurization
system, and control valve, making it an attractive option for use in low-total-impulse maneuvers
and in auxiliary power generation.2 Conversely, its high toxicity, flammability in vapor form,
and corrosiveness render it hazardous to handle and, therefore, cost inefficient. While safety
measures for proper handling of hydrazine are well established, the time, effort, and added
complexity required to accommodate these precautions contribute to significant cost and
prolonged mission schedules.
Over the last decade, in an effort to negate the negative aspects of hydrazine propellant, without
comprising performance characteristics, research centers across the globe have developed
“green” alternatives, namely environmentally-benign ionic liquids. One of the safest and most
energetically dense of these is the Air Force Research Lab–developed AF-M315E, which
exhibits a 50% increase in density-impulse over hydrazine.1 This hydroxylammonium nitrate
(HAN)-based monopropellant has gained national attention with the NASA Space Technology
Mission Directorate initiating the Green Propellant Infusion Program (GPIM), an orbital mission
launched mid-2019,4 designed to test the performance characteristics of AF-M315E as part of an
integrated propulsion system. The Aerojet Rocketdyne–developed engine employs a new patentpending high temperature catalyst known as LCH-240, which, while boasting a thruster lifetime
over 15 times that of the prior state-of-the-art, requires more power for pre-heating the catalyst
due to the higher minimum start temperature of AF-M315E.1
A potential low-power alternative exists in microwave induced–plasma decomposition, in which
ignition is independent of propellant composition, and the temperature of combustion is limited
only by the melting point of the microwave torch material. Additionally, a catalyst-driven system
requires a trade-off between minimizing pre-heat power by limiting heat losses during this phase
and efficiently radiating heat away during thruster operation to prevent the thruster from melting.
These challenges are avoided with a microwave ignition system.5 This, combined with its ability
to ignite propellant regardless of composition and essentially instantaneously, makes microwave
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induced–plasma decomposition a versatile, widely-applicable ignition scheme. Previous research
conducted at The Pennsylvania State University has led to the development of the Penn State
Microwave Plasma Torch (PSMPT), an efficient torch that combines the electromagnetic energy
from a waveguide with propellant at the tip of a central conducting tube. The electric field
becomes intensified at the torch tip, accelerating the electrons of a gaseous propellant and
ultimately igniting a plasma.6 More recent projects in the Center for Combustion, Power, and
Propulsion (CCPP) at Penn State have tested the ignition of HAN-based monopropellants
through a helium plasma at ambient and vacuum pressure conditions, while measuring various
parameters, such as burn duration, optimal mass flow rate and minimum power needed to ignite
and sustain the combustion of the liquid monopropellant. Although the helium plasma was
initially used as a catalyst for the combustion of HAN and ADN (ammonium dinitramide), it was
later proven that the monopropellant could ignite directly using 500 W of 2.45-GHz microwave
power.6,7 Thus, an operational system only requires the components associated with microwave
generation and propagation to replace those systems currently using hydrazine monopropellant
for thrust vector control or auxiliary power.
This thesis further refines this work, aiming to reduce the required input power and researching
the possibility and characteristics of AF-M315EM (a lower temperature blend of AF-M315E)
ignition at the temperatures and pressures representative of the F-16 fighter jet flight conditions.
If proven successful, this system could be fine-tuned and ultimately implemented as the new
standard in the emergency power unit of this military aircraft, and potentially also the Lockheed
U-2. While the direct objective of this research is to replace the catalyst-driven hydrazine EPU
engine in the F-16 with a reliable, low-power, microwave-ignited green monopropellant system,
the findings could apply to spacecraft using hydrazine or catalyst-driven decomposition of AFM315E. A higher propellant water content constitutes greater thermal stability, increased
difficultly of ignition, and lower combustion temperatures. Therefore, if a given amount of
microwave power establishes successful ignition of a low-temperature blend (AF-M315EM), it
will be sufficient to ignite higher temperature formulations (AF-M315E).

1.1 Objectives
Funded by the Strategic Environmental Research and Development Program (SERDP), this
project seeks to verify plasma torch–assisted microwave ignition as a viable method for igniting
green monopropellants, specifically AF-M315EM, without significant ignition delay. This
research assesses the applicability of such an ignition scheme in the F-16 emergency power unit
as a replacement to the current catalyst-driven hydrazine decomposition system. The ability to
ignite AF-M315EM at sub-zero temperatures and to sustain combustion at chamber operating
pressures are necessary parameters to evaluate when considering operational feasibility. The
ultimate goal is to 1) replace hydrazine as the working fluid in the EPU and 2) to eliminate the
need for catalyst bed preheat through use of a microwave ignition system. The objectives of this
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thesis, in particular, are 1) to prove unbiased ignition of ionic, green monopropellants,
specifically varying formulations of AF-M315E at low microwave input power, and 2) to test
microwave ignition capability of AF-M315EM at low pressures and sub-zero temperatures
mimicking those at flight altitudes. Infrastructure has been manufactured to conduct high
pressure combustion analysis, but time constraints have deferred the completion of such testing
to future researchers.
The present system powering the EPU is capable of igniting hydrazine-based fuel at −40 °C, near
vacuum, using the Shell 405 catalyst; becomes operational within 2–3 seconds of the start
command having been given; generates exhaust gases at 300 psig; and carries enough H-70
propellant to remain viable for 10 minutes.8 An alternative green monopropellant system using
AF-M315EM would need to meet or exceed these ignition and combustion characteristics. While
ignition and combustion of AF-M315EM at desired pressures has been proven with the Shell 405
catalyst, the necessity of pre-heating the catalyst prohibits the implementation of this
configuration in emergency power systems.41 Therefore, an alternative ignition scheme is vital;
microwave ignition of ionic monopropellants at ambient and near vacuum pressures has already
been verified by researchers at Penn State, but to establish it as a reliable ignition scheme in the
emergency power unit of the F-16, it must meet or exceed all capabilities of the current catalystdriven hydrazine system. The test conditions of this work align with these objectives: ignition of
AF-M315EM with 2.45-GHz microwave power is evaluated at near vacuum conditions and
temperatures down to −40 °C; upon ignition, the combustion chamber is allowed to come to
pressure; the delay associated with chamber pressurization is measured, and the ability of the
microwave torch to endure continuous combustion for a minimum of 10 minutes is assessed.
Ignition of the monopropellant at a given power is verified visually, by observing both the
emergence of a flame and the reflected microwave power output on the automatic tuning unit.
Before the absorbing plasma load is established, the reflected power fluctuates greatly, but
equilibrates once the propellant is ignited, verifying decomposition. By comparing the forward to
reflected power, the efficiency of energy transfer between the microwave source and
monopropellant flame can be measured and is typically around 97–99%. At higher pressures, the
behavior of a microwave-generated plasma is largely uncharacterized and, therefore, the ability
to sustain this form of combustion under such conditions must first be assessed. Should the flame
extinguish or the reflected power begin to oscillate upon chamber pressurization, a reconfiguration of the system might be required to establish stable combustion at higher pressures.
Alternatively, if the reaction is sustained at high pressure, such a microwave ignition system
would be proven practical for use in operational propulsive engines. However, there lies an
additional challenge in validating a microwave ignitor for specific use in the F-16 EPU: the
sustained reaction must produce enough exhaust gases to pressurize the chamber to 300 psig
within 2–3 seconds of ignition. As such, the time required to reach operational pressure must
also be determined. A microwave ignition system which could ignite AF-M315EM at −40 °C
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and near vacuum pressure, sustain combustion from near vacuum to 300 psig, pressurize the
chamber within 2–3 seconds of ignition (dependent on chamber size), and endure combustion for
at least 10 minutes would meet the minimum criteria needed to power the EPU of the F-16
fighter jet.
Other important qualifying factors are the minimum power requirements and overall system
complexity. Power is generally scarce on aerospace vehicles, especially in the event of main
engine failure. Reducing the input power requirements of a sub-system is consistently a driving
design objective, and is therefore of particular concern in this thesis. While the power to ignite a
particular monopropellant is invariant, the propagation method can be made more efficient to
reduce the amount of required power generated by the source. This then decreases the DC input
power required by the microwave generator and, hence, the mass of the batteries associated with
DC power generation. Replacing the magnetron and the current commercial-off-the-shelf
(COTS) microwave components with solid-state parts simplifies system architecture, further
reducing mass and advancing the ignition scheme toward flight readiness.
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Chapter 2: Background
The following chapter discusses all necessary background information relating to this thesis
including the physical, chemical, and safety characteristics of hydrazine and AF-M315E and how
they compare to one another; the merits of using AF-M315E instead of hydrazine for low total
thrust purposes; current missions testing AF-M315E in operational engines and the limitations of
such systems; an overview of the F-16 emergency power unit and its current capabilities; the
limitations of various green monopropellant ignition schemes, namely catalyst technology, and
how microwave ignition circumvents their associated issues; and the previous research
conducted at the Center for Combustion, Power, and Propulsion (CCPP ) supporting the
capability of a microwave plasma torch in igniting HAN-based monopropellants nearly
instantaneously and vindicating the advancement of this technology for use in functional
propulsion systems.

2.1 Need to Replace Hydrazine with “Green” Alternatives
Hydrazine monopropellant, in the aerospace industry, is most pervasive in its anhydrous form,
N2H4, which is used primarily on Earth-orbiting satellites and interplanetary spacecraft for
attitude control and station-keeping, and in auxiliary power units to drive gas generators or
hydraulic pumps. Other aerospace vehicles, such as single-engine military aircraft, use a 70%hydrazine-30%-water blend (H-70) in conjunction with main engine bleed air, if available, in
their emergency power units.8 While aqueous hydrazine boasts an improvement in thermal
stability over anhydrous hydrazine, its toxicity and flammability in relation to pure N2H4 remains
relatively unchanged; both hydrazine monopropellants require extensive safety-handling
procedures and redundant systems. Green monopropellants offer advantages in both safety and
performance over hydrazine, resulting in lower launch and inspection costs, reduction in dry
mass, and an increase in efficiency.1 Because chemical and physical data of the hydrazine
derivative H-70 used in the F-16 is limited, background information is given mainly for
anhydrous hydrazine, used currently in satellites and formerly in the auxiliary power unit of the
Space Shuttle.
2.1.1 Negative Characteristics of Hydrazine
For the majority of the time that man-made objects have inhabited outer space, anhydrous
hydrazine has been a staple propellant flown on numerous missions. Its storability and high
performance relative to kerosene, ammonia, hydrogen peroxide, monomethyl hydrazine, and
unsymmetrical dimethylhydrazine have propelled the fuel to its popularity. But as the aerospace
industry is ever-evolving, the past few decades have resulted in increased criticism over
hydrazine’s more negative attributes. On one hand, its relatively high specific impulse as a
monopropellant and its insensitivity to shock and friction deem it an ideal candidate for long5

duration missions.2 On the other, its toxicity and reactivity require extensive and expensive
safety protocols, contributing significantly to total launch costs and mission timeline. The latter
has inspired the “green” propellant movement, a decades-long research effort to develop
propellants that are not only considered environmentally benign, but demonstrate thermal and
performance characteristics that meet or exceed that of hydrazine. While hydrazine was once
touted for its high performance as a monopropellant, the advent of highly-energetic, safer
alternatives will likely render hydrazine use obsolete in the future.
2.1.1.1 Physical Hazards
A major concern of using liquid anhydrous hydrazine is its volatility and reactivity/flammability
given certain circumstances. Under ambient conditions, hydrazine is non-explosive and does not
pose a risk of fire; without decomposition catalysts present, it can be heated to 500 °F with little
to no change in state. Additionally, at room temperature and pressure, too little hydrazine exists
in its vapor form to ignite in the presence of air.9 Under hyperbolic conditions, however, the
physical hazards associated with handling hydrazine are significantly inflated. Decomposition of
hydrazine, as with the majority of monopropellants, can be initiated catalytically or thermally.
Hydrazine, however, is also a strong reducing agent and, as such, reacts readily and
exothermically with most oxidizing agents, including oxygen, rust, and other metal oxides.
Moreover, hydrazine-moistened sawdust, cloth, paper, and certain metal powders can
spontaneously ignite under ambient conditions.10 Therefore, special precautions must be taken to
prevent contamination of the working area, be it during storage, transportation, or propellant
system operation. During the storage phase, for example, hydrazine must be kept under a
gaseous nitrogen blanket to prevent contact with any potential oxidizing agents and to reduce the
hazards associated with vapor flammability. With explosive limits between 4.7–100%, at 104 °F,
hydrazine exerts enough vapor pressure to sustain the minimum concentration in air that can be
ignited and, therefore, careful steps must be taken to restrict the presence of air or oxygen in
hydrazine systems.10 Additionally, while moisture does not threaten the thermal stability of the
system, it is readily absorbed by hydrazine, decreasing performance characteristics, and thus
should be absent.
Extensive measures must be taken to ensure safe transport and handling of hydrazine. When
transferring the propellant from transport to storage container, highly-trained personnel in SelfContained Atmospheric Protective Ensemble (SCAPE) suits must follow a meticulous ~25-step
procedure, outlined in the Rocketdyne-published Hydrazine Handling Manual.9 Transfer of
propellant can be accomplished via two different methods: pressure unloading or pump
unloading, both of which are equally time-consuming and can vary depending on the type of
vessel from which hydrazine is transferred. While cost- and time-inefficient, the procedures for
handling hydrazine are well-established and casualties are limited. Instead, the majority of
explosive or ignition incidents that have occurred were results of mechanical failures, where
conditions conducive to hydrazine decomposition were present. In 1983, two the of auxiliary
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power units (APU-1 and APU-2) of the Space Shuttle Columbia exploded during landing; in a
series of events, liquid anhydrous hydrazine leaked onto the hot turbine housing surfaces, the
ambient pressure increased to a point that supported hydrazine decomposition, the resulting fire
then damaged instrumentation and electrical wires that controlled the valves leading to the
APUs, and the fuel supply of the first APU became isolated and explosively decomposed when
the heat from the fire and the normal heat back-soak caused the modulation valve to reach
500 °F. The shock wave from the first detonation shorted out the already damaged wires
controlling the second APU, isolating the fuel supply, and similar to the cause of the first
explosion, the propellant was heated to the point of spontaneous decomposition.11 While there
were no human casualties, the incident caused a significant amount of costly mechanical and
electrical damage.
In a separate accident in 1986, during a routine tank drain of the Space Shuttle’s APU, a halfgallon of hydrazine leaked from a fitting in the vent system and reacted with residual chemicals
or debris in the water deluge trench, but the fire was quickly extinguished by SCAPE
technicians. In the follow-up incident report, the importance of maintaining cleanliness and
inspection standards when working with hypergolic materials is emphasized.11 Regardless of the
engineering controls and redundant systems in place, unforeseen circumstances and overlooked
hazards contribute to the possibility of catastrophic failure. This likelihood is increased in
systems using hypergolic propellant as their reactivity with several space-grade materials may be
realized in the event of a leak. Hydrazine is a highly reactive compound under certain, although
not uncommon, conditions, and, therefore, special consideration and precautions are necessary to
mitigate risks.
2.1.1.2 Physiological Hazards
Hydrazine is infamous for its toxicity and causticity, yet has dominated the aerospace industry
for more than half a century. Regardless of the administration method, exposure to hydrazine
will result in both acute and chronic health problems. In terms of acute symptoms, the fuel’s
vapors will cause severe eye irritation in the form of swelling, itching, and blistering of the
eyelids; if the exposure is drastic, temporary blindness, lasting about a day, may result, but the
affected may require several days to fully recover.9 Additionally, inhalation of the vapors results
in dizziness, headache, and nausea; severe lung, nasal, and throat irritation accompanied by
wheezing and extreme shortness of breath; pulmonary edema; and, in severe cases, seizures and
coma.12 Contact with body tissue will result in chemical burns and severe dermatitis. In any case,
medical attention should be sought immediately after basic first aid techniques have been
administered.
Numerous studies regarding hydrazine’s toxicity have been conducted to deduce the chronic
symptoms of prolonged exposure to the propellant. The National Academics of Sciences
Engineering Medicine evaluates a variety of these and summarizes the results based on chronic
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toxicity, genotoxicity, and carcinogenicity. One notable study by MacEwen et al. and Vernot et
al. analyzed the effect of 0.05-, 0.25-, 1-, and 5-ppm hydrazine concentrations on male and
female Fischer 344 rats.13 Each group of 100 rats was exposed to the selected concentration for 6
hours a day, 5 days a week, over the course of 52 weeks, and retained for 18 months postexposure to monitor long-term effects. In those rats that survived, no statistically significant
adverse symptoms were documented for 0.05- or 0.25-ppm hydrazine concentrations. Those
exposed to 1 ppm developed benign tumors in the nasal cavity (males) and the liver (females)
post-exposure, and, at 5 ppm, formed lesions of the nasal cavity, larynx, and trachea; thyroid
carcinomas, and lymph node hyperplasia (enlargement of organ/tissue due to abnormal cell
reproduction).13
The Air Force Research Lab followed a similar procedure with other animal subjects to assess
whether or not the OHSA Permissible Exposure Limit (PEL) of 1 ppm over an 8-hour period is
conducive of a safe work environment. The development of tumors in the respiratory tract led
researchers to conclude that the limit set by OHSA is inadequate and, hence, to support the PEL
set by the American Conference of Governmental Industrial Hygienists (ACGIH) of 0.1 ppm.10
These studies, along with many others, have prompted health and safety administrations to label
hydrazine as a known animal and probable human carcinogen, and as an agent capable of
causing liver, kidney, and central nervous system damage. As such, careful precautions must be,
and are, taken to ensure minimal contact between hydrazine and the humans handling it.
The practice of safely handling hydrazine is well-established, but it remains expensive, as the
precautions associated with managing all aspects of interaction with hydrazine are extensive and
time-consuming. Hydrazine’s toxicity requires highly-trained personnel to wear SCAPE suits,
comprised of a pressure positive, self-contained breathing apparatus and a chemically-resistant,
fully-encapsulating suit; inner and outer gloves; and steel-toed and shanked boots.14 The
maintenance of the ensemble itself proves tedious. According to the Air Force’s Hydrazine
Response and Handling Procedures, a manual specific to the operation of the F-16’s EPU with
H-70 fuel, the suit must either be inspected annually or decommissioned after its 480-minute
usage lifetime. After each use, the ensemble is decontaminated and the usage date and time is
logged. Additionally, the self-contained breathing apparatus must be checked before and after
each use, is subject to monthly inspections, and must be re-serviced as necessary to ensure
oxygen cylinders are stored at full pressure.15
The field use and subsequent maintenance care and cost of this protective equipment is projected
to increase, as a decision by the U.S. Air Force in 2017 to increase the operating hours of the F16 from 8,000 hours to 12,000 hours leads to an increased probability of EPU firing.3 In the
event of EPU activation, the aircraft will be inspected for the presence of hydrazine, initially by
the Fire Department and followed by the Hydrazine Response Team. The aircraft is then
transitioned to an isolated site with a clearance radius of 100 ft. If a major leak of more than one
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pint is detected, an area 100 feet upstream and 600 feet downstream of the spill site is evacuated.
For a spill less than one pint or during normal duty hours, the Hydrazine Response Team is
responsible for the containment, neutralization, and clean-up of any hydrazine. Otherwise, the
Base Fire Department will handle decontamination duties.15 In either case, any activation of the
EPU, either in flight or on ground, is treated as an emergency and also requires the involvement
of Maintenance Operations Control, the 301st Aircraft Maintenance Squadron, the BioEnvironmental Engineering and the Base Environmental groups, Medical Services, and the base
Safety Officer. Additionally, any F-16 deployment to a location other than an established F-16
base requires the accompaniment of a qualified H-70 response team carrying a complete
hydrazine spill kit and an immediate briefing of the site’s personnel regarding hydrazine
spill/leak procedures.15 These operations contribute to the estimated yearly cost of $2.5 million
in H-70 handling procedures,3 an expense that primarily could be avoided with the use of less
hazardous propellant. The monetary and temporal cost associated with using hydrazine in
aerospace systems is substantial enough to merit seeking a cheaper, safer alternative.
2.1.2 Positive Characteristics of Green Monopropellants over Hydrazine
Since the late 1990s, the industry has been developing high-performance “green”
monopropellants specifically for the purpose of replacing hydrazine. These environmentallybenign monopropellants are primarily composed of highly-energetic inorganic salts mixed with a
hydrocarbon and dissolved in aqueous solution; the salt serves as the oxidizer, the hydrocarbon
as the fuel, and the water as a thermally stabilizing agent against detonation.16 The fuel can be
either ionic or molecular, but an ionic reducer proves advantageous in that it increases oxidizer
solubility.17 The Air Force Research Lab (AFRL) and the Swedish Defense Research
Organization (FOI) under contract with the Swedish Space Corporation (SSC) have led the
industry in green monopropellant research, developing ammonium ion-containing fuel blends
based on hydroxylammonium nitrate (HAN) and ammonium dinitramide (ADN), respectively.18
Several formulations containing each have been synthesized and studied to assess basic
performance parameters, with the Swedish-developed, ADN-based LMP-103s and FLP-106
propellants and the U.S. Air Force-developed, HAN-based LP-1845, -1846, -1898 and AFM315E propellants selected as the best candidates for further advancement.
Other international efforts have focused on hydrogen peroxide as a suitable substitute for
hydrazine, because, unlike ionic liquid propellants, its catalytic decomposition can be initiated at
room temperature.19 The challenge with hydrogen peroxide is that, even in its most concentrated
state, its specific impulse is 25% lower than that of hydrazine. Because of its relatively high
density, however, its density-specific impulse is slightly greater than that of hydrazine, justifying
further development of H2O2 monopropellant thruster technology. The highest concentration of
hydrogen peroxide evaluated for aerospace applications is 98% by weight, and its decomposition
via platinum catalysts has been proven by the ATLA S.p.A research group in Italy for a 20-N,
pulsed monopropellant thruster with an experimental specific impulse of 130 seconds.20 Proven
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ignition of this concentrated hydrogen peroxide sets the baseline for maximum theoretical
specific impulse achievable with this oxidizer. Any efforts to increase the specific impulse of
monopropellant hydrogen peroxide would require the addition of a soluble fuel. Such research
has been conducted at the Korea Advanced Institute of Science and Technology to raise the
specific impulse of 98% hydrogen peroxide without sacrificing storability by blending the
oxidizer with ethanol in a 50:1 oxidizer-to-fuel ratio. The theoretical vacuum specific impulse of
the mixture was determined to be 196 seconds with an adiabatic chamber temperature of
1018 C, but non-optimal catalyst bed volume resulted in a much-lower experimental specific
impulse of 100.2 seconds.19 Although the ethanol-blended hydrogen peroxide monopropellant
has the potential to supersede its pure concentrated counterpart, its theoretical performance is not
comparable to those of ionic liquid monopropellants. This, combined with the expense of the
platinum catalysts required, discredits hydrogen peroxide-based propellant as a green alternative
to hydrazine.
The industry has thus focused its majority attention on developing the aforementioned energetic
salt–based monopropellants into the new standard for flight. Monopropellant hydrazine owes its
extensive heritage to its storability, ease of ignition, reliability, and relatively high specific
impulse compared to cold gas thrusters (50- to 70-second specific impulse).21 As such, for any
green monopropellant to realistically replace hydrazine, it must meet or exceed these criteria. A
useful parameter for assessing performance between propellants of different densities is impulse
density, i.e., the change in momentum per unit volume, in comparison to the specific impulse,
the change in momentum per unit weight of propellant. The specific impulse indicates a
propellant’s efficiency in converting its potential energy into forward thrust and, thus, on
aerospace missions, for which mass and volume are limited, this value should be as high as
possible. Also, of great importance is the propellant’s density; the greater the density, the smaller
the volume required to hold the same amount of mass and achieve the same total impulse. This
translates to smaller onboard storage tanks, i.e., less dry mass and, in turn, less wet mass to
achieve the same maneuver. The combination of the specific impulse and density (densityimpulse) is thus a more comprehensive evaluation parameter. Table 1 compares the pertinent
physical and performance characteristics of the most researched ionic liquid monopropellants
against concentrated hydrogen peroxide and hydrazine. The LP (liquid propellant) series listed
here are the most commonly studied HAN-based green monopropellant formulations.22
Properties given are at 100 psi.
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Table 1. Comparison of green monopropellants to anhydrous monopropellant hydrazine. 16, 22 ,23, 24, 25, 26, 27, 28
Property

Hydrazine

AFM315E

98% wt.
Hydrogen
Peroxide

LP1846

LP1845

LP1898

LMP103S

Theoretical Isp,
235
257
187.3
252.9
259.4
262.6
252
sec
Density, g/mL
1.00
1.47
1.43
1.43
1.45
1.39
1.24
@ 25 C
Density-Isp, g235
377.8
267.8
361.6
376.1
365.0
312.5
m/s-ml
Crystallization
2
−80*
−2.5
−100* ~ −110* ~ −100*
−7
Point, C
Adiabatic
Flame Temp,
900
1800
946.1
1749
1852
1862
1780
C
*Indicates the glass-transition temperature of a propellant. Many ionic salt solutions do not have a freezing
temperature, but rather a temperature below which the propellant transitions into an amorphous glass.

FLP106

259
1.36
352.2
0
1880

The density impulse of concentrated hydrogen peroxide, while 14% greater than that of
hydrazine, is 16.7% lower than the lowest performing ionic liquid and, therefore, serious
research efforts in formulating a green substitute for hydrazine have focused on that latter. Of the
ionic liquids, the American-developed formulations are particularly advantageous due to their
lower “freezing” temperatures and high density-impulse. From the short list, AF-M315E has
become one of the most widely researched and tested monopropellants in the U.S. due to its
thermal stability, shock resistance, and high-temperature combustion capability, and, therefore, is
the choice propellant for implementation in the F-16 EPU and the focus of this thesis.
2.1.3 A Comprehensive Comparison of AF-M315E to Hydrazine
The widespread replacement of one monopropellant with another is dependent on several factors:
namely safety, performance, and cost. These elements are highly interdependent, and the benefits
of using a safer monopropellant cascade into the other categories.
2.1.3.1 Safety
One of the most important criteria to consider when issuing in new technology is its overall
safety classification in comparison to incumbent technology. For government agencies
especially, a replacement system may not sacrifice safety in pursuit of higher-performing and
lower-cost options. Therefore, an AF-M315E system must be evaluated against a hydrazine
system in terms of both physical and physiological hazards to verify it as flight-safe.
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2.1.3.1.1 Physical Hazards
Any combustible propellant in the aerospace industry is inherently dangerous due to its potential
for exothermic reaction, but certain fuels pose more of a hazard than others, especially under
certain conditions. Hydrazine is considered highly volatile and is classified as a hypergolic
propellant, interacting with a number of common materials that can initiate its combustion. AFM315E, on the other hand, is benign under most circumstances, requiring a high temperature for
its decomposition and, therefore, is considered to be less potentially hazardous.
AF-M315E is much less volatile than hydrazine as demonstrated by its significantly lower vapor
pressure at room temperature. The monopropellant is so stable and emits so little vapor that it
does not have a flash point or flammability limit, i.e., the temperature and concentration at which
its vapors will ignite in the presence of an ignition source are nonexistent. Its low volatilely is
also responsible for the negligible respiratory hazard associated with its handling; only basic
personal protective equipment, i.e., safety glasses, gloves, and a laboratory coat, is required.
With these precautions, the vapor toxicity of AF-M315E does not exceed the threshold limit
value;32 in other words, the average worker handling AF-M315E on a daily basis over a working
lifetime is not expected to experience adverse effects. This is in stark contrast to hydrazine; its
vapor toxicity and volatility necessitates handlers wearing SCAPE suits to avoid acute and longterm health issues.
As previously mentioned, hydrazine has the ability to ignite under elevated conditions and in the
presence of common materials that can act as a catalyst for decomposition. At 270 °C, hydrazine
will spontaneously ignite under ambient conditions without an ignition source, which may pose a
risk if a hydrazine leak in a working system encounters a component of this temperature or
higher. The 140 °C auto-ignition temperature of AF-M315E, on the other hand, corresponds to a
slow-cook-off thermal runaway temperature, which is a concern pertaining to storage of the
propellant and not operation in a propellant system; it cannot be ignited instantaneously without
a catalyst preheated to approximately 350 °C.4 Additionally, with a viscosity one order of
magnitude greater than hydrazine, AF-M315E is far less prone to leakage and, therefore, poses a
lower risk of accidental ignition.
To ensure safety during transport and storage, two important parameters must be assessed: the
friction sensitivity and the impact sensitivity. One of the most common methods for analyzing
friction sensitivity is the BAM friction sensitivity test developed by Julius Peters, during which a
sample is placed on a steel anvil typically oscillating at 0.9 m/sec and a compressive force is
applied by a non-rotating steel wheel. A positive test occurs if the sample produces 1) visible
sparks, 2) visible flame, 3) an audible explosion, 4) a loud crackling noise, 5) reaction products
that are detected via a gas analyzer, or 6) discoloration or odor in the absence of other
indicators.29 Near the highest setting of the Julius Peters sliding friction test, AF-M315E
produced a negative result.
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To assess impact sensitivity, the Olin-Mathieson test is used, in which a drop of the liquid
sample is placed on an anvil and a striker (drop weight) is used to impart an impulsive impact on
the explosive; any audible report or smoke as a result of the impact constitutes a positive result.
The energy level at which there is a 50% probability of a reaction is referred to as E50 and is a
measure of the drop weight mass multiplied by the height at which there is a 50% chance of
reaction. In the particular test of the AF-M315E, a 3-kg drop weight resulted in a 50% chance of
a reaction at 42 cm, which corresponds to an E50 value of 126 kg-cm.30 These friction and impact
sensitivity tests are not applicable to hydrazine, which is considered insensitive to both
parameters, but there are other safety concerns that arise during transport and storage due to
hydrazine’s volatility. The physical characteristics of AF-M315E and hydrazine are summarized
in Table 2.
Table 2. Physical characteristics of AF-M315E versus hydrazine.

Property
Flash Point
Flammability Limit
Auto-Ignition Temperature
Vapor Pressure at 25 °C
Friction Sensitivity (Julius Peters sliding friction)
Olin-Mathieson Impact Sensitivity31
* Slow cookoff temperature

AF-M315E
N/A
N/A
140 °C*
< 0.1 Torr
Negative response
at 300 N
126 kg-cm (E50)

Hydrazine | H-70
40 °C | 82 °C
4.7–100 %
270 °C
14.4 Torr
N/A
N/A

Preliminary assessments comparing AF-M315E to hydrazine indicate it is a suitable substitute
for the current monopropellant in terms of safety. However, AFRL has its own success criteria,
derived directly from the U.S. Department of Defense Ammunition and Explosives Hazard
Classification Procedures TB 700-229 and outlined in Table 3. These basic requirements are a
first-level assessment of whether a new propellant is capable of safe operation under current
conditions. The ARFL has determined a desired parameter for each criterion that AF-M315E
must either meet or exceed. These are described below.

13

Table 3. Basic requirements and assessment of AF-M315E. 30, 32

Test
Hazard Class
Unconfined Burn (Open
container/wood fire)
NOL Card Gap (O cards)

AF-M315E
1.3C (FHC)
Test 1 and 3: No reaction
Test 2: slow burn
Negative (deformed plate)
126 kg-cm (E50) with 3 kg drop
weight
Lot 32 Reference material: NPropyl Nitrate (21 kg-cm)

Desired
1.3C (FHC)

Sliding Friction (Julius PetersBAM)

352 N (5 consecutive “no go”)

> 300 N

TGA (75ᵒC/48 hours)

0.86 Wt. %, Excluding Volatiles

Adiabatic Compression (U-Tube
Test)
Electrostatic Discharge

Insensitive (9 consecutive
negative reactions)
>1 J

Drop Weight Impact Sensitivity
(JANNAF Test Method)

No explosion
Negative (deformed plate)
> 20 (E50) kg-cm

< 2.0 Wt. %, Excluding
Volatiles
Insensitive (Pressure Ratio of
35)
>1 J

Hazard Class
To determine the transport and storage hazard classification of AF-M315E, an external fire test is
performed to assess the reaction type and reaction violence to an external heat stimulus. In this
analysis conducted by the AFRL, six 5-gallon composite shipping pails containing AF-M315E
were joined together on a metal grid with a fuel fire beneath. During the first minute of the 30minute fuel-burn duration, the lids of the shipping containers broke away from their seal clamps,
and between 5–8 minutes, the propellant began to burn, as well. A post-test assessment of the
components indicated little to no damage to the outside packaging, other than the deformed lids,
and hence, AF-M315E is concluded to have a Type V – Burning Reaction to an external fire
source. For comparison, the most severe reaction classification is Type I – Detonation Reaction,
with the maximum tolerable reaction being Type III – Explosion Reaction. The main difference
between these two is that a detonation has the additional capability of producing large ground
craters due to the supersonic shock waves propagating through the propellant.30,32
NOL Gap Card Test
The NOL Card Gap test is used to distinguish whether a potential explosive belongs in Final
Hazard Class (FHC) 1.1: Possible Mass Detonation or in 1.3: Fire, Minor Blast. In this kind of
shock-sensitivity test, a material (PMMA), acting as the “card gap”, serves as an attenuator to
reduce the shock force delivered from the pentolite booster to the sample, loaded in a carbon
steel cylinder.29 For the Super Large-Scale Gap Test (SLSGT) of AF-M315E, the
monopropellant is loaded into a 7-inch-inner-diameter, 8-inch-outer-diameter, 32-inch-length
steel drum and capped on one end with the card gap and with a steel witness plate on the other.30
The card gap between the pentolite and AF-M315E sample is 2 inches in diameter and 2 inches
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thick. Upon detonation, a result is considered positive if two of the following three criteria are
met: 1) the propagation velocity through the propellant is greater than the speed of sound, 2)
there is a hole punched through the witness plate, or 3) the container housing the sample is
fragmented along its entire length. Testing conducted by the AFRL concluded a negative result
in the SLSGT as the monopropellant did not detonate, demonstrated by the mere deformation of
the witness plate and sonic velocity. The results of this test classify AF-M315E as an FHC 1.3
transport and storage hazard.29
Impact Sensitivity, Sliding Friction Sensitivity, and Thermogravimetric Analysis
Friction and impact sensitivity are discussed previously, but it should be stated that the tests
yielded a result much greater than desired. Next, to quantify thermal stability, a
thermogravimetric analysis (TGA) is performed, under which the amount of propellant sample
loss, by weight, is measured as a function of time. The sample was kept at 75 °C over a 48-hour
time period and the amount of propellant lost, minus inert volatiles, was measured to be 0.86%
by weight.30
Adiabatic Compression Sensitivity
A mechanical shock, in the form of an abrupt opening or closing of a valve in an operational
propellant system, could cause a rapid compression of entrapped gas bubbles in the
monopropellant and result in an explosive chain reaction.31 Therefore, the adiabatic compression
sensitivity of AF-M315E must be assessed before it can be implemented in an operational
engine. The AFRL first evaluated this parameter by placing the propellant sample into a 316stainless-steel U-tube and exposing it to a sudden mechanical shock via rapid introduction of
nitrogen gas into the system.30 With a driving pressure ratio of 35:1, a pressurization rate of 120
ksi/sec, and a propellant temperature of 25 °C, AF-M315E exhibited nine consecutive negative
tests to adiabatic compression, for which a positive test consisted of a deformed or fragmented
steel U-tube.
Later research at AFRL sought to determine the adiabatic compression sensitivity of AF-M315E
at driving pressures and propellant temperatures characteristic of an operational system. Further,
the U-tube material consisted of titanium alloy, comparable to that on the propulsion system to
be flown on GPIM. As positive results (explosive compressions) occurred with 350 psi driving
pressure at 25 °C and 90 °C, the driving pressures were decreased to 300 psi at 25 °C, 60 °C, and
90 °C, and to 250 psi at 100 °C; the elevated temperatures in an operational system could be the
consequence of heat soak back from the catalyst preheat. The outcome of the experiment
supports negative results with a 300 psi driving pressure from 25 °C to 90 °C, and advise the
maximum driving pressure at ambient temperatures to not exceed 350 psi to prevent a potential
explosion.31 It should be noted that 1) with a microwave ignition system, heat soak back to the
propellant is not an issue and, therefore, elevated temperatures in the propellant do not arise from
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this effect; and 2) the storage temperature of AF-M315E aboard the F-16 is slated be that of the
atmospheric at flight altitude, i.e., less than or equal to −30 °C.
Electrostatic Discharge
The final preliminary physical safety criterion outlined by the AFRL is the response of a
propellant to an electrostatic discharge. A spark discharge was applied to AF-M315E, starting at
0.25-J energy and increased to 1.0 J to observe whether or not a burning or explosive response
would be elicited. It was determined that the monopropellant is insensitive to electrostatic
discharge after 10 consecutive tests at 1.0 J yielded negative results.30 In terms of small-scale
physical hazards, AF-M315E is considered safe enough for larger scale testing in operational
systems.
2.1.3.1.2 Physiological Hazards
Potentially the greatest motivator to transition from hydrazine to a “greener” monopropellant is
hydrazine’s toxicity and the subsequent cost of protective measures it requires for safe handling.
A series of tests were conducted to assess the toxicology of AF-M315E against hydrazine and
determine the overall physiological hazards of handling the green monopropellant: tests for acute
oral toxicity, acute skin irritation, dermal sensitization, and the Ames test for mutagenicity.
Acute oral toxicity was quantified using female lab rats, and the acute oral lethal dose (LD50)
was estimated to be 550 mg/kg with a 95% PL confidence level of 385.3 to 1530;30 this is an
order of magnitude lower than the lethal dose of hydrazine. As a skin irritant, AF-M315E is
classified as a slight irritant to the skin of a rabbit based on the criteria set forth by the EPAFIFRA Dermal Irritation Descriptive Classification and a nonirritant for erythema (superficial
reddening of the skin) and edema (swelling due to excess fluid) by the European Economic
Community Dermal Evaluation Criteria. The former is based on a study in which a single dose of
AF-M315E was administered to the skin of rabbits in three different places; very slight erythema
appears in a third of the application sites.30 Hydrazine, on the other hand, is such a strong irritant,
it is classified as corrosive. A comparison of the physiological hazard between AF-M315E and
hydrazine is given in Table 4.
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Table 4. Physiological hazards of AF-M315E versus hydrazine. 30, 32, 33, 34

Property
Acute Oral Toxicity
LD50 (rat) mg/kg
Dermal Irritation (rabbit)
Permissible Exposure
Limit over 8-Hour Shift
(mg/m3)

AF-M315E

Hydrazine

550

60

Slight/Non-irritant

Corrosive32

N/A

0.013 on Skin
(ACGIH)34

Dermal Sensitization

Non-Sensitizer

Genotoxicity (Ames)

3 Negative/2 Positive32
Weak mutagen30

Carcinogen

Unknown

Potent Sensitizing
Agent30
Positive32
Potent Mutagen30
Known animal
carcinogen, suspected
human carcinogen34

Another measure of toxicity is the level of dermal sensitization a compound has on organic
tissue. In contrast to dermal irritation, skin sensitization is the response of the immune system to
prior exposure to a substance, which results in inflammation. A study on 10 test and 10 control
guinea pigs was conducted and the results of the experiment conclude AF-M315E is a not a
contact sensitizer in guinea pigs, whereas hydrazine is considered a strong allergen/potent
sensitizing agent.30 Finally, a test for mutagenicity was performed using Salmonella-Escherichia
coli bacteria on a microsome plate incorporation assay. In comparison to the control group, the
assay subjected to AF-M315E was determined positive in terms of bacterial mutation, but it
should be noted that any advanced propellant will likely possess mutagenic properties due to the
chemical structure characteristic of energetic compounds. However, contrary to hydrazine, which
is considered a potent mutagen, AF-M315E is considered a weak mutagenic agent.30 Overall,
AF-M315E has proven to be significantly less physiologically harmful in all tested categories.
Due to the relatively benign nature of the green monopropellant, the permissible exposure limit
to AF-M315E for an eight-hour work shift is not applicable, or essentially indefinite, and, hence,
handling safety protocols are significantly reduced when compared to those of hydrazine. This
simplification in handling procedures results in a significant reduction in cost and time, which is
additionally beneficial to the aerospace industry.
2.1.3.2 Cost and Performance
The same factors that make AF-M315E a safer alternative to hydrazine also contribute to a
higher-performing and, hence, cost-saving monopropellant. These characteristics are
summarized in Table 5. As previously mentioned, the monetary and temporal cost of using and
maintaining SCAPE suits is fairly significant and, thus, eliminating the need for their use
removes this expense. The contractual costs associated with fueling a vehicle with conventional,
corrosive propellants on an average NASA mission, for example, is $135,000.1 The process of
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propellant loading is so extensive, it requires a minimum of four shifts to complete: the first for
preparation of loading in SCAPE suits; the second to test and confirm viability of the
monopropellant; the third, and potentially additional, for actual fueling of vehicle; and the final
shift for teardown of the setup. This method of loading delays other preparations necessary for
launch and, at an associated cost of $100,000/day for a standard Class B NASA mission,
contribute considerably to overall launch costs. Fueling with AF-M315E, instead of hydrazine,
would appreciably lower the contractual cost of loading and greatly expedite the associated
schedule, which would, in turn, reduce the $100k/day expense related to launch processing.
According to an early study conducted by Aerojet Rocketdyne, had the hydrazine reaction
control system of the Centaur upper stage vehicle been instead fueled with a HAN-based
monopropellant, the ground support costs of loading would have been a third of their actual
value.1
Table 5. Performance characteristics of AF-M315E versus hydrazine. 32, 35, 36

Property

AF-M315E

Hydrazine

Flame Temperature, °C

1900

800

Theoretical Isp, sec

257

235

Density, g/cc

1.465

1.01

Density-Isp, g·sec/ml

376.5

237.4

Viscosity at 25 °C, cP

23

0.904

Preheat Temperature, °C

370

315
Capable of cold starts (5 °C)

Minimum Operational Temperature,
°C

<0

5–50

Minimum Storage Temperature, °C

< 22

2

The low toxicity of AF-M315E, in combination with its high viscosity, obviates the need for the
component redundancy that is characteristic of a hydrazine propulsion system. Not only is AFM315E less prone to leakage, but should such an event occur, it is considered a critical, rather
than a catastrophic failure and, as such, only single-fault-tolerance is required for safe in-flight
operation. Also, due to its nearly negligible vapor pressure, AF-M315E will not self-pressurize
or evaporate through minor flaws that may exist in a single seat valve or related component,
further reducing the potential for failure.37 Eliminating these redundant components and
simplifying propulsion system architecture results in substantial mass savings. Additionally, the
design and verification criteria to qualify fracture-critical hardware for flight are simpler and far
cheaper when using relatively non-hazardous propellants compared to hydrazine.1
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In terms of performance, AF-M315E is 45% more dense and has a 12% higher specific impulse
than hydrazine, and, therefore, both dry and wet mass would be reduced with a green
monopropellant system. With a greater density, more mass can be stored in the same container
volume, extending mission life, or the same mass amount of propellant could be stored in a
smaller fuel tank, reducing mission dry mass. Additionally, a higher specific impulse indicates
more efficient conversion of chemical energy to thrust, and hence less propellant mass is
required to generate the same amount of thrust, thus reducing wet mass. To underline the mass
savings of replacing hydrazine with a green monopropellant, a recent study determined that an
AF-M315E-driven system hypothetically flown aboard the WFIRST spacecraft would have
reduced the wet mass by approximately 10% and, subsequently, the dry mass by more than
30%.37
In addition to mass and cost savings, the transition to AF-M315E in low thrust engines would
result in power savings as well, due to its low minimum temperature threshold. With a freezing
temperature of 2 °C, hydrazine propellant tanks and lines must be heated to a higher temperature
to remain operational. AF-M315E, on the other hand, does not freeze, but instead undergoes a
glass transition at −80 °C. As neither propellant expands upon transitioning from its liquid to its
“solid” state, there is no risk of component rupture should the temperature fall below either
respective “freezing” point. Therefore, during non-operational periods, the temperature of the
system would be allowed to fall well below that needed to retain liquid phase. The ambient
temperature in low Earth orbit ranges from −157 °C to 121 °C,38 in the shaded and lit regions,
respectively, and, thus, thermal control systems are required to regulate propellant temperatures
to their operational liquid state when needed. Since AF-M315E remains fluid at far lower
temperatures than hydrazine, if it can be proven to ignite at low temperatures, less power for the
thermal control system would be required to enable operational conditions of the propulsion
system. Similarly, the atmospheric temperature at the 40,000-ft cruising altitude of the F-16 is
approximately −69.7 °F (−56.5 °C).39 The working fuel of the F-16 emergency power unit, H-70,
has a freezing point of −49.4 °C,40 and, therefore, would require heating to maintain its liquid
phase, whereas AF-M315E retains its fluidity at this temperature and may even be capable of
direct ignition.
The cumulative potential cost savings a transition from hydrazine to AF-M315E would yield is
estimated to be on the order of tens of millions of dollars for the more sizeable missions such as
JUNO and Europa and several million dollars for the more modest missions like MRO and
GRAIL.37

2.2 Current Mission Testing AF-M315E as Part of GPIM
In response to the growing wave of low-toxicity monopropellant alternatives to hydrazine, the
NASA Space Technology Mission Directorate instituted the Green Propellant Infusion Mission
(GPIM) program, a technology and performance demonstration of an AF-M315E–driven
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propulsion system for small satellites. This three-month orbital mission aims to verify the
technology readiness level of an AF-M315E system to the point of immediate incorporation into
both short-term and long-term missions of the near future.37 The program was initially slated to
culminate at the end of 2015, proving system functionality of four, 1-N thrusters (GR-1) and one,
22-N thruster (GR-22). The launch date had since been pushed to June 2019, and due to issues
that arose during testing, the 22-N thruster was replaced by another 1-N thruster.41 This fivethruster, Aerojet Rocketdyne–developed propulsion module is flying aboard a Ball Aerospace
BCP-100 ESPA-class spacecraft bus and conducting a series of maneuvers to assess its overall
capability.1
2.2.1 Material Compatibility
Between the AF-M315E propulsion system of the GPIM program and a standard hydrazinedriven system, the design considerations are fairly similar, albeit with a few qualifications. The
main challenge with converting from a hydrazine-driven system to one that operates on AFM315E is assuring propellant–component compatibility. As mentioned in Section 2.1.3.2, the
lower toxicity of AF-M315E nullifies the need for redundancy and, hence, simplifies the system.
For example, the GR-1 thruster exploits a single-seat valve, a smaller and more reliable
component than its dual-seat counterpart typical of a comparable hydrazine system. Whereas the
overall AF-M315E system may be less fundamentally complex, an added complication exists in
the form of material compatibility. The green monopropellant is acidic and has a capacity to
behave as both an oxidizing and reducing agent, resulting in potential leaching of several spacecertified materials and difficulty in metal passivation in comparison to substances that are purely
reducing or purely oxidizing.1 Thus, to ensure long-duration flight-readiness of such a propulsion
system, all constituent components must be compatible with AF-M315E; maturing and
qualifying these parts has been one of the serious efforts of the GPIM program.
Whereas AF-M315E and related propellants were formerly considered to possess only short-term
compatibility with a majority of standard aerospace materials, it has recently been verified that
these green monopropellants also have long-term compatibility with a percentage of these
aerospace materials. Under contract from Aerojet’s Post-Boost program, accelerated aging
experiments have qualified several such materials for long-term service with AF-M315E,
including those comprising components already in use in hydrazine engines. There have been a
number of metallic and non-metallic materials cleared for use as long-term storage tanks of AFM315E and a smaller, yet non-trivial, amount of materials for valves, elastomers, filters, and
lubricants, which demonstrate adequate compatibility for at least 3–5 years.37
While the upstream propellant feed system, comprised of a standard diaphragm propellant tank,
latch valve, and service valves, requires little design modification, the thruster—i.e., the thruster
valve, service valve, latch valve and propellant filter—requires substantial alterations to its
design. Because none of the metals with which AF-M315E demonstrates long-term compatibility
20

are ferromagnetic, and most analogous systems using hydrazine employ ferromagnetic valves, a
different concept must be implemented when AF-M315E is the working fluid. While different
from pre-existing hydrazine systems, the re-designed valve scheme is not a new concept, but
derived from other flight-proven components, for which separation of the working fluid and
ferromagnetic valves is the primary constraint.1 Additionally, due to the high combustion
temperature of AF-M315E, conventional metal alloys alone are insufficient to withstand
operating conditions of the thruster. Consequently, the GR-1 thruster invokes refractory alloys,
composing the decomposition chamber, nozzle, and an upper thermal isolation structure, while
the remainder of the thruster uses conventional alloys like those on current hydrazine systems. A
hybrid thruster of this variety is ultimately the most cost and power efficient solution in
comparison to either an all-refractory alloy or heavily-insulated conventional alloy
configuration.1 This is an important design consideration for any spacecraft propulsion system
using a high-temperature green monopropellant, but for implementation into the F-16 EPU,
which will use a lower temperature formulation of AF-M315E, a conversion to these hightemperature alloys is not necessary.
2.2.2 Catalyst Technology
2.2.1.2 Limitations
The thrusters aboard the Ball Aerospace GPIM “smallsat” are powered by AF-M315E
decomposition initiated by the Aerojet Rocketdyne–developed, high temperature catalyst,
referred to as the LCH-240. Pre-existing catalyst technology could not withstand the flame
temperature of AF-M315E over an acceptable lifetime, which prompted research to establish a
high temperature solution. Table 6 summarizes the performance characteristics of each thruster
with the advanced LCH-240 catalyst. Preliminary predictions of total propellant throughput of
the GR-1 thruster was estimated at 12 kg, but protoflight hot-fire tests conducted in 2014, during
which the thruster alternated between pulse-mode health-checks and 20-min steady-state burns,
indicate the catalyst reaches the end-of-life criterion after 4.47 kg of cumulative propellent
throughput.26 Due to a fissure in the thrust chamber, caused by low-cycle thermal fatigue,
throughput capability assessment of the 22-N thruster was suspended during this round of testing
in 2014.
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Table 6. GPIM thruster demonstrated performance. 26

Performance Characteristics
Nozzle Expansion Ratio
Valve Power @ 28 VDC, 10 °C, W
Feed Pressure, bar
Thrust, N
Maximum Steady-State Isp, sec
Total Pulses
Estimated Max Propellant Throughput Capability, kg

GR-1
100:1
8.3
6.9–37.9
0.26–1.42
231
11107
12

GR-22
100:1
15.9
6.9–37.9
5.7–26.9
248
944
7

After corrective measures were taken, another series of testing in 2015 sought to verify
mitigation of this susceptibility, verify duty-cycle-unlimited operability, and to determine its
total throughput capability. After successful completion of all tested modes of operation (various
durations of alternating pulsed and steady state modes), the GR-22 thruster eclipsed its estimated
maximum propellant throughput capability, amassing approximately 7.5 kg of propellant
throughput before reaching the end-of-life criterion.26 An evaluation of the catalyst attrition root
cause revealed operation in pulsed mode, in contrast to steady state, significantly accelerates
onset of roughness, defined as twice the chamber pressure standard deviation.26 It is then
concluded that a thruster operating at a duty cycle that does not consist of such frequent, rapid
pulse modes would have an increased catalyst life expectancy. This bodes well for satellite
station-keeping purposes, for which the satellite thruster may fire for an extended period of time,
i.e., steady-state operation, but serves as a hindrance for attitude control, where quick, repeated
pulses are required for precision maneuvering. A satellite that must maintain a strict orientation
would erode the thruster catalyst too quickly to be considered mission viable. Catalyst
technology has its limitations, but may be sufficient to perform the orbital maneuvers outlined by
the GPIM program for a short-term mission; the culmination of this project in mid to late 2019
will yield definitive results.
2.2.2.2 Preheat Requirements
While hydrazine is capable of cold starts, both with the established Shell 405 catalyst and the
newly-developed LCH-240 catalyst, its performance is increased when the catalyst bed is
preheated; the preheat required is typically around 120 °C. AF-M315E, on the other hand, is
incapable of cold starts, which, while preventing inadvertent ignition, means ample power and
time must be dedicated to preheat the catalyst bed before the engine can fire. The GR-1 thrusters
require one hour of catalyst bed preheat power at 14 W to warm up to the 350 °C temperature
needed to decompose the monopropellant; had the GR-22 been cleared for orbital flight, it would
require an hour-long preheat at 30 W.4 This translates to a total power consumption of 50.4 kW·s
and 108 kW·s, respectively, every time the thruster prepares for a new duty cycle; if the duration
between duty cycles is brief enough, the catalyst bed may remain heated, but if the period of time
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is broad, the amount of power to maintain a heated catalyst bed would exceed that to reheat the
catalyst at a later time. While the current catalytic propulsion system to fly aboard GPIM
represents a potentially viable green alternative for future space missions, other ignition schemes
may prove more efficient and exhibit longer life expectancy, and therefore should be explored.

2.3 Overview of the F-16 fighter Emergency Power Unit
In the case of main engine or power failure, fighter aircraft have a back-up unit to provide
enough auxiliary power for an emergency landing. With the Air Force’s recent decision to
increase the operational duration of the F-16 from 8,000 to 12,000 flight hours, the probability of
central system failure and emergency protocol initiation increases.3 This further strengthens the
argument to switch from a hydrazine- to green monopropellant- driven EPU. Remediation of
EPU firing with hydrazine is treated as an emergency procedure and is therefore expensive; with
a greater number of EPU activations, this cost would increase significantly, and thus, a
conversion to a less hazardous, and hence cheaper, propellant is warranted.
2.3.1 Initiation of Emergency Operations
The emergency power unit (EPU) of the F-16 “Fighting Falcon” aircraft will automatically
activate if the pressure of both hydraulic systems drops below 1000 psi (normal operating
pressure is 3000 psi), if the main generator becomes disconnected from the bus system, or in the
event of engine flameout or shutdown in flight.42 If the hydraulic system fails, provided the main
generator remains functional, the EPU will power the essential AC bus and both the essential and
nonessential DC buses, while the main generator powers the nonessential AC buses. If the main
power is lost, however, the EPU will only power the essential AC and DC buses.42 In either case,
the EPU uses hydrazine to initiate operation and maintains power generation using engine bleed
air, in conjunction with hydrazine when necessary, to maintain its speed under the applied loads.
If engine bleed air is insufficient, additional energy to the system is supplemented in the form of
H-70 monopropellant decomposition, whose exhaust gases are passed through an expansion
nozzle and over an axial-impulse turbine, which ultimately drives a 1.45-l/s hydraulic pump
and/or a 5-kVA, 400-Hz generator, depending on type of system failure;8 the rotational speed of
the turbine is reduced to those desired by the pump and alternator via a gearbox. Figure 1
displays a basic schematic of this emergency power unit.
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Figure 1. Schematic of the F-16 EPU.8

2.3.2 EPU Operational Duration
Should the main engine fail, in which case bleed air becomes unavailable, the EPU will operate
solely on hydrazine. With a propellant tank storage capacity of 25.4 kg of H-70 fuel,8 the system
can only remain operational for approximately 10 minutes under normal loading conditions; any
increase in flight control maneuvers further shortens operability.42 If AF-M315E were used
instead of H-70, with a density of 1.465 g/cc compared to 1.003 g/cc, a greater mass of fuel
could be stored in the existing propellant tank, and the EPU could function for a longer period of
time. Therefore, any ignition system used to initiate decomposition of AF-M315E must be able
to withstand 10 minutes or more of continuous combustion.
2.3.3 Catalyst Functionality
On command of the system, pressure-regulated nitrogen is released to force the H-70 into the
catalytic-reaction chamber, where decomposition occurs immediately upon contact with the
Shell 405 catalyst. This catalyst, composed of a high-surface-area aluminum-oxide carrier and
31–33% iridium by weight, is capable of initiating ignition of fuel at system temperatures down
to –40 °C within two seconds of the start command being issued.8,42,43 Any replacement
propulsion system would need to be able to ignite at these low temperatures nearly
instantaneously. Unfortunately, AF-M315E is not capable of cold starts with the hightemperature LCH-240 catalyst flying on the GPIM mission, and the time required for associated
preheat is approximately one hour. Therefore, current catalyst technology is insufficient for use
AF-M315E in emergency power units.
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2.3.4 Adiabatic Compression Sensitivity
The emergency power unit of the F-16 operates via a “bangbang” mode. More specifically, the
fuel valves controlling H-70 flow to the gas generator are alternately opened and closed to
maintain a relatively constant flow speed; once design turbine speed is achieved, the valves are
closed, the flow decelerates, the valves are re-opened, and the flow accelerates.8 As mentioned in
Section 2.1.3.1.1, the abrupt opening or closing of a valve could produce a mechanical shock
strong enough to result in rapid compression of entrapped air bubbles and trigger an explosive
chain reaction. This “bangbang” mode of operation in the EPU could, in theory, prompt such an
event if the working fluid were sensitive to adiabatic compression. Fortunately, preliminary tests
of AF-M315E have shown the monopropellant is largely insensitive to adiabatic compression
and, therefore, concerns regarding this phenomenon are predominantly extraneous.31
2.3.5 Operational Temperatures
The presence of a turbine in the propulsion system of the EPU limits combustion temperatures
below those possible in rotary-free, spacecraft engines. The H-70 decomposes in a catalytic
chamber at approximately 650 °C and 2.07 MPa (300 psig), and the temperature of the exhaust
gases can rise up to 870 °C.8,42 With a chamber combustion temperature of 1900 °C, AF-M315E
may produce even hotter exhaust gases, which would quickly melt the components of the
turbine. Thus, a lower temperature variant of the green monopropellant must be used to ensure
compatibility with the current EPU configuration. This is accomplished by increasing its water
content. AF-M315E is 44.5% HAN, 44.5% hydroxyethyl hydrazine nitrate, and 11% water, and
a new formulation diluted to contain 34% water combusts at a temperature suitable for operation
in the EPU.27 Ignition of this low-temperature blend, referred to as AF-M315EM, is the subject
of research for this thesis.

2.4 Ignition Schemes
HAN and ADN are both highly-energetic, hydroscopic salt compounds, which are unstable in
their solid form. The dissolution of these salts in highly aqueous solution thermally stabilizes the
monopropellants and reduces their explosion propensity, but also encumbers their ignition. The
most popular monopropellant ignition solution draws from heritage: catalytic decomposition.
Current commercial catalyst technology, however, is insufficient to withstand the high
temperatures of green monopropellant combustion and, therefore, research and industrial
institutions around the world have been working on developing high-temperature solutions.
While successful in their endeavors, catalytic decomposition is inherently limited and its
underlying technology must continuously be improved to accommodate the accrescent
combustion temperature and lifetime requirements of future missions. This has prompted
research into alternative ignition schemes for single propellant-systems, namely electrolytic
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decomposition, hydrocarbon-seeded ignition, laser-induced thermal decomposition, and the
focus of this research, plasma-torch-assisted microwave ignition.
2.4.1 Thermal Decomposition
While not a viable form of ignition itself, thermal decomposition analysis provides a baseline
against which the effectiveness of other ignition schemes can be compared. Decomposition
initiation for HAN-based monopropellants does not occur until all water has been removed from
the solution and the ionic reagents, hydroxylamine and nitric acid, are allowed to come into
contact with one another. Therefore, a significant time delay, proportional to water
concentration, is introduced, i.e., the higher the concentration of water in solution, the longer the
time required for complete heat-induced evaporation and, hence, HAN monopropellant ignition.
This is a result of the thermal-stabilizing effect of water on ionic-liquid monopropellants. Any
reduction in ignition temperature or time or increase in pressure change would indicate an
ignition scheme that is either more efficient or exhibits a higher reaction rate.17
2.4.2 Catalytic Decomposition
Catalytic decomposition of green monopropellants is currently the most common form of
ignition for these high temperature formulations due to their heritage with less energetic
monopropellants, i.e., hydrazine. Most working catalyst-driven, hydrazine propulsion systems
employ the Shell 405 catalyst, which is ill-suited for operation with highly oxidizing HAN
solutions. Performance tests show that, under such operational conditions, the catalyst carrier
material shrinks, producing voids nearly 10% in volume in the catalyst bed. This allows for the
pooling of propellant within the reactor, and the resultant sporadic combustion leads to
combustion pressure roughness and pressure spikes.44 Research over the last two decades has
seen the developed and testing of a number of different catalysts for different formulations of
HAN- and ADN-based monopropellants.
2.4.2.1 Research Study 1
Courthéoux et al. (2005)17 used a platinum-on-silica-doped alumina catalyst bed to assess the
decomposition temperature and pressure change for different concentrations of HAN-water
mixtures using a batch reactor and differential thermal analysis (TDA). Four different HANwater formulations of 40% and 79% water, from a commercial supplier (SNPE) and from inhouse laboratory synthesis (Lab) were reacted with the catalyst and compared against thermal
decomposition results, which are summarized in Table 7. Thermal and catalytic decomposition
are listed on the left and right, respectively.
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Table 7. Thermal and catalytic decomposition of HAN-water mixtures.17

Weight percent
Density (g cm−3)

HAN–H2O
Lab
SNPE
40
40
1.210
1.210

Lab
79
1.505

SNPE
79
1.505

Tdec. TDA (°C)
Tdec. reactor (°C)

180
135

174
138

160
115

152
108

Tgas (°C)
ΔP (mbar)
ΔPcorr (mbar)

39
50
46

39
40
39

40
133
125

33
84
81

Rate (mbar s−1)

4

6

4

44

Weight
percent
Tdec. TDA (°C)
Tdec. reactor
(°C)
Tgas (°C)
ΔP (mbar)
ΔPcorr (mbar)
Rate (mbar
s−1)
ngas (mmol)
ngas/npropellant

HAN–H2O
Lab
SNPE
40
40

Lab
79

SNPE
79

107
107

100
81

56
21

81
66

32
44
43

33
10
9

20
126
124

33
108
102

9

2

87

13

0.857
0.70

0.672
0.55

0.291 0.066
ngas (mmol)
0.298
0.258
0.804
0.534
0.58
0.13
ngas/npropellant
0.59
0.51
0.65
0.43
The ΔPcorr parameter is the increase in pressure with the saturated vapor pressure correction.

In all cases, the catalytic decomposition temperature is lower than the thermal decomposition
temperature, demonstrating the effectiveness of the catalyst in reducing initiation onset
temperature; in the case on the lab-synthesized, 79% HAN–water mixture, using the Pt
(10%)/Al2O3Si catalyst, ignition can occur near room temperature. Overall, the higher the
concentration of HAN in solution, the more favorable the resultant parameters. The differences
in the listed parameters between the lab-synthesized and commercially-produced HAN–water
mixture is attributed to the presence of trace amounts of iron in the latter solution (100 ppm).
Klein et al. concluded Fe3+ ions decrease thermal stability, which leads to a lower decomposition
temperature for the lower concentrations of HAN. The commercially-produced HAN, provided
by Société Nationale des Poudres et Explosifs of France, is more representative of the
formulations that will be used in actual flight applications, as it is based on a well-established,
bulk-quantity manufacturing process.17 Therefore, these results are the most relevant. While the
temperature for the onset of decomposition is lower for both the 40% and 79% concentrations of
HAN with the catalyst, compared to the thermal decomposition results, the reaction rate and
pressure increase is significantly less for both concentrations of the commercially-produced
HAN, restricting the effectiveness of the catalyst.
The overall results of this study are somewhat limited. Binary mixtures of HAN and water have
relatively low combustion temperatures, relative to tertiary HAN-fuel-water formulations, and
specific impulses less than that of anhydrous hydrazine. Further, recent green-monopropellanttesting missions demonstrate the aerospace industry is more focused on the higher energy
formulations. Additionally, aqueous solutions with a high concentration of HAN are intrinsically
less thermally stable and, therefore, pose greater physical risks. Again, the industry is focusing
on lower HAN-concentration formulations, which are mixed with a reducing agent. Finally, an
assessment of the catalyst throughput capacity or propellant specific impulse is not provided, and
is a necessary parameter to appraise comprehensive catalyst performance.
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2.4.2.2 Research Study 2
To assess the capability of a high-temperature catalyst working with tertiary HAN blends, Zube
and Wücherer (2003)44 evaluated ignition of three different HAN–methanol blends: a
stoichiometric, an oxidizer-rich, and a fuel-rich formulation, HAN269MEO, HAN262MEO, and
HAN273MEO, respectively; and a stoichiometric HAN-TRN 3 (tris(aminoethyl)amine trinitrate)
blend, with iridium-plated, zirconate-based catalysts. The numerical portion of the propellant
name indicates the theoretical specific impulse achieved by that particular blend; the
monopropellants were formulated to achieve a theoretical specific impulse of 270 seconds,
which corresponds to a combustion temperature of 2200 K. The ultimate goal of this research
was to prove repeatable and sustainable HAN/catalyst performance with a specific impulse
greater than 250 seconds.
Table 8. Summary of test results of aqueous HAN-methanol and HAN-TRN mixtures.44

Propellant

No. of
Cycles

Propellant
Throughput

1
2
3
4

HAN262MEO
HAN262MEO
HAN262MEO
HAN262MEO

7
8
13
17

96 s, 372 g
51 s, 190 g
114 s, 250 g
257 s, 570 g

5

HAN262MEO

15

75 s, 160 g

6
7

HAN269MEO
HAN269MEO

5
14

19 s, 40 g
197 s, 450 g

8

HAN269MEO

22

181 s, 910 g

9
10

HAN273MEO
HAN269TRN

10
17

210 s, 450 g
158 s, 350 g

Description
stable combustion
chugging combustion
smooth combustion
smooth combustion
varying preheat
temperatures from
315 °C to 425 °C
smooth combustion
stable combustion
studied preheat
temperature effects
stable combustion
stable combustion

Catalyst
Mass Loss

Catalyst
Volumetric
Shrinkage

3.9%
0.42%
2.7%
0.44%

3.9%
< 0.5%
3%
< 0.5%

1.2%

< 0.5%

−2.2%
<2.3%

< 0.5%
< 0.5%

−0.2%

< 1.5%

−0.2%
−0.2%

< 0.5%
< 0.5%

Tests were conducted in an Aerojet AMP workhorse reactor for approximately 25–30 seconds at
a time. Preliminary results reported the fuel-rich HAN–methanol formulation to cause sintering
of catalyst grains and thermal and chemical erosion damage, thus resulting in pre-mature
degradation of the catalyst bed, compared to the oxidizer-rich and stoichiometric blends. Later
tests, therefore, focused on the latter two formulations. The first three tests were conducted using
the zirconate-based catalyst bed and the remainder used an Aerojet LCH 233 high-temperature
catalyst. The LCH-233 catalyst allowed for significant burn time, capable of greater than 20
restarts over the course of more than five minutes, a capability that had not been demonstrated
previously. The highest restart capacity and propellant throughout is associated with the
stoichiometric HAN–methanol–water mixture and are 22 and 910 grams, respectively.44 While
this catalyst may have superseded its predecessors in terms of these parameters, the LCH-240
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catalyst aboard the GPIM satellite is capable of a least 4.5-kg propellant throughput. Such a
system’s performance is further limited by the 400 °C catalyst pre-heat requirement.
2.4.2.3 Research Study 3
The central goal of the research conducted by Ren et al. (2006, 2007)45,46 was to find a highly
active catalyst that can decompose HAN-based monopropellants at low temperatures. Initial tests
were performed to characterize the effectiveness of different metal catalysts on two different
catalyst support materials in igniting an 80% aqueous HAN mixture. These results are
summarized in Table 9, in which it is shown that iridium on a silicon dioxide is capable of the
lowest temperature ignition at 20.7 °C and 20 successive injections. Therefore, future testing
assessed decomposition performance of various HAN formulations using the Ir/SiO2 catalyst.
Table 9. Ignition temperatures of 80% aqueous HAN mixture on various metal catalysts with silica or aluminum
dioxide support beds.46

Metal
—
Ru
Rh
Pd
Os
Ir
Pt

Ignition Temperature (°C)
SiO2
Al2O3
73.9
78.3
69.0
78.4
84.0
82.6
98.0
100.4
34.0
—
20.7
76.8
90.4
81.8

While room-temperature ignition was achievable with a binary HAN and water mixture, the
addition of a fuel, in this case glycine, hindered such low temperature decomposition. It is
hypothesized this is the result of glycine-induced adsorption and site-blocking on the catalyst
surface. The pre-treatment of the catalyst with nitric acid allowed for room-temperature ignition
of the HANGLY26 blend, but with considerable ignition delay compared to the HAN80
mixture.45 Whitmore et. al, however, theorize this low temperature combustion is a result of a
reaction between the nitric acid and the glycine, and not the consequence of catalytic activity.18
2.4.2.4 Assessment of Catalyst Ignition Scheme
These research studies highlight an intrinsic limitation of catalytic decomposition schemes:
optimal, and even feasibility of, ignition of different green monopropellant formulations is
dependent on catalyst component material. Different catalysts need to be developed to work
specifically with each ionic liquid. This literature review focused on HAN-based
monopropellants and demonstrated that mixtures with varying concentrations of HAN and
various reducing agents require different catalysts. ADN-based monopropellants would further
require different catalyst materials for ignition. As a result, the catalytic propulsion system on a
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given mission would highly depend on the kind of monopropellant used; this specificity limits its
applicability, drives up costs, and means further research would be required to accommodate an
even higher-temperature green monopropellant of the future. Even today, newer catalyst
technology designed to operate with current high-temperature green monopropellants is far from
optimal.4 Propellant throughput and lifetime with these energetic compounds is severely limited
in comparison to standard hydrazine systems. Providing a baseline to demonstrate the constraints
of a green monopropellant/catalyst-driven system, Table 10 summarizes common lifetime
parameters for the conventional hydrazine system against those of a high-temperaturecatalyst/HAN-monopropellant system.
Table 10. Comparison of monopropellant/catalyst performance (2004).47

Milestone

N2H4
Monopropellant
Shell 405
1,000,000
6,600

Catalyst
Number of pulses
Thrust, N
Total throughput through one
6,480
catalyst pack, kg
Cumulative run time, h
500

HAN Monopropellant
LCH-233
1,000
5

LCH-234
200 starts
5

0.91

—

0.08

~ 0.3

Relative to an anhydrous hydrazine-monopropellant/Shell 405-catalyst propulsion system, a
newer catalyst designed to work with highly energetic HAN is severely restricted in terms of
pulse number, thrust capability, total propellant throughput, and aggregate run time. Even if a
catalyst were developed that could replicate the lifetime and thrust characteristics of the
traditional hydrazine system, it would only exhibit optimal performance with a limited number of
formulations and would require considerable preheat time and temperature to initiate
decomposition of the highest temperature blends.
2.4.3 Electrolytic Decomposition
To mitigate the ignition delays and lifetime limitations associated with catalytic decomposition,
the research community has been investigating the merit of electrolysis-driven decomposition of
ionic-liquid monopropellants. Essentially, two electrodes are placed into a solution, a given
distance apart, a direct current is applied to the electrodes, and the ionic liquid completes the
circuit, resulting in both electrolysis- and resistive heating–induced decomposition.48 The
intrinsic nature of electrolysis requires submersion or direct contact of the conducting material,
and, therefore, an operational system would require a combustion chamber to serve as the vessel
for electrolytic decomposition, limiting chamber and overall thruster size. This, combined with
the low maximum achievable combustion temperature, limits application of this ignition method
to microelectrical mechanical system (MEMS) thrusters or microthrusters. Meng et al.49 found
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that a decrease in the initial volume of HAN solution expedites its ignition via electrolysis and
further supports a restriction to small-scale propulsion applications.
Relative to other energetic monopropellants, decomposition of HAN-based solutions is far more
complicated, as it involves the production of multi-gas species throughout the entire process.
Fortunately, these intermediates aid in the overall efficiency of the reaction, with the additional
evolution of hydrogen and oxygen gases from electrolysis enhancing ignition and combustion.50
The thermal decomposition process of HAN begins around 80 °C, with considerable reactivity
occurring around 120 °C. The use of metal electrodes can expedite the decomposition process
via their interaction with the HAN ion constituents.51 But while there are benefits to electrolytic
decomposition—including lower ignition temperatures relative to thermal decomposition;
reduced power requirements; enhanced thermal and power management control; greater system
reusability, durability, and reliability; and discounted costs51—it does not possess the thrust
capability required for the application detailed in this thesis. Regardless, brief discussion of the
recent advancements in this technology will be provided.
2.4.3.1 Feasibility Analysis
Koh et al. (2013)50 investigated the effect that electrode material has on the decomposition
parameters of HAN–water solutions. While carbon is a standard electrode material for
electrolysis in common applications, its use with HAN formulations is impractical, as it was
shown to not initiate decomposition, or induce a temperature change, of 70% aqueous HAN after
two minutes of continuous DC power at 300 W (60 V, 5 A). Instead, copper and aluminum, serving
as sacrificial electrodes, could initiate decomposition, between 100–300 W, with an ignition delay of
approximately 10 seconds if the concentration of HAN was greater than 34% by weight, but
complete decomposition results are inconclusive. HAN solutions of all tested concentrations, reacting
with a copper electrode, reached 100 °C in about 10 seconds with 300-W input power, meaning
copper can reduce the initiation process of any HAN-water solution to 10 seconds. The
maximum achieved combustion temperature, at 320 °C, was produced by the 73% HAN solution
with the aluminum foil electrode. Unfortunately, the continuous oxidation and resultant mass
decay of the metal anode, while contributing to reactivity, limit the application of sacrificial
electrodes. Additionally, the presence of a crystal-like solid, which forms as a result of
electrolysis, could have other consequences, such as wall surface damage or blockage of the
decomposition chamber. Therefore, careful consideration of electrode material is a necessity for
successful micro-thruster design.
Experiments performed by Risha et al. (2007)51 investigated the feasibility of HAN-based XM46
(60.8 wt.% HAN, 19.2 wt.% TEAN (triethanolammonium nitrate), 20 wt.% H2O) propellant
ignition at room temperature via electrolysis. Using an eight-finned titanium microfin electrode
module, 15 mL of XM46 was subjected to electrolysis with an input voltage between 7–15 VDC.
The peak power, i.e., the peak current, corresponds to the maximum reactivity of the
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monopropellant, and ranges from 30–550 W, respectively, with the supplied input voltage. The
time delay across a 7–12 VDC input voltage range decreases exponentially from 160 to 2–3
seconds; over 12 VDC, the time delay remains constant with increasing input voltage. With an
interest in decreasing the time delay without consuming too much power, the presumed optimal
input power for this experiment could be 12 VDC, which corresponds to an input power of
approximately 300 W. Additionally, the maximum temperature of the XM46 liquid at ambient
conditions was found to be 115 °C and independent of input voltage. The input voltage,
however, does correlate to a higher rate of supply energy, which is found have a greater impact
on expedited ignition than simply the amount of energy supplied.
2.4.3.2 Application to Microthrusters
Wu et al.52 and Rahman et al.48 utilized the findings of researchers like Risha et al. and others to
implement the electrolytic decomposition of green monopropellants into applicable systems. The
microthruster developed by the former is based on low temperature co-fired ceramic (LTCC)
tape technology, which allows for the integration of metal electrodes inside the thruster during
the fabrication process, as shown in Figure 2.

Figure 2. Exploded view of LTCC electrolytic microthruster developed by Wu et al.52

The performance parameters of this configuration with XM46 monopropellant were assessed,
and with an input voltage of 45 VDC and a steady current level of 0.2 A prior to ignition, the
propellant ignited in the chamber with a delay of 224 ms and output energy of 1.9 J. Another test
conducted at 45 VDC produced a peak thrust of approximately 150 mN; this firing resulted in a
small crack near the nozzle throat, which increased ignition delay and diminished thrust
capability. Overall, measured thrust across all test conditions was between 100 and 200 mN, but
a measure of specific impulse is not provided. Application of such a thruster may be feasible in
very small-scale satellites, but a propellant feed system to the decomposition chamber must first
be established and tested.
Rahman et al. (2017)48 conducted tests using a polydimethylsiloxane (PDMS)-based
microthruster working with the ADN-based monopropellant FLP-103. The bottom and top
components of this thruster, which are bonded to each other, are shown in Figure 3.
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Figure 3. Exploded view of bottom and top flanges of the PDMS-based microthruster developed by Rahman et al.48

Finding the optimal flow rate for given chamber size to be 40 μl·min−1 and the optimum power
consumption of copper-electrode/FLP-103 electrolysis to be 80 V and 0.1 A (8 W), the specific
impulse, measured via load cell, was found to be about one-fifth of the literature-reported value
of 254 seconds for ADN-based monopropellants in macro-thrusters. Maximum thrust, with a
value of 250 μN, is achieved after approximately 60 seconds and remains relatively constant
throughout the remainder of the reaction. A higher thrust of approximately 300 μN is reached
with a flow rate of 60 μN, but a lower specific impulse is realized due to excess propellant, and
hence incomplete combustion.
The preliminary research into electrolytic decomposition of green monopropellants as a
propulsive source has proven the phenomenon has promise and applicability on the microscale.
However, extensive technological advancements need to be made before such an ignition scheme
will be flight ready.
2.4.4 Hydrocarbon-Seeded Ignition
A novel idea proposed by Whitmore et al.18 to circumvent the issues associated with catalytic
and electrolytic decomposition includes seeding an oxidizing flow with a minute amount of
hydrocarbon fuel. While technically a hybrid propellant scheme, only a single propellant feed
line is required and, thus, the simplicity of a monopropellant system is maintained. Their
proposed work uses a low-wattage inductive spark to ablate a small amount of solid acrylonitrile
butadiene styrene (ABS) thermoplastic, which will interact with the oxidizer as it flows over the
fuel grain surface to initiate combustion. The initial localized reaction will generate enough heat
to vaporize more fuel and ultimately create self-sustaining combustion. ABS was chosen for its
availability, high dielectric strength, and additive manufacturing capability; unlike other
thermoplastics, ABS melts before vaporizing and, therefore, can be used in rapid prototyping
machines to produce complex geometries not achievable with thermosetting materials.
A prototype to evaluate the effectiveness of a hydrocarbon-seeded micro-hybrid system was
constructed at Utah State University to ignite gaseous oxygen. With a chamber pressure of 860
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kPa (125 psia) and an oxidizer mass flow rate of 5 g/sec, ignition was achieved with as little as 8W input power at 1000 VDC. A single ABS grain segment is capable of 27 consecutive pulsefired burns, but as the ABS module is consumed, its electrical impedance progressively
decreases, and eventually renders it ineffective. The result is a significant lifetime limitation of
the overall system; high-temperature catalysts are subject to similar endurance constraints, but
compared to total input power requirements of preheated catalysts, a hydrocarbon-seeded
ignition scheme consumes much less energy. For example, ignition energy of such a system is
around 5 J, which is several orders of magnitude less than the preheat energy required by the
ECAPS Prisma thruster, at 15 kJ.18
Experiments involving HAN-based solutions have yet to be performed, but early analytical
models using a 24%HAN–water formulation predict such a system to be capable of producing
100 N of thrust at a flow rate of 80–100 g/sec and heating up to 180 °C within one second.
According to Courthéoux,17 once the HAN–water vapor solution reaches 173 °C, combustion
will become self-sustaining. A 24% aqueous HAN solution is chosen as it is the highest
concentration available commercially that can be transported by conventional freight as a nonhazardous material. It is predicted that if the 24% HAN–water solution can be thermally
dissociated using the seeded-hydrocarbon technique, higher concentrations of binary solutions
and even tertiary mixtures can also be ignited using this method. This technology has
applicability in aerospace propulsion systems, but its current technology readiness level is too
low to consider its implementation in the near future.
2.4.5 Plasma-Torch Microwave Ignition
Plasma torches have seen application in the sciences and engineering sector for decades. Early
models, used for thermal processes such as waste remediation and material manufacturing,
utilized direct or alternating current to generate an arc plasma between two electrodes. More
recently, this same technology had been expanded to the synthesis of carbon nanotubes and
purification of contaminated air.53 While possessing great utility, plasma torches of this
configuration are limited due to the adverse effects of electrode erosion, including reduced
electrode lifetime and contamination of processed material. This constraint drove plasma torch
technology towards an electrodeless adaptation, whereby radio frequency (RF) radiation is
inductively coupled to the plasma using transient magnetic fields. Although effective in
producing a contaminant-free flame, the inefficiency in RF energy-to-plasma coupling,
especially at high power, rendered this configuration ineffectual.
This niche in high-purity plasma torch operation remained vacant until microwave technology
was applied to the problem. A plasma flame generated by microwaves is advantageous in that
coupling efficiency from energy source to plasma is nearly perfect, the components used to
generate it are widely available and inexpensive, and, because the entirety of microwave power
is either absorbed by the plasma or confined within the waveguide, safety risks concerning
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radiated power are largely trivial.53 The last decade has seen vast application of microwave
plasma torches for purposes including lighting, exciting materials for elemental analysis, and
remediation of environmentally-damaging gaseous byproducts of other manufacturing processes.
More specifically, Uhm et al.53 fashioned several such devices for the 1) abatement of
perfluorocompounds; 2) decontamination of chemical and biological warfare agents; and 3)
synthesis of carbon nanotubes. Their system schematic is displayed in Figure 4.

Figure 4. Microwave system components and plasma torch schematic diagram. 53

Hammack et al.54 investigated the effects of methane combustion in air when ignited with a
microwave plasma torch, in an attempt to better understand the mechanisms of flame
enhancement using electromagnetic radiation. It is theorized to be a combination of several
factors including 1) radiation induced electron excitement; 2) production of ions, electrons, and
excited state species; 3) ohmic heating-induced increase flame temperature; 4) in situ fuel
reformation; and 5) the decomposition of larger into smaller hydrocarbons and creation of radials
from collisions with electrons. 54 The results demonstrate the product number density and
combustion temperature increase non-linearly with power. A schematic of the setup used is
shown in Figure 5.

Figure 5. Schematic diagram of microwave waveguide system.54
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Common among these systems is their general component infrastructure and the use of 2.45-GHz
microwave energy. Because this frequency of radiation is producible by the same kind of
magnetron employed in commercial microwave ovens, the associated components are widely
available and relatively inexpensive, driving production of microwave torch ignition schemes at
this frequency. The efficient transfer of microwave energy to the plasma requires the
incorporation of several elements into the circuit, such as a directional coupler, three-stub tuner,
and isolator/circulator to properly tune the system and minimize reflected power. The main
difference between microwave torch systems is the plasma torch itself, classified by the location
of the discharge into three distinct categories: 1) plasmas generated inside a resonant cavity and
emitted through a small aperture as a post-discharge; 2) plasmas generated in and emitted
through a dielectric tube within a resonant cavity; and 3) free-expanding flame at the end of a
single electrode-class structure. 55 A visual representation of the various plasma discharge types
is given in Figure 6.

Figure 6. Classification of plasma torches, from left to right, post-discharge, in-tube discharge, and free-expanding
plasma from single electrode.55

The configuration used in this research, the Penn State Microwave Plasma Torch (PSMPT), is
best represented by the single electrode type (on right in Figure 6). These kinds of torches utilize
cavity resonance, from either a waveguide or coaxial line, to produce an intense localized electric
field, which ignites the fluid passing through the “electrode” tube. Such an ignition scheme is
beneficial over other green monopropellant combustors in that it can initiate decomposition
nearly instantaneously with relatively low power, drive small- to medium-scale thrusters, provide
stable and sustainable combustion at near vacuum pressures, and endure high temperature
conditions for a reasonable duration. Therefore, it is the leading contender to replace catalysts in
monopropellant engines.

2.5 Previous Research Conducted at Penn State
While other institutions have exploited the utility of the microwave plasma torch for efficient,
refined combustion, Penn State is unique in applying this technology to aerospace
monopropellants. Previous research has led to the development of the Penn State Microwave
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Plasma Torch, an efficient, single-electrode, free-expanding plasma torch that combines the
electromagnetic energy from a waveguide with a gas from a central conducting tube at its tip.55
The electric field becomes intensified at the torch tip, accelerating the electrons of a gaseous
propellant and ultimately igniting a plasma.6 The microwave radiation generated by a 2.45-GHz
magnetron is transmitted through a series of WR-284 waveguides, starting with the standard fullheight and then transitioning to half-height to increase electric field strength without changing
the propagation frequency. The PSMPT protrudes from the center of a circular aperture in the
half-height waveguide with a sliding short adjusting the location of the antinode to that of the
torch location. The tip of the torch extends into the bottom of combustion chamber capable of
operating between near vacuum pressure up to approximately 300 psig. The cross section of the
PSMPT is shown in Figure 7, where the two concentric molybdenum tubes extending from the
tee carry the helium (outer) and green monopropellant (inner) flows.
Prior research characterized the ignition of HAN-based monopropellants through a helium
plasma at ambient and vacuum pressure conditions. Various parameters were measured and
include optimal mass flow rate and minimum power needed to ignite and sustain the combustion
of the liquid monopropellant. Although the helium plasma was initially used as a catalyst for the
combustion of AF- M315E, it was later proven that the monopropellant could ignite directly via
microwave excitation. Thus, an operational system would only require the components
associated with microwave generation and propagation to replace those systems currently using
hydrazine monopropellant for thrust vector control or auxiliary power.
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Figure 7. Cross-section of PSMPT.6

Initial experiments at Penn State were conducted under ambient conditions to demonstrate
microwave ignition and sustained combustion of both the HAN-based AF-M315E and ADNbased LMP-103S monopropellants. Prior to monopropellant injection, helium was passed
through the torch to stabilize the plasma column, allow optimization of the transmission of the
microwave power to the torch tip, and serving as a catalyst for the green monopropellant
ignition. Later trials investigated ignition and sustained combustion without the presence of a
helium plasma. Using 2.45-GHz, 500-W microwave power, AF-M315E was ignited at ambient
conditions in the absence of a helium plasma, as shown in Figure 8.
Sustained combustion of AF-M315E without the helium catalyst could not be verified due to the
orientation of the apparatus and the limitations it imposed. The LMP-103S, subject to the same
conditions as the AF-M315E, while ignited using the helium catalyst, sustained combustion
without it. Figure 9 displays the sustained flame produced by LMP-103S combustion shortly
after the helium flow had been halted. Measuring forward and reflected power upon ignition
indicated a 99% efficiency in transferring generated microwave power to the plasma.
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Figure 8. AF-M315E ignition at 2.45-GHz, 500-W microwave power, and 2 ml/min flow rate in ambient air.6

Figure 9. LMP-103S sustained combustion at 2.45-GHz, 500-W microwave power, and 6 ml/min flow rate in
ambient air.6

Subsequent tests investigated the possibility of igniting AF-M315E under near-vacuum
conditions down to 1.9 psia, equivalent to an altitude of 47,500 ft. Similar to previous research, a
helium plasma was ignited by the torch before the monopropellant was injected. After successful
ignition of AF-M315E with the helium plasma, the helium flow was stopped and the unaided
burn of the monopropellant was demonstrated. Later, ignition of the monopropellant was
demonstrated without the use of a helium plasma at 2.45-GHz, 500-W microwave power at 1.9
psia and a flow rate of 5 ml/min.7 Ignition of AF-M315E was confirmed by the orange-yellow
flame in the chamber, in comparison to the purplish flame of the helium plasma. Ignition in the
absence of the helium plasma is displayed in Figure 10.
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Figure 10. AF-M315E ignition at 2.45-GHz, 500-W microwave power, and 5 ml/min flow rate at a pressure of 1.9
psia.7

The verification of AF-M315E ignition without a catalyst prompted current research to
commence with the direct ignition of AF-M315EM. The first step in establishing a microwave
ignitor as a viable ignition scheme aboard the F-16 EPU is to prove direct decomposition
initiation of the more-difficult-to-ignite, lower-temperature blend AF-M315EM, with 2.45-GHz
microwave power at ambient conditions. For preliminary testing, the microwave radiation is
generated using the preexisting infrastructure, i.e., a standard magnetron, but once all required
ignition characteristics are verified, a transition from magnetron to solid-state power amplifiers is
necessary to further the system toward flight-readiness.

2.6 Motivation for Switching from Magnetron to Solid-State Microwave Source
The main argument against plasma torches is that their power generation and propagation system
is heavy, requires significant energy input, and is overall ill-suited for space flight.18 Current
magnetron microwave generators and their associated propagation components, i.e., an automatic
three-stub tuner, a circulator, and waveguide transmission lines, are in fact, cumbersome. The
recent advancement in solid-state power amplifiers (SSPA) allows for low-input-power,
lightweight microwave generators. Newer Gallium Nitride (GaN)-based SSPAs, in comparison
to the older-technology Gallium Arsenide (GaAs) SSPAs, operate at higher voltages and,
therefore, output a greater amount of power, with less I2R power loss; GaN SSPAs are capable of
producing hundreds of watts of power, whereas GaAs SSPAs output power on the order of tens
of watts. Additionally, GaN SSPAs offer greater reliability, operational temperature range, and
efficiency over its GaAs predecessor.56 Current GaN technology limits the maximum continuous
output power supplied by a single S-band SSPA to a few hundred watts, but using a 28-VDC
power source (the same DC voltage required for preheating the LCH-240 catalyst on the GPIM
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program), several SSPAs can be coupled together via power combiner to generate the necessary
power required to ignite the monopropellant.
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Chapter 3: Theory
Several elements of microwave engineering must be understood to explain the underlying
physics of a microwave ignition scheme, including propagation theory, the effect of highfrequency radiation on ionic liquids and their subsequent ignition, and the behavior that
microwave energy induces in plasmas. This section explores the characteristics of microwaves
that make such an ignition device possible.

3.1 Electromagnetic Propagation/Waveguide Theory
Analysis of high frequency circuits cannot rely on the lumped element model, in which
Kirchhoff’s Laws govern the behavior of electromagnetic networks. This standard circuit theory
assumes that each electrical component in the system behaves as a discrete entity, in which the
fundamental characteristics of an electric circuit, i.e., resistance, capacitance, and inductance are
concentrated into their corresponding idealized components: resistors, capacitors, and inductors,
respectively, which are connected via perfect conductors. This approximation retains reasonable
accuracy for low frequency circuits, for which the corresponding wavelength is much larger than
the dimensions of an individual electrical component; as such, the voltage or current phase does
not vary significantly across it, and each element behaves in accordance with its specified name.
At higher frequencies, however, component behavior begins to diverge. Microwaves, with a
frequency between 3–300 GHz and a corresponding wavelength of 100–1 mm, respectively, are
comparable in wavelength to the dimensions of an electrical component.57 The considerable
variation of phase and magnitude across the element induces distributed-element behavior, in
which an individual component acts as a combination of ideal circuit devices.
3.1.1 Behavior of Propagation Modes
3.1.1.1 Mathematical Modeling
A transmission line is modeled as a distributed element and, thus, the propagation of
electromagnetic radiation through one is characterized by the general solutions to Maxwell’s
Equations. Assuming time-harmonic waves propagating through a lossless conductor or
dielectric in the z-direction, the electric and magnetic fields are written as
𝐸̅ (𝑥, 𝑦, 𝑥) = [𝑒𝑥𝑦 (𝑥, 𝑦) + 𝑧̂ 𝑒𝑧 (𝑥, 𝑦)]𝑒 −𝑗𝛽𝑧

(2.1a)

̅ (𝑥, 𝑦, 𝑥) = [ℎ𝑥𝑦 (𝑥, 𝑦) + 𝑧̂ ℎ𝑧 (𝑥, 𝑦)]𝑒 −𝑗𝛽𝑧
𝐻

(2.1b)

where the transverse electric and magnetic field components are represented by 𝑒𝑥𝑦 and ℎ𝑥𝑦 and
the longitudinal electric and magnetic field components are given by 𝑒𝑧 and ℎ𝑧 . The propagation
constant, 𝛽, is defined as
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(2.2)

𝛽 = √𝑘 2 − 𝑘𝑐 2
where 𝑘𝑐 is the cutoff wave number and 𝑘 is the wave number of the dielectric within the
transmission line given by
𝑘 = 𝜔√𝜇𝜖 =

2𝜋
,
λ

(2.3)

where µ and 𝜖 are the permeability and permittivity of the dielectric, respectively.57 For
transverse electromagnetic waves, where 𝐸𝑧 = 𝐻𝑧 = 0, the propagation constant equals the
dielectric wave number and, hence, the cutoff frequency is zero. For transverse electric (TE) and
transverse magnetic (TM) waves, non-zero components of the magnetic field and electric field,
respectively, are present in the z-direction, which can be found using the Helmholtz wave
equation,
𝜕 2 𝐻𝑧 𝜕 2 𝐻𝑧 𝜕 2 𝐻𝑧
+
+
+ 𝑘𝑐 2 = 0
𝜕𝑥 2
𝜕𝑦 2
𝜕𝑧 2

(2.4a)

𝜕 2 𝐸𝑧 𝜕 2 𝐸𝑧 𝜕 2 𝐸𝑧
+
+
+ 𝑘𝑐 2 = 0 ,
2
2
2
𝜕𝑥
𝜕𝑦
𝜕𝑧

(2.4b)

resulting in a non-zero cutoff frequency, 𝑘𝑐 . The general wave impedance is a function of the
transverse electric and magnetic fields propagating through a transmission line,
𝑍 =

−𝐸𝑦
𝐸𝑥
=
.
𝐻𝑦
𝐻𝑥

(2.5)

Because the transverse electric and magnetic fields differ between TEM, TE, and TM modes, the
wave impedance is characteristic of each propagation mode. These are summarized in Table 11,
where 𝜂 is the intrinsic impedance of the medium.57
Table 11. Wave impedance of TEM, TE, and TM propagation modes.

TEM
𝜔𝜇
𝜇
𝑍=
=√ = 𝜂
𝛽
𝜖

TE
𝜔𝜇
𝑘𝜂
𝑍=
=
𝛽
𝛽

TM
𝛽
𝛽
𝑍=
=
𝜔𝜖 𝑘𝜂

The general expression for the transverse fields is a function of this impedance and given by
ℎ̅(𝑥, 𝑦) =

1
𝑧̂ 𝑒 (𝑥, 𝑦).
𝑍 𝑥𝑦

(2.6)
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3.1.1.2 Characteristics of Transmission Lines and Propagation Modes
Different kinds of transmission lines allow different modes of propagation. Coaxial cables,
consisting of two concentric conductors separated by a dielectric, and planar transmission lines,
such as microstrip, stripline, and coplanar waveguides, while capable of propagating TEM, TE,
and TM waves, are designed to suppress the latter two. The simultaneous presence of two or
more modes within a transmission line can produce undesirable interference, if their propagation
constants differ, necessitating suppression of these higher order modes. Unlike TE and TM
waves, TEM waves do not have a cutoff frequency, meaning TEM waves are the only mode of
propagation until a certain frequency before TE11 waves begin to transmit, imposing an upper
bound. Therefore, coaxial lines are limited in frequency range for a given cable size and,
consequently, also in power handling capability. The merit of using transmission lines, however,
is that they are flexible and lightweight, and in the context of this thesis, are compatible with the
frequency and power requirements of the ignition system.57
The same phenomenon also restricts the size of planar transmission lines, but these components
are designed for integration into microwave-frequency diodes and transistors (miniaturized
devices), limiting the impact of this dimension constraint. Thus, for high-power, high-frequency
propagation on the macroscale, waveguides are the most appropriate form of transmission line.
Waveguides are either circular or rectangular conducting tubes, with advantageous over other
transmission lines in that they can handle very high RF powers (on order of kW) and have very
low attenuation constants. Additionally, the physics of the microwave plasma torch requires its
passage through a resonant cavity, provided conveniently by the geometry of a rectangular
waveguide. The next section discusses the characteristics of microwave propagation through
such a transmission line.
3.1.1.3 Propagation in a Rectangular Waveguide
Because TEM propagation requires two conductors, a waveguide is only capable of transmitting
TE and TM modes. TE and TM waves have electric and magnetic fields present in the transverse
direction (x, y), with the electric field perpendicular to the magnetic field. Figure 11
demonstrates how the electric and magnetic field lines are distributed within a rectangular
waveguide for the TE and TM modes of propagation.
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Figure 11. TE and TM wave propagation through a rectangular waveguide.58

As mentioned in the previous section, there is a cutoff frequency below which TE and TM waves
cannot propagate. This frequency is dependent on the dimensions of the waveguide and is a
necessary parameter to determine appropriate waveguide sizing to transmit a given frequency.
As with coaxial and planar transmission lines, the presence of multiple modes in the waveguide
will likely cause distortion and interference, preventing maximum power transfer. The
dimensions of the waveguide must be chosen to restrict propagation of more than one mode.
Starting with the Helmholtz equation, integrating via separation of variables, and applying the
boundary condition that the electric field component tangential to the wall is zero, the cutoff
wave number for a rectangular waveguide is found to be
𝑚𝜋 2
𝑛𝜋 2
) +( )
𝑎
𝑏

𝑘𝑐 = √(

(2.7)

where 𝑚, 𝑛 = 0,1, 2, … and represents the various propagation modes. The variables 𝑎 and 𝑏 are
the dimensions of a rectangular waveguide as depicted in Figure 12.

Figure 12. Geometry of rectangular waveguide.57

The phase velocity through a dielectric material, in this case air, is given by

45

𝑣𝑝 =

1
√𝜇𝜖

(2.8)

and, thus, the cutoff frequency for each mode, assuming 𝑎 > 𝑏, is

𝑓𝑐𝑚,𝑛 =

𝑘𝑐
1
𝑚𝜋 2
𝑛𝜋 2
√( ) + ( ) .
=
𝑎
𝑏
2𝜋√𝜇𝜖 2𝜋√𝜇𝜖

(2.9)

The general relation for cutoff frequency for both TE (𝐸𝑧 = 0) and TM (𝐻𝑧 = 0) waves is the
same, but their minimum propagation mode differs as a result of their longitudinal field
characteristics. The longitudinal magnetic and electric field for TE and TM waves, respectively,
is
𝐻𝑍 (𝑥, 𝑦, 𝑧) = 𝐴𝑚𝑛 cos

𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
cos
𝑒
𝑎
𝑏

(2.10a)

𝐸𝑍 (𝑥, 𝑦, 𝑧) = 𝐵𝑚𝑛 sin

𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
sin
𝑒
𝑎
𝑏

(2.10b)

where 𝐴𝑚𝑛 and 𝐵𝑚𝑛 are arbitrary amplitude constants. Because the transverse electric and
magnetic fields depend on these longitudinal fields, if both 𝑚 and 𝑛 are zero, all longitudinal
fields of the TM wave are zero and, therefore, the transverse electric and magnetic fields are also
zero, so the wave cannot propagate. The minimum propagation mode for TM waves is thus TM11
and the corresponding minimum cutoff frequency is given by

𝑓𝑐11 =

𝜋 2
𝜋 2
√( ) + ( ) .
𝑏
2𝜋√𝜇𝜖 𝑎
1

(2.11)

Contrarily, TE waves can propagate through a waveguide if either 𝑚 or 𝑛 is non-zero. Because
the width (𝑎) is the larger dimension, the lowest cutoff frequency occurs when 𝑚 = 1, 𝑛 = 0 and
has the expression
1
(2.12)
𝑓𝑐10 =
.
2𝑎 √𝜇𝜖
This mode of propagation, TE10, is then the dominant mode for both TE and TM waves through
a rectangular waveguide. Figure 13 provides a visualization of various TE modes; higher modes
arise as the signal frequency through a waveguide of a given dimension is increased.57
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Figure 13. Electric field lines of different TE modes.59

Any frequencies below the cutoff frequency will result in an imaginary propagation constant;
physically, this implicates the exponential decay of too-low-frequency field components away
from the excitation source. For a mode to exist within a rectangular waveguide, the width or
height of the wall must be at least one-half wavelength of the signal frequency. The TE10 mode
always constitutes the lowest cutoff frequency, but which subsequent mode occurs at the next
lowest cutoff frequency is a function of the relative dimensions. For example, a standard COTS
WR-284, has dimensions of 𝑎 = 2.84 in. and 𝑏 = 1.34 in. and a TE10 cutoff frequency equal to
2.078 GHz. The next lowest cutoff frequency occurs at the TE20 mode with a value of 4.157 GHz
as the TE11 and TM11 modes require a frequency of 4.871 GHz for propagation. If the height (𝑏)
is similar in magnitude to the width (𝑎), the next lowest cutoff frequency may occur at the TE11
or TM11 mode, instead of TE20. Standard waveguides, however, are produced with the height
being approximately half of the width, and the two most dominant modes within a rectangular
waveguide are therefore TE10 and TE20. This research uses 2.45-GHz microwave radiation
propagated through WR-284 waveguides; thus, the only mode that exists in the waveguide is
TE10.
For this mode, the electric field in the waveguide only has a magnitude in the 𝑦-direction, which
varies with 𝑥 and 𝑧 as follows,
𝐸𝑦 =

−𝑗𝜔𝜇𝑎
𝜋𝑥
𝐴10 sin ( ) 𝑒 −𝑗𝛽𝑧
𝜋
𝑎

(2.13)

The cutoff frequency for the TE10 dominant mode is not dependent on the height (𝑏); therefore,
decreasing its dimension has no impact on the minimum propagating frequency. Reducing the
waveguide height, however, does affect the electric field. An electric field is a function of
voltage per distance. Since transmitted power remains constant and the distance between the top
and bottom conducting surfaces decreases, the electric field is intensified. The power transmitted
for the TE10 through a rectangular waveguide is given by
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𝑃10

𝑎
𝑏
1
̅ ∙ 𝑧̂ 𝑑𝑦𝑑𝑥
= Re ∫ ∫ 𝐸̅ × 𝐻
2
𝑥=0 𝑦=0

𝑃10

𝑎
𝑏
1
= Re ∫ ∫ 𝐸𝑦 × 𝐻𝑥 𝑑𝑦𝑑𝑥
2
𝑥=0 𝑦=0

𝑃10

𝜔𝜇𝑎3 |𝐴10 |2 𝑏
=
Re(𝛽)
4𝜋 2

(2.14a)

(2.14b)
(2.14c)

where 𝐴10 is an arbitrary amplitude constant and  is the radial field frequency related to linear
frequency by
𝜔 = 2𝜋𝑓 .

(2.15)

The power propagated through a waveguide is not necessarily the power delivered to the load. In
this case, the load is the plasma, and its impedance must be matched to the characteristic
impedance of the wave through the transmission line for perfect absorption of available power.
Because the intrinsic impedance of the plasma is different from that of the transmission line, and
varies with different fuels, measures must to taken to change the plasma’s effective impedance.57
3.1.2 Impedance Matching
A source-generated incident EM wave, with voltage 𝑉0 + , will be reflected at the juncture of the
transmission line and load, if the load impedance, 𝑍𝐿 , varies from the characteristic impedance,
𝑍0 . The characteristic impedance of a waveguide, defined as the ratio between the voltage and
current of the propagating wave, serves as the baseline impedance of the circuit. The load
impedance must then be as closely matched to this characteristic impedance as possible to
minimize the amplitude of the reflected voltage wave, 𝑉0 − .
Its amplitude depends on the difference between the load and characteristic impedance as
follows
𝑉0 − =

𝑍𝐿 − 𝑍0 +
𝑉 .
𝑍𝐿 + 𝑍0 0

(2.16)

A convenient parameter to characterize efficiency of power transfer is the reflection coefficient,
defined as the ratio between the reflection and incident voltage wave amplitude.
𝑉0 − 𝑍𝐿 − 𝑍0
Γ= +=
𝑍𝐿 + 𝑍0
𝑉0

(2.17)

Reflection coefficients of zero and one correspond to perfect transfer of incident power to load
and zero transfer of incident power to load, or perfect reflection, respectively. From Equation
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2.17, a reflection coefficient of zero can only occur if 𝑍𝐿 and 𝑍0 are equal to one another,
supporting the earlier claim. If impedances are not matched, the resultant reflected wave will
interfere with the incident wave, and their superposition produces standing waves. The average
power within the transmission line, corresponding to the power delivered to the load, is then
reduced by a factor of one minus the square of the reflection coefficient magnitude as seen in
Equation 2.18.57
2

𝑃𝑎𝑣𝑔

1 |𝑉0 + |
[1 − |Γ|2 ]
=
2 𝑍0

(2.18)

To maximize delivered power, the plasma impedance must then be matched to the characteristic
impedance of the propagating wave in the waveguide. Because the impendence of a given
plasma flame is intrinsic to its source’s chemical and electrical structure, the load impedance
cannot be changed directly. Instead, components are introduced into the circuit to change the
effective impedance of the load. This can be accomplished by either changing the length of a
transmission line or by projecting variable length stubs into the waveguide. An automatic threestub tuner makes use of the latter by introducing variable shunt susceptance into the circuit.57
The use of such an impedance transformer is particularly useful in systems where the load
impedance is largely unknown (e.g., plasma flame).
3.1.2.1 Loss Mechanisms
Waveguides are very low-loss, compared to other forms of transmission lines, but not perfectly
lossless. Their attenuation constant (𝛼), while small, is non-trivial, and contributes to power loss
through the waveguide by
2

𝑃loss

|𝑉0 + |
[(𝑒 2𝛼𝑙 − 1) + |Γ|2 (1 − 𝑒 −2𝛼𝑙 )] ,
=
2𝑍0

(2.19)

and the propagation constant, 𝛽, through a lossy conductor or dielectric becomes
𝛾 = 𝛼 + 𝑗𝛽.

(2.20)

The amount of power loss through a transmission line is also a function of the load distance from
the source, or the length of the transmission line (𝑙).57 Therefore, to minimize loss along the
transmission line and maximize the power delivered to the load, the waveguide connecting the
source and load should be of minimal length.
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3.2 Characteristics of Ionic Liquids and Ignition Theory
The application of electromagnetic energy directly to a propellant results in more rapid and
reliable ignition, improved energy transfer efficiency, and increased flame stability for a wide
range of conditions over other ignition methods.54 The ionic nature of HAN in aqueous solution
allows for monopropellant decomposition via an applied electric field, and is exploited in this
research to investigate the ignition capabilities of a microwave plasma torch under various
conditions. The entire decomposition process is broken down into three stages: prebreakdown/formation, electrochemical decomposition, and ignition and combustion. To better
understand the merits of an electric ignition scheme, a brief description of the decomposition
mechanics of HAN-based monopropellants is provided in this section.
3.2.1 Formative Phase
In the presence of a strong electric field, a liquid will begin to exhibit pre-breakdown, or
formative, characteristics when the electric field density becomes comparable to external
pressure;60 this is a result of the strong dependence of the electric strength of liquid dielectrics on
the hydrostatic pressure. The electric field-induced electrostriction in the fluid results in the redistribution of molecules and thus generates compression and rarefaction waves throughout the
volume. The consequent localized pressure and density gradients adjust to reestablish
equilibrium and, in turn, heat the liquid in certain regions to the point of boiling. Because the
boiling point is a function of pressure, its variation throughout the fluid volume alters the boiling
point and establishes pre-breakdown bubbles in corresponding regions. The location of highest
electric field and ion flux density, i.e., the nozzle tip, serves as the origin of this internal heating
within the ionic liquid.
Heat is continuously transferred in the radial direction to the remaining propellant, and once its
internal temperature reaches its boiling point, a vapor sheath is formed around the torch tip.61
The resultant arc formed in this region generates an electric current in the fluid, facilitating
ohmic heating, which becomes the dominant contributor to the temperature rise. The power
generated by the passage of current through the electrically conducting liquid is proportional to
the square of this current and the internal fluid resistance as
𝑃 ∝ 𝐼2𝑅 .

(2.21)

The thermal energy released by this mechanism is related to the power in Equation 2.21 and,
therefore, is dependent on the fluid resistance. The electrical conductivity, and thus the resistance
of an ionic liquid, is dependent on the internal temperature and pressure, which are changing
continuously and rapidly during this formative phase.
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3.2.2 Electrochemical Decomposition
Ohmic heating constitutes the thermal decomposition of HAN, which is aided by an independent
electrochemical process. In an aqueous solution, HAN and water dissociate into
hydroxylammonium (NH3OH+) and nitrate (NO3-) ions, and a proton (H+) and hydroxide (OH−)
ion, respectively. At equilibrium conditions, the species NH3OH+, NO3−, NH2OH, NO2+, OH−,
and undissociated H2O are all present in solution, as demonstrated by Equations 2.22a and 2.22b.
The administration of an electric field to the fluid results in ion migration, separating the
hydroxylammonium and nitrate ions and creating localized regions of increased ion
concentration, shifting the equilibrium of both equations to the right.61
⃗⃗⃗ NH2 OH + H2 O
NH3 OH + + OH − ←

(2.22a)

⃗⃗⃗ NO2 + + 2OH −
NO3 − + H2 O ←

(2.22b)

The nitronium ion (NO2+) reacts with the hydroxylamine to initiate the decomposition of HAN,
which will ultimately lead to combustion,
⃗⃗⃗ NO2 +
NO2 + + H2 NOH ←

1
N + H2 O + H +
2 2

NO2 + LP → free radical chain reaction…

(2.22c)
(2.22d)

The production of nitronium ions commences the initial phase of ignition reaction, but is
insufficient to sustain prolonged combustion. A continuous heat source is required to maintain
the free radical chain reaction, and is conveniently provided by the fuel component within the
mixture, in this case hydroxyethyl hydrazine nitrate. The chemical pathways outlined in Equation
2.22 summarize the ignition process of a HAN-based monopropellant; although the fuel
contributes to the overall energy density of a monopropellant and serves as a secondary heat
source, it does not interact with the intermediates of HAN to initiate ignition.61

3.3 Microwave-Generated Plasma Characteristics
Injecting ionic liquid propellant through a microwave plasma torch promotes rapid EM-induced
thermal decomposition and results in a plasma flame at the end of the inner conductor.
Therefore, it is necessary to study the mechanics of plasma generation and perpetuation via
microwave excitation.
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3.3.1 Electrical Breakdown
At ambient conditions, a small amount of free elections is present within any gas due to ionizing
cosmic rays and the photoelectric effect. Therefore, the application of an electric field to a gas
will result in electron migration, producing a current in the direction of the field. As the voltage
is gradually increased, the gas will obey Ohm’s Law until the electric field becomes sufficiently
strong enough to accelerate electrons to a kinetic energy capable of ionizing other gaseous atoms
and molecules via collision, creating an electron and ion pair. Depending on its instantaneous
velocity upon collision, this newly ionized electron is either lost to recombination with an ion or
imparts sufficient energy to another atom or molecule to generate another electron–ion pair.62 If
the production rate through ionization is equal to the loss rate of electrons via recombination,
diffusion, and attachment, the gas exhibits an equilibrium state, which is demonstrated
quantitatively in Equation 2.23. The electron concentration n at any given time is a function of
the ion production rate 𝑣𝑖 and the total diffusion rate 𝐷/Ʌ2 as
𝑛𝑒 = 𝑛0 𝑒 (𝑣𝑖 −𝐷/Ʌ

2 )𝑡

(2.23)

where 𝑛0 is the ion concentration, 𝐷 is the diffusion coefficient, Ʌ is the characteristic diffusion
length, and 𝑡 is the time. If the electric field is increased slightly, producing a corresponding
increase in the production rate over the loss rate, a rapid surge in the electron concentration
results, triggering a cascading reaction and, ultimately, gas discharge. Only an infinitesimal
difference between the production and loss rate is necessary for breakdown and, therefore, the
Townsend Criterion states breakdown occurs when the ionization rate is equivalent to the loss
rate.
Microwave frequencies generate such a rapidly oscillating electric field that the corresponding
force on an electron changes direction before the particle can traverse any appreciable distance.
This property contains the electrons within the discharge region and limits diffusion
characteristic of DC and low frequency excitation, ultimately reducing the amount of power
needed to initiate breakdown. The fluctuating electric field accelerates the electrons briefly
before the electron changes direction or collides with an atom or molecule, in which case, the
electron, on average, imparts a fractional amount of energy (2𝑚/𝑀) to the atom in a nearly
elastic interaction before changing direction; the 𝑚 and 𝑀 represent the masses of the electron
and atom, respectively. Post-collision, the electron is again accelerated by the electric field until
it collides with another atom. This process is continued, and the overall kinetic energy of the
electron is stepwise increased until it exceeds that of the lowest excitation energy of the atom. At
this point, there is a finite probability a consequent collision will be inelastic and result in an
increase in atomic internal energy and near total loss of electron kinetic energy. The gain in
energy by the atom is ephemeral, as its propensity to return to its ground state results in the
emission of a photon. But if the field is strong enough to accelerate electrons to kinetic energies
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greater than the atom’s ionization energy, both inelastic and nearly elastic collisions will occur,
with the latter potentially resulting in the production of an ion and a second electron. When the
electric field has sufficient intensity, these kinds of collisions will become dominant, eventually
creating more electrons than are lost, and facilitating breakdown.62
The environmental pressure plays an important role in the gas breakdown and plasma
maintenance processes. The efficiency of energy transfer between the electric field and electrons
is dependent on the signal frequency and external pressure. An increase in frequency or a
decrease in pressure reduces the number of collisions, causing the electron drift current and
electric field to be out of phase with one another, and energy transfer to be less efficient.63
Alternatively, as predicted by the Paschen curve for gases, higher external pressures necessitate a
higher electric field strength to initiate breakdown. At greater pressure, the frequency of
collisions between electrons and neutral particles increases, reducing the mean free path. With
less distance, and consequently, time between collisions, a smaller proportion of electrons will be
able to attain sufficient energy to initiate an ionization avalanche.55
3.3.2 Plasma Maintenance Processes
A plasma is defined as a high-temperature collection of ionized gas particles with net charge
neutrality and collective behavior between charged particles. Localized electric fields exist
within the plasma that generally dictate the motion of ions and electrons, but overall, a stable
plasma is considered quasi-neutral, with the same number of positively- and negatively-charged
particles.64 Both a charge and power balance are required to maintain a steady-state plasma.
Based on the homogeneous Boltzmann equation, the average power transferred to the electrons
through the electric field must equal the average power lost by electrons through collisions with
ions, neutral particles, and other electrons. During the breakdown initiation process, electrons are
lost primarily to free diffusion and recombination, but in a steady-state plasma, these electrons
are lost to ambipolar diffusion and, at high pressures, recombination. The collision frequency
and, hence, the ionization rate are determined by the electric field strength, so a higher
recombination rate would require a greater electric field intensity to maintain steady-state
operation. In the context of this thesis, although the plasma dynamics are not sufficiently known
for AF-M315EM, the important detail to note is that an increasing pressure environment may
necessitate the supplementation of greater microwave input power.
Once established, under static pressure conditions, additional power supplied to the plasma does
not assist in its maintenance; instead, the amplified electric field serves to increase the electron
density, which is offset by the increase in ambipolar diffusion rate. Therefore, the plasma flame
can be both initiated and sustained at the electric field strength corresponding to the Townsend
Criterion. Once a steady discharge has been created, it acts as an absorbing load in the
microwave circuit. With the assistance of the automatic three-stub tuner, power transfer becomes
more efficient, and less input power is required to maintain the plasma than to initiate it.
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Chapter 4: Experimental Procedure
The first step of this multi-tiered project to design a microwave-ignited, green-monopropellantdriven engine to replace the current catalyst-driven, hydrazine system of the EPU aboard the F16
is to prove ignition reliability of the former under flight conditions. The existing COTS
microwave generation and propagation system was used initially to confirm microwave ignition
of AF-M315EM at sub-atmospheric pressure and temperature and sustained combustion at
chamber operating pressure. The configuration was then altered to minimize power required to
ignite the plasma, i.e., a reduced number/length of waveguides was used to shorten the distance
from source to load, thereby minimizing power losses along transmission lines. The final phase
includes transitioning from the COTS parts to a series of solid-state power amplifiers and coaxial
transmissions lines, to reduce component size and weight.

4.1 Components and Experimental Setup
The proposed microwave ignition scheme utilizes electromagnetic radiation in the S-band
frequency range to ignite and sustain combustion of AF-M315EM and potentially other green
monopropellants. Several parameters must be evaluated to establish this as a viable alternative
including the minimum power to ignite the monopropellant, the minimum power needed to
sustain combustion, the optimal flow rate for complete combustion, possible ignition delay at
low temperatures, the time required to reach chamber operating pressure, and the lifetime of the
plasma torch. This section discusses the components necessary for operation.
4.1.1 Microwave Generation and Propagation Components
The 2.45-GHz magnetron-generated microwave energy is first sent to a three-port circulator,
passed to an automatic tuner and detector unit, and propagated through a series of waveguides
before arriving at the torch location. The power generation system is composed of the following
equipment and is depicted in Figure 14:
1. Daihen SGP-15A High-Voltage Power Supply Module
2. Daihen SGM-15A Magnetron Module
3. Three-Port Circulator
3. Daihen SMA-15A Automatic Microwave Tuning and Detector Unit
5. Tektronix PS2511G Programmable DC Power Supply
6. WR-284 Aluminum Waveguide
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Figure 14. Microwave generation and propagation system diagram.

The high-voltage DC power supply furnishes power to the magnetron module and the automatic
microwave tuning and detector unit. A minimum applied voltage of 10 V is required by the DC
power supply in order to deactivate its safety interlocks and permit output of microwave
radiation. The microwave energy must then be efficiently transferred from source to plasma in
order to ensure low required power for ignition; as design concerns of plasma torch systems
center around their high input power and bulky EM generation components, measures must be
taken to mitigate these constraints. The former issue is partially resolved by means of the
automatic tuning and detector unit; the detector measures forward and reflected power of the
circuit, which the three-pronged tuner uses to match impedance and thereby maximize power
delivered to the plasma load. The three-port circular is used to deflect any damaging reflected
power from entering the magnetron and is deposited into a dummy load. The forward power
leaving the automatic tuner and detector unit is then transmitted through a series of waveguides
and ultimately absorbed by the plasma torch using the following components and is depicted in
Figure 15:
1. WR-284 Aluminum Waveguides
2. Half-height Reducing Waveguides
3. Custom Modified Brass Waveguide
4. WR-284 Sliding Short
5. Penn State Microwave Plasma Torch (PSMPT)
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Figure 15. Waveguide assembly schematic.

A series of standard WR-284 aluminum waveguides transmit microwave energy from the tuning
unit into a half-height reducing waveguide, which intensifies the electric field strength without
changing the frequency of the propagating radiation. This half-height waveguide is attached to a
modified brass waveguide, which contains a circular aperture cut perpendicular through its major
axis. The plasma torch protrudes through this opening and is held in place with a brass fastener
and set screw, as shown in Figure 16.

Figure 16. Fastener on bottom of waveguide, holding torch in place.
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This waveguide is attached to another half-height reducing waveguide, which is terminated with
a WR-284 sliding short. The entire waveguide configuration is displayed in Figure 17.

Figure 17. Waveguide assembly.6

Reflection of the propagating microwave wave at the sliding short generates a standing wave in
the waveguide cavity. The sliding short can be adjusted so that the antinode of the propagating
microwave wave coincides with the location of the torch within the waveguide. This alignment
ensures maximum energy transfer to the torch and, consequently, the propellant, ultimately
resulting in ignition.
4.1.2 Microwave Plasma Torch
The Penn State Microwave Plasma Torch is composed of two concentric molybdenum tubes held
in configuration by a series of Swagelok parts, including a Swagelok Tee, and Conax ferrule
compression seals. The inner molybdenum tube, with a 0.040″ OD and 0.035″ ID, carries the
monopropellant, whereas the 0.125″ OD, 0.10″ ID outer tube supplies the helium to the torch tip.
Both tube tips are aligned flush with the outer wall of the waveguide to coincide with the
antinode of the microwave standing wave and, thus, ensure maximum energy transfer to the
propellant at the torch tip.
Previous research at Penn State used helium to generate a plasma prior to ionic-liquid (IL)
injection, which served as a catalyst to ensure instantaneous ignition of the green
monopropellant. Because ignition of the IL without the helium catalyst was ultimately
demonstrated, preliminary tests, performed as a part of this thesis, omitted the helium catalyst
altogether. The helium, if used, would flow through the black propellant line, shown in Figure
18, and pass directly to the outer molybdenum tube, which is terminated within the Swagelok
Tee via a Conax connector, as demonstrated in Figure 7. The IL is metered through a small
plastic tube and into the inner molybdenum tube; the thinner molybdenum tube protrudes
through the bottom of the Swagelok Tee and the plastic tube is fitted directly around it.
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Figure 18. Microwave plasma torch side view.

This configuration, borrowed from preceding researchers, works for pressures below ambient,
but high-pressure testing requires propellant lines capable of withstanding pressures of at least 50
psig and secure propellant line-to-molybdenum tube attachments.
4.1.3 Propellant Tanks and Feed Systems
The propellant tested in this thesis is a variant of the Air Force Research Laboratory-developed
AF-M315E, modified to fit the temperature constraints of the F-16 emergency power unit
propulsion system. This version is diluted from 44.5% to 33.0% HAN using ultra-pure water,
and is referred to as AF-M315EM.
4.1.3.1 Low-Pressure Testing
Preliminary testing at low pressures utilized the propellant feed system diagramed in Figure 19.
Although the helium was not used in the verification of AF-M315EM at low pressures and
ambient temperatures, the infrastructure exists should the need for a helium catalyst arise and,
therefore, is included in the schematic.
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Figure 19. Low pressure propellant feed system.

The IL is metered to the torch using the following components:
1. NE-300 New Era Pump Systems, Inc Programmable Syringe Pump
2. Plastic Tubing for Propellant Feed Line
3. 60-mL Syringe
The syringe pump is calibrated using the syringe volume to inject propellant through the plastic
tubing and into the chamber at a flow rate between 0.5–5 mL/min. It is capable, however, of
infusion rates from 0.012 µL/min (1 mL syringe) to 25 mL/min (60 mL syringe). The plastic
propellant line is attached to the syringe via the valve apparatus displayed in Figure 20. It is
switched manually to control the flow of the propellant to the chamber.

Figure 20. Propellant valve attaching propellant line to syringe pump.

4.1.3.2 High-Pressure Testing
High pressure testing requires an alternative fuel injection method. Injecting into an adverse
pressure gradient introduces a number of complications: 1) a plastic propellant feed line fitted
around the thin molybdenum tube a) is incapable of withstanding the force of the pressurized
propellant and b) would be blown off the tube as soon as the chamber began to pressurize, 2) the
syringe pump is incapable of providing the necessary force to inject into a high pressure
environment, and 3) as the pressure in the chamber is increasing at an unknown rate due to
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combustion, the syringe pump would need the capability to account for variable back pressure
and maintain a constant flow rate. A syringe pump system is ill-suited for high pressure
applications, which necessitates a re-design the propellant injection mechanism.
The high-pressure feed system is comprised of the following components:
1.
2.
3.
4.

M13V14I Coriolis Mass Flow Controller for Liquids
Custom High-Pressure Aluminum Propellant Tank
Nitrogen Compressed Gas Cylinder
Metal Propellant Lines

A basic schematic of this setup is provided in Figure 21. Nitrogen is used to pressurize the
propellant tank to 50 psig relative to chamber pressure, and the flow rate is regulated
automatically by the Coriolis mass flow controller. The flow meter is accompanied by software,
which allows the user to select a given flow rate between 0.5–10 mL/min, which is maintained
constant as the chamber pressurizes from near vacuum to 300 psi.

Figure 21. High pressure propellant feed system.

4.1.4 Combustion Chamber
The ignition of AF-M315E at near vacuum conditions previously demonstrated at Penn State
was accomplished using the vacuum chamber shown in
Figure 22. A 6″-ID, 6.5″-OD PMMA cylinder comprises the walls of the chamber and is capped
with 0.5″ aluminum end plates.
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Figure 22. Original vacuum chamber used to ignite AF-M315E at near vacuum conditions.

To create an air-tight seal between the torch and the bottom flange and to prevent pooling of
unignited propellant in the waveguide, which would divert power from the torch, a boron nitride
disk with an O-ring cavity on its underside was fitted around the torch. The aluminum end plate
sits directly on top of the waveguide, with an aperture in its center through which the torch
passes. The boron nitride disk, with a smaller aperture through its center, sits on top of the
aluminum plate and is held in place with a custom aluminum holder. The holder fits overtop of
the disk and is secured to the bottom flange with six screws. A visual representation of this
arrangement is presented in Figure 23 and Figure 24.

Figure 23. Bottom flange with (right) and without (left) the boron nitride disk and holder in place.
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Figure 24. Boron nitride protector assembly.

The original chamber was designed for vacuum conditions, so modifications needed to be made
to prepare it for high pressure testing. After a stress analysis, it was determined the initial PMMA
cylinder was incapable of withstanding of pressure of 300 psi, but an acrylic tube with a 5″ ID
and 5.5″ OD has the structural integrity necessary for this operation. The end plates were altered
to accommodate the smaller-diameter tube; separate grooves to hold the cylinder and the
associated O-ring were machined into the top and bottom flanges. Six, 3/8″-24 threaded rods and
associated bolts (two on the top and two on the bottom) secure the end plates to the chamber
wall. A pressure relief valve is required to prevent the pressure in the chamber from exceeding
300 psi. An image and schematic of the high-pressure chamber are shown in Figure 25 and 26,
and a list of all its required components are provided below.
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Figure 25. High-pressure combustion chamber.

1.
2.
3.
4.
5.

Welch 1402 DuoSeal Vacuum Pump with Franklin Electric Motor Mo. 4101007405
5″ ID, 5.5″ OD, 20″-length, Cast PMMA Cylinder
Custom Aluminum End Plate (2)
4-inch Boron Nitride (BN) Disk
O-rings
a. Dash No. 251 (2) for sealing junction between end plates and cylinder, depicted in
Figure 23
b. Dash No. 006 for sealing junction between torch and BN disk, depicted in Figure
24
c. Dash No. 145 for sealing junction between BN disk and bottom flange, depicted
in Figure 23 on the left
6. Custom BN Disk Aluminum Holder
7. Screws (6)
8. McMaster-Carr Grade 8, 3/8″-24 Threaded Rod (6)
9. McMaster-Carr Bolts for Threaded Rods (24)
10. Vacuum Grease (applied to O-rings)
11. Pressure Relief Valve
12. Union Cross
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Figure 26. High pressure chamber schematic.

The stress analysis of the pressure chamber and the selection of its associated components is
provided in the Appendix.

4.2 Testing at Variable Pressures with Ambient- and Low-Temperature Propellant
The potential implementation of a new propulsion system into a flight-proven aircraft requires its
evaluation at flight conditions. The F16 fighter cruises at an altitude of 40,000 ft and has the
capability to fly as high at 60,000 ft, which corresponds to an atmospheric temperature of
−56.5 °C and pressure of 2.71 psi and 0.897 psi, respectively.39,65 Therefore, it is pertinent to test
the microwave ignition of AF-M315EM at this temperature and these pressures, placing
particular emphasis on the conditions at 40,000 ft. Prior to ignition, the current combustion
chamber is pumped down to approximately 1.0 psi, and AF-M315EM is chilled to −40 °C with a
laboratory freezer. The minimum pressure and temperature attainable correspond to a maximum
flight altitude of 47,000 ft and a little over 30,000 ft, respectively.
4.2.1 Low-Pressure/Near-Vacuum Testing
This round of testing investigates the feasibility of igniting AF-M315EM via microwave
radiation in low pressure/near-vacuum, ambient- and low-temperature conditions; the vacuum
pump maintains a continuous low-pressure environment in the chamber throughout combustion
of the IL. The AF-M315EM is injected into the chamber either at room temperature or at very
low temperatures. In the latter case, the propellant and its containment vessel are cooled to 0 °C
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through −35 °C prior to an experimental trial and quickly placed into the propellant feed
configuration shortly before testing. The temperature of the AF-M315E is taken directly before
commencing the test and directly after. Because the propellant is contained within its vessel and,
therefore, is inaccessible, an open container holding a comparable amount of propellant is used
to measure the temperature of the chilled AF-M315EM prior to testing. Once a series of four
trials are completed, the fuel vessel is opened and the propellant’s temperature is measured
again. This establishes a range of temperatures over which the AF-M315EM is ignited. After
taking an initial temperature reading, the propellant is metered through the torch at 0.5–
3°mL/min, and microwave power is increased until the emergence of a plasma flame and
steadying of the reflected power indicate ignition and combustion is sustained in a low-pressure
environment. Preliminary research as part of this thesis demonstrated AF-M315E can be ignited
in the absence of a helium catalyst with approximately 350-W, 2.45-GHz microwave power;
therefore, input power is rapidly increased to 300 W before the propellant valve is opened; the
power is then gradually increased until the propellant ignites. The power to sustain combustion
in low-pressure/near-vacuum conditions is less than the power to initiate decomposition and
should also be assessed. This is simply done by decreasing input power unit the flame
extinguishes.
4.2.2 High-Pressure Testing
Once ignited, the pressure of the combustion chamber must be allowed to reach 300 psi, as this is
the operational chamber pressure of the current hydrazine-driven EPU of the F16. Increasing
chamber pressure may affect the input power required and the efficiency of energy transfer; as
previously discussed, the electric field energy density must match the external pressure before
breakdown of an IL can occur. The propellant is pressurized to 50 psig relative to the combustion
chamber, i.e., the propellant has a pressure greater than external, but whether or not input power
and transfer energy as a function of absolute or gauge pressure is unknown and must be
investigated.
As with low-pressure/near-vacuum testing, the propellant (chilled or room temperature) is
injected into a low-pressure chamber; this reflects combustion-chamber conditions of a justactivated EPU. Instead of maintaining a continuous “vacuum,” however, the valve attached to
the vacuum pump is closed, and the combustion reaction is allowed to come up to pressure. The
combustion chamber is designed to withstand 300 psi, which necessitates the addition of an
emergency pressure relief valve. Should the chamber pressure reach 300 psi, the valve will
automatically open to relieve the pressure and prevent damage to the system. The amount of time
the chamber requires to become fully pressurized is measured, as this is the point at which a
propulsion system becomes operational.
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4.3 Evaluation of Parameters
As mentioned in Section 4.1, the following parameters need to be assessed in order to verify
reliable and efficient ignition using a plasma-torch-assisted microwave system: the required
power for ignition, the minimum power needed to sustain the reaction, the optimal flow rate for
complete combustion, possible ignition delay at low temperatures, the time required to reach
chamber operating pressure, and the lifetime of the plasma torch. Evaluation of power
requirements and operational time delay have already been discussed in Sections 4.2.1 and 4.2.2,
respectively, and, thus, this section focuses on determining optimal flow rate, possible ignition
delays, and the torch lifetime.
4.3.1 Optimal Flow Rate
The mass flow rate of propellant is a function of the reaction rate and is optimum when complete
stoichiometric combustion occurs. It can be found experimentally by comparing the amount of
propellant leftover in the chamber post combustion to the amount injected. The ideal mass flow
rate occurs when no residual propellant is left in the chamber after combustion. Previous
research conducted in the Center for Combustion, Power, and Propulsion at Penn State reduced
to this range to be between 1–5 mL/min, but current testing is conducted at a flow rate down to
0.5 mL/min, as preliminary testing demonstrated a mild excess of propellant at 1 mL/min.
4.3.2 Possible Ignition Delay
In an emergency situation, where the EPU must become operational within a few seconds, an
ignition delay is a detrimental quality. No ignition delay has been observed when igniting AFM315EM at ambient temperatures, but low propellant temperatures could incite a lagged
response. If such is the case, for a given flow rate, the power of ignition must first be found using
the method outlined in Section 4.2.1. Then, sequentially, the required input power is provided by
the magnetron module to the torch, the propellant valve is opened, and the time needed for
ignition to occur is measured.
4.3.3 Plasma Torch Lifetime
In order for a microwave-ignited “green” monopropellant system to replace current catalystdriven hydrazine engines, the burn duration of the reaction of the former must meet or exceed
that of the latter. This length of time is determined by the components of the torch and injector
tubes and their ability to withstand the extreme temperatures of combustion for a given amount
of time. If any of these components are altered by a prolonged burn, the burn duration is too
great, and new component materials or a revised design would need to be implemented to extend
its lifetime.
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With the combustion temperature of AF-M315E nearing 1900 °C, the material composing the
plasma torch must be able to withstand this extreme environment. Molybdenum was chosen for
this purpose because of its high melting point at 2623 °C.66 The combustion temperature of AFM315EM is even lower due to its higher water content; therefore, molybdenum should
theoretically perform especially well in a system using this monopropellant. Regardless, the
plasma torch does have a finite, though unknown, lifetime, which would manifest itself in the
form of significant tip erosion or the fusing of the inner molybdenum tube. The latter occurrence
would restrict propellant flow and render the torch inoperable.
The burn duration, or lifetime, of a single torch is quantified by the cumulative amount of time
the torch generates and sustains a plasma. In other words, starting from the initiation to
extinguishment of the monopropellant plasma, the time is recorded and later summed for all test
trials. Unlike a catalyst, a total propellant mass throughput has no physical significance in
quantifying the lifetime of a microwave torch; the molybdenum does not interact with the
propellant; therefore, its lifetime is solely determined by its ability to withstand a high
temperature, electrically-charged environment for a given amount of time. Because the direct
objective of this research is to implement this type of system in the F16 EPU, in which
continuous firing of at least 10 minutes is required, the ability of the plasma torch to withstand a
steady-state burn at this duration must be evaluated, as well.
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Chapter 5: Results and Discussion
Previous research at Penn State validated the microwave ignitor as a dependable ignition scheme
for ionic liquids, motivating refinement of the system towards applications. The objective of this
ongoing research project to it verify reliable ignition and sustainable combustion of green
monopropellant, AF-M315EM, within the constraints posed by the emergency power unit aboard
the F-16 fighter jet, using a microwave-assisted plasma torch. The first step in this multi-phase
enterprise is, thus, to prove ignition of a higher-water-content formulation of AF-M315E at
relatively low input power and pressure. One of the proposed merits of a microwave ignition
scheme is its ability to ignite ionic monopropellants indiscriminately, regardless of composition.
This capability was assessed for different concentrations of AF-M315E, evaluating 1) the
possibility of ignition, 2) the power required to ignite, and 3) potential ignition delay. In the
venture to substantiate such an ignition system for EPU operation, the verification of unbiased
ignition of monopropellants would have utility in other low-thrust propulsion systems in the
aerospace industry, as well.

5.1 Affirmation of Inert Chamber
To ensure the plasma flame resulting in the chamber is in fact the realization of ionic
monopropellant combustion, the experiment was first run at ambient conditions without any
propellant feed lines attached. Using a new molybdenum tube in the torch assembly, the input
microwave power was increased gradually from 0 to 450–500 W without flame manifestation.
After four consistent negative tests, it can be concluded that 1) the two conducting cylinders of
the torch are not interacting with one another to produce an arc plasma and 2) any plasma flame
that appears in the chamber is not the result of ionized air. Thus, when a plasma jet arises in the
chamber, it is a result of ionic liquid decomposition.

5.2 Validation of AF-M315EM Ignition
AF-M315EM, formulated using AF-M315E that had been in storage at Penn State for over 17
years was successfully ignited at low pressures with approximately 330 W of 2.45-GHz
microwave power. Once decomposition was initiated, the combustion reaction could be
sustained at as low as 301 W. Over a series of trials, once the plasma was generated, the average
reflected power measured by the detecting unit was around 7 W. With a forward power of
330 W, the microwave-energy-to-plasma coupling efficiency is approximately 98%. The ignition
of AF-M315EM at a 1-mL/min flow rate is indicated by the blueish flame as displayed in Figure
27. It is expected that AF-M315EM prepared with freshly-made AF-M315E will ignite at a
lower input power.
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Figure 27. AF-M315EM ignition at 2.45 GHz, 328-W microwave power, and 1-mL/min flow rate at 6.8 psi.

5.2.1 AF-M315EM Ignition at Various Low Pressures
Ignition of this green monopropellant in an operational system must occur at either vacuum
(spacecraft propulsion) or near-vacuum (F-16 EPU power generation) conditions. This,
combined with the limitations of the vacuum/pressure chamber used, prompted an analysis of the
effect of pressure on ignition; depending on chamber component alignment, the achievable
“vacuum” pressure varies between trials and, thus, the consequence of this pressure differential
must be explored. The ignition of AF-M315EM at pressures varying from vacuum to ambient
was investigated. Figure 28 displays the plasma flames shortly after ignition at the chamber
pressures tested.

Figure 28. Ignition of AF-M315EM at pressures: 14.4 psi (left), 6.83 psi (center), and 4.0 psi (right) at 330 W.

Surprisingly, at low pressures the required input power is not dependent on chamber pressure; in
all cases tested, the monopropellant ignited at or around 330 W microwave power. The chamber
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pressure does seem to have an effect on the flame size and resulting composition products. At
ambient pressure (14.3 psi), the plasma flame produced is much larger, less stable, and does not
appear to be confined to the torch tip, relative to the jet produced below ambient pressure.
Additionally, the flame is primarily orange with hints of green near the top. Below ambient
pressure conditions, the plasma flame appears bluish-green. The difference in color is a result of
the different elemental and molecular species resulting from combustion. The lower the pressure,
the lower the boiling point of liquid and, thus, at lower pressures, water evaporates more readily.
The variation in flame color could be a result of increased evaporative effects, but a
spectroscopic analysis would need to be performed to determine the exact cause and composition
of combustion gases. The reaction mechanism, leading to this distinct flame coloration, also
contributes to size of the plasma discharge.
Additionally, the chamber pressure affects the optimal flow rate required for ignition. At
pressures below ambient, AF-M315EM is instantaneously ignited with a propellant flow rate as
low as 1 mL/min, but at ambient pressure, ignition and sustained combustion is significantly
delayed at this flow rate. Propellant injection must occur at a minimum of 3 mL/min at ambient
conditions to ensure ignition at 330-W microwave power.

5.3 Input Power Dependency on HAN Concentration
An assessment was performed to determine the effectiveness of a microwave ignition scheme in
igniting various formulations of AF-M315E. Monopropellants with a water content of 11%
(standard AF-M315E), 34% (AF-M315EM), and 60% were tested at a flow rate of 1 mL/min at
4 psi to determine the minimum power required for ignition. Whereas with other ignition
schemes, for which a higher concentration of water leads to higher required input powers or
ignition delays, the microwave torch was capable of ignition the HAN-based monopropellants
with the same power input, regardless of concentration. All three blends ignited instantaneously
with 330-W microwave power. Increased water content did have an effect on flame size and
combustion gas production, with the highest concentration of water, and correspondingly lowest
concentration of HAN, yielding the smallest amount of combustion gases. This is expected, as a
lower HAN concentration results in less NO2 production, and hence, a slower reaction rate. The
plasma flame for each formulation of AF-M315E is shown in Figure 29.
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Figure 29. Ignition of AF-M315EM at water concentrations: 11% (left), 34% (center), and 60 % (right) at 330 W,
1 mL/min.

5.4 Optimal Flow Rate
Previous research at Penn State investigating ignition at ambient conditions determined the
optimal mass flow rate of AF-M315E to be between 2–5 mL/min. As mentioned in Section 5.2.1,
lowering the chamber pressure prior to ignition decreases the optimal flow rate and, thus, rates
between 0.5–4 mL/min were explored. By analyzing the amount of propellant splashed onto the
chamber walls and pooled on the boron nitride disk, a rough estimate of the optimal flow rate
was deduced. At 0.5 mL/min, too little propellant was metered to the torch tip to sustain a steady
flame, while at 4 mL/min excess fuel sprayed onto the chamber wall indicate this flow rate is too
high. The ideal flow rate lies between 1–3 mL/min, but the general lack of excess propellant in
the chamber when testing at 1 mL/min made this rate the primary choice for ignition assessment
experimentation and, therefore, is used in successive testing phases. Because a higher flow rate
would generate a greater amount of combustion products in a given amount of time, the
pressurization of the chamber would occur more quickly, which is an important parameter for
emergency operation. Future experimentation should investigate the effect of increasing the flow
rate as the chamber is allowed to pressurize (when the valve leading to the vacuum pump is
closed).

5.5 Burn Duration Assessment
5.5.1 Continuous Firing
The fuel tank of the EPU is capable of carrying 25.4 kg of H-70 propellant, enough to sustain 10
minutes of continuous emergency power. Maintaining existing infrastructure, an AF-M315EMdriven system would be capable of furnishing auxiliary power for a longer period of time due to
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its 45% increase in density over hydrazine. Therefore, a microwave plasma torch must be
adequately resilient to withstand the combustion temperatures of AF-M315EM for a minimum of
10 minutes. A test was performed to assess the length of time the inner molybdenum tube could
sustain a steady combustion reaction. At 4 psi and 327 W, AF-M315EM was ignited and the
reaction was sustained for a total of 15 continuous minutes before erosion of the tip resulted in a
less stable plasma flame; once the torch tip had eroded significantly, the plasma flame was no
longer restricted to the axial direction and began to have components in the radial direction.
Figure 30 demonstrates the effects of nozzle erosion by juxtaposing a new molybdenum tube
with the one subjected to AF-M315EM combustion for 15 minutes.

Figure 30. Inner molybdenum tube before and after 15-minute test firing.

While the torch tip does show significant signs of erosion after prolonged firing, it should be
stated that the molybdenum tube was capable of sustaining combustion for the time required by
the current F-16 EPU. To further extend the lifetime of the microwave torch, the thickness of the
molybdenum tube could be increased, keeping the inner diameter constant. The original PSMPT
was designed with two concentric conducting cylinders passing through the waveguide, the inner
tube carrying the liquid propellant and the outer tube carrying the helium gas. Because the
validation of a microwave ignitor depends on its ability to ignite ionic monopropellants without
the assistance of a catalyst, i.e., the helium, the need for the outer conducting tube becomes
obsolete. Before implementation into any prototype thruster, the microwave plasma torch should
be redesigned to include only the liquid propellent-carrying conducting tube. Without restriction
from the outer conductor, the thickness of the inner nozzle can be increased freely, and the
lifetime of the nozzle extended.
5.5.2 Intermittent Firing
A low-thrust spacecraft propulsion system utilizing microwave ignitor technology would employ
it differently than a turbine-driven power generator. Unlike an EPU, which must fire
continuously for a long period of time, a spacecraft would apply repeated, shorter-duration
expulsion of exhaust gases for attitude control or station-keeping maneuvers. Therefore, the burn
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duration for this kind of duty cycle was monitored. After 18 firings, totaling 413 seconds, the
torch tip remains capable of producing a steady, confined flame. Figure 31 displays the
molybdenum torch tip before and after testing.

Figure 31. Molybdenum torches before and after 18 firings, 413 sec. total.

The “before” tip is actually the other side of the conducting tube, which is not subjected to the
combustion reaction, but does interact with the fuel through attachment with the propellant feed
line. This is to show the oxidation on the tube is not from the decomposition reaction, but from
the interaction with the propellant. Additionally, after testing, it can be seen the molybdenum
near the tip melted and reformed, creating a lip-like structure. This is likely the result of
intermittent firing, during which a portion of the metal melted during a brief combustion period
and solidified between trials. This torch remains fully operational and will be used in future tests
as part of an ongoing assessment on torch lifetime.

5.6 Low-Temperature Testing
The final series of testing conducted for this thesis evaluates the possibility of ignition and any
possible associated delay thereof of AF-M315EM at low temperatures. It should be stated that,
upto this stage of research, the AF-M315EM used in experiment was formulated using 17-yearold AF-M315E from storage. This phase commenced with newly formulated AF-M315E, first
testing the theory that it would ignite at a lower input power than its older counterpart. At an
average pressure and ambient temperature of 1.08 psi and 23.6 °C, AF-M315E ignited at an
average (across four trials) microwave input power of 314 W, confirming the assumption.
Relative to the old AF-M315E, which ignited consistently at 330 W, the newly-formulated AFM315E is easier to ignite, likely due to a lack of absorption of airborne particles and long-term
propellant degradation, to which the older formulation was susceptible. The ignition and
sustained combustion of AF-M315E at 317 W, 311 W, 316 W, 313 W at near vacuum pressure is
shown in Figure 32.
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Figure 32. Ignition of newly formulated AF-M315E at 1.49, 0.93, 0.96, 0.97 psi with 317, 311, 316, 313 W, 2.45-GHz microwave
power, respectively, at 1 mL/min.

5.6.1 Low Temperature Ignition of AF-M315EM
The AF-M315EM employed in low temperature testing was concocted using this fresh batch of
AF-M315E. The temperature of the propellant was decreased over a series of trials to assess the
ignition and combustion characteristics at various low temperatures. As the ignition system
remains at ambient conditions, the temperature of the chilled propellant increases rather rapidly;
therefore, successive tests must be completed as quickly as possible, with the temperature of the
AF-M315EM being taken just before and just after a series of trials. Three series of four trials
each were conducted at starting chamber pressures and temperature ranges of 1.0 psi, 0.99 psi,
and 0.85 psi and −1.5 °C to 5 °C, −23.5°C to −11.5 °C, and −34°C to −8.2 °C, respectively. It
should be noted, for the last series of trials a majority of the propellant was spilled from the
vessel post-test, and the final temperature of only a minute amount of AF-M315EM could be
taken, making the final temperature of −8.2 °C inaccurate; the final temperature was likely
significantly lower.
Across the three series, in order of descending initial temperature, the input power required for
ignition was on average 320 W, 321 W, 324 W, respectively; i.e., across the coldest range of
temperatures, the average power to ignite the AF-M315EM was 324 W. While there may appear
to be a minor correlation between propellant temperature and power needed to ignite, this is not
necessarily the case. For each series, the fuel is ignited four separate times in relatively quick
succession, with the input power brought down to zero between each trial. As time progresses,
the temperature of the AF-M315EM gradually increases, meaning the propellant temperature
prior to injection is higher for the fourth trial than it is for the first trial in the series. The power
to ignite the propellant does not increase as a series of trials progresses, but rather fluctuates
randomly, i.e., the required microwave input power is not inversely proportional to the propellant
temperature. The ignition and combustion of AF-M315EM for the three series of varying
temperature ranges is shown in Figures 33, 34, and 35.

74

Figure 33. AF-M315EM ignition at temperatures from −1.5 °C to 5.0 °C in near vacuum, ascending temperature
and power to ignite, from left to right, 317 W, 324 W, 317 W, 320 W at 1 mL/min.

Figure 34. F-M315EM ignition at temperatures from −23.5 °C to −11.5 °C in near vacuum, ascending temperature
and power to ignite, from left to right, 320 W, 318 W, 323 W, 321 W at 1 mL/min.

Figure 35. AF-M315EM ignition at temperatures from −34 °C to −8.2 °C in near vacuum, ascending temperature
and power to ignite, from left to right, 320 W, 330 W, 311 W, 336 W at 1 mL/min.

The size of the plasma flame appears to decrease slightly with temperature. The latter two series
of tests are taken over a comparable temperature range and, therefore, the appearance of the
flame is similar, but the first series of tests is made across a higher temperature range and the
flame is noticeably larger. This could be a result of a reduced combustion temperature due to the
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lower temperature of reactants. While outside the scope of this thesis, Rayleigh scattering
spectroscopy is a necessary diagnostic to determine the actual flame temperature of each reaction
and compare the efficiency of combustion.
5.6.2 Crystallization Point of AF-M315EM
The plasma-torch-assisted microwave ignition scheme is capable of igniting AF-M315EM at
temperatures down to approximately −34 °C in a near vacuum with a required input power
comparable to that of straight AF-M315E at ambient temperature. It is probable such a system
could ignite AF-M315EM at even lower temperatures, i.e., the −40 °C operational capacity of
the current F-16 EPU, but the increased water content of the lower temperature blend increases
the glass transition temperature of AF-M315EM to anywhere between −30°C to −37 °C. It is
difficult to pinpoint the exact transitionary temperature with the current standard freezer and
handheld thermometer configuration, but as demonstrated in Figure 36, “ice” crystals are present
in the AF-M315EM solution at −30.6 °C. Significant crystallization (not pictured) occurred
around −37 °C.

Figure 36. Crystallization of AF-M315EM at around −31°C, from left to right, outside of bottle containing AFM315EM, ice crystals forming within the AF-M315EM, thermometer displaying onset of crystallization temperature.

The last series of low-temperature testing (starting at −34 °C) commenced with the injection of
AF-M315EM, which contained traces of ice crystals, into the combustion chamber; as
mentioned, it was capable of ignition at approximately 324 W. Additionally, no significant time
delay was observed in any case of low temperature testing, which, theoretically, would quality
the microwave ignitor for use in the EPU in terms of being capable of igniting AF-M315EM at
low temperatures. However, the presence of solid material in a system designed for fluids has the
potential to cause blockage and other problems, and for any real, operational engine, the
propellant should be fully fluid for active use. The issue then is not with the ignition scheme, but
rather the propellant itself; for operation in the F-16 EPU, either a lower-water-content blend of
AF-M315EM, with a lower freezing temperature, would need to be used, or some power from
the main engine would need to be allocated into heating the propellant from −40 °C to at least
−30 °C. In the case of main engine failure, the EPU is activated automatically within 2–3
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seconds, a time span brief enough for the AF-M315EM to maintain its higher temperature and
commence emergency operations. The heating of the propellant during EPU operation would
need to either come directly from emergency power, which would rob the engine of full utility,
or it could be achieved by radiating the heat from the combustion chamber to the propellant
chamber. In any case, a change in the current plans is necessary.
5.6.3 Assessment of Low Temperature Ignition of AF-M315EM
Unlike AF-M315E, which undergoes a glass transition at −80 °C, AF-M315EM crystallizes
between −30 °C and −37 °C and it is difficult to discern whether this phase change is a glass
transition of the entire solution or the result of the water freezing separately from the HAN and
reducing fuel component of AF-M315EM. If the latter is true, the propellant ignited around −34
°C would have been a higher concentration of HAN and fuel, as the water was extracted from
solution via solidification. Additionally, at any low temperature, the excess propellant droplets
sprayed onto the chamber walls did not possess the characteristic light pink color of AFM315E/AF-M315EM, but instead were colorless, as water. This observation leads to the
conjecture that the HAN and fuel component of AF-M315EM may be separating out of solution
and igniting, leaving behind the water. It is possible the sudden increase in temperature of the
propellant as it is exposed to the plasma flame causes a dissolution of AF-M315EM. The
implications of these findings are largely unknown, but one possible issue lies in the potential
too-high flame temperature and resultant too-high exhaust gas temperature. AF-M315E is diluted
with water to reduce its combustion temperature to a level that is compatible with the turbine in
the F-16 EPU; if the water separates out of solution, the remaining oxidizer and fuel might
combust at a temperature higher then intended, damaging downstream components. Before any
of these claims can be validated or disproved, however, the composition of “frozen” AFM315EM and low-temperature reaction products, along with the associated flame temperature
would need to be verified using spectroscopy.
In terms of whether or not a microwave ignitor is capable of initiating decomposition of AFM315EM at low temperatures representative of flight conditions, the answer is that it can, and at
power levels comparable to those required to ignite room temperature AF-M315EM. The 2.45GHz plasma-torch-assisted microwave ignition scheme is once again verified as an versatile
ignition tool, first in terms of variable low-pressure chamber environment and ionic propellant
composition and water content, and now in terms of temperature. This proves the microwave
torch system as a widely applicable ignition scheme in a number of engines, including the F-16
EPU.
5.6.4 Troubleshooting Vacuum Chamber Leak
Up until the low-temperature testing phase of this research, the vacuum/pressure chamber was
experiencing an unknown leak, preventing the vacuum chamber from reaching a pressure below
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approximately 4 psia. During this phase of experimentation, the leak was deduced to be coming
from the miniscule gap between the smaller-diameter molybdenum tube and hole in the bottom
of the torch-holding Swagelok-Tee configuration through which it passes. A quick fix to this
dilemma was found in securing a small rubber band around the molybdenum tube at the location
where the tube protrudes from the Swagelok-Tee. The location of the leak is displayed in Figure
37.

Figure 37. Location of leak between molybdenum tube and hole in bottom of Swagelok-Tee.

A rubber band was used instead of an O-ring, as none were available with a small enough inner
diameter to fit securely around the molybdenum torch. In doing so, the minimum achievable
pressure dropped from around 4 psia to approximately 0.85–0.95 psia, which much more closely
simulates flight-altitude pressures.
For high pressure testing in the future, the torch–Swagelok-Tee apparatus requires a reconfiguration to prevent the smaller diameter molybdenum torch, which currently moves freely
through the mechanism, from being forced out of the bottom of the Tee. In this case, a ferrule
will be secured to the molybdenum tube and held in place with the corresponding cap and body
components from Conax. The propellant feed line will be secured to the torch using another
ferrule and cap. Not only will this new configuration hold the torch in place, but it will also
provide a more robust, high-pressure means of sealing potential leak sites within the torch–
Swagelok-Tee apparatus.
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Chapter 6: Conclusions
6.1 Summary
In light of the recent shift in the aerospace industry from hydrazine to green monopropellants for
low-thrust maneuvers, the government is investigating the replacement of the hydrazine-based
fuel, H-70, in the emergency power unit of the F-16 with a lower temperature blend of the Air
Force Research Lab-developed AF-M315E green monopropellant. Current catalysts are
incapable of initiating decomposition of this green alternative without being preheated. Not only
is their lifetime severely limited when operating with this high-temperature monopropellant, but
the time delay associated with catalyst preheat bars their implementation in an emergency
system, which requires near-instantaneous response time. A potential solution to this conundrum
lies in microwave plasma torch technology, where, in this case, a central conducting tube passes
through a waveguide at the location of an electric field antinode and generates a strong enough
flux to ignite an ionic liquid monopropellant at 2.45 GHz. The mechanics of ionic liquid
propellant ignition with electromagnetic radiation allow for its near instantaneous ignition with
as little as 330 W of microwave power, eliminating the time constraint associated with catalystdriven propulsion systems.
In general, lower temperature formulations of an ionic liquid are more difficult to ignite, given
its increased water content. The microwave ignitor has proven its effectiveness in indiscriminate
ignition; not only can this system initiate decomposition of different formulations of HAN-based
monopropellant (diluted blends of AF-M315E) at different low pressures, but it accomplishes
this at the same input power level of 330 W, increasing its applicability. In contrast, catalystbased monopropellant decomposition systems must be specially designed to operate with
individual ionic salt blends and their varying compositions, limiting their application in
functional engines and increasing research costs; with every new energetic, high-temperature
monopropellant developed, a new catalyst would need to be designed to operate with that
particular formulation. As demonstrated in this research, this specification is avoided with a
microwave ignition scheme.
A plasma-torch assisted microwave system, like the one used in this research, provides a more
efficient and more general means of igniting ionic monopropellants. As previously mentioned,
the utility of a microwave ignitor is not specific to one ionic propellant and its
efficiency/effectiveness is not severely limited, as it is with a high-temperature catalyst working
with a specific high-temperature propellant. In contrast to thermal decomposition systems,
including electrolytic decomposition, a microwave ignitor is capable of initiating decomposition
instantaneously because it induces reactions between the fuel and oxidizer components, whereas
the water remains in solution. In other words, with thermal decomposition, a majority of the
water in a monopropellant must be boiled off before the combustion reaction commences,
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increasing ignition delay and also negating the impact of a higher water concentration on flame
temperature. The ability of the microwave plasma torch to ignite ionic monopropellants in their
fully saturated form is a result of the electromagnetic field component acting on the fluid. The
current induced within the liquid not only induces ohmic heating and increases the overall
temperature of the solution, but also facilitates ion migration, which triggers a multi-step reaction
between the ionic elements of the dissociated HAN and ultimately results in combustion. In this
way, HAN decomposition begins immediately as the electric field is applied.
Because the merits of a torch-assisted microwave ignitor over other forms of ionic liquid ignition
are well-established, the U.S. government is interested in evaluating its applicability to certain
systems, such as in the F-16 EPU. The main objectives of this thesis were to analyze certain
capabilities of a 2.45-GHz plasma torch microwave ignition scheme under conditions
representative of those experienced in the EPU at flight altitudes: if 1) a lower-combustiontemperature blend of AF-M315E could be ignited at relatively low power at near vacuum
pressure, 2) the required input power level varies significantly with pressure, temperature, and
propellant composition, and 3) AF-M315EM can be ignited at low temperatures characteristic of
flight altitude. Further this thesis examined whether 4) the molybdenum torch could physically
withstand 10 or more minutes of continuous firing, and 5) the optimal propellant flow rate varies
with these different conditions.
At pressures below ambient, the optimal flow rate of AF-M315EM through the microwave torch
was determined visually to be 1 mL/min, as indicated by the steady flame and lack of excess
propellant in the combustion chamber. At 0.5 mL/min, the rate of propellant supplied to the torch
is too low to maintain stable combustion, whereas at 2 mL/min a minute amount of propellant
spattered on the walls of the chamber demonstrated a flow rate that is too high. At ambient
pressure, however, a flow rate of 1 mL/min was too low to initiate combustion, requiring a flow
rate of 3 mL/min and implying optimal flow rate is a function of pressure. It is possible, then,
that the flow rate may need to be increased as the chamber pressure increases. While ignition of
the monopropellant on the F-16 will occur at low pressures, combustion must be sustained from
near vacuum to 300 psig, meaning the propellant flow rate will likely need to be adjusted as the
chamber pressurizes, adding a level of complexity to the experimental apparatus.
Further, the molybdenum-based torch was able to withstand 15 minutes of continuous
combustion and several shorter, yet prolonged burns of AF-M315EM at vacuum conditions. As
the F-16 EPU is currently capable of providing 10 minutes of continuous auxiliary power with
hydrazine, the capability of an extended burn duration upholds the credibility of a microwave
ignitor in the EPU. However, the total possible burn duration at operational chamber pressure of
300 psi also needs to be assessed before a such a microwave torch can be implemented into a
prototype engine.
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As predicted, the use of newly-formulated AF-M315E and AF-M315EM reduced the required
input power from approximately 330 W to 317 W, which is significant considering minimizing
power is an objective for all air and space missions. The reduced power required to ignite the
propellant equates to less mass in batteries and longer operational lifetime. Low-temperature
testing commenced with this fresh batch of AF-M315E/AF-M315EM, and while the microwave
ignitor proved its effectiveness at igniting AF-M315EM at temperatures ranging from −34 °C to
5 °C, with an average power of 322 W, the propellant itself begins to crystalize at temperature
between −30 °C and −37 °C; for this reason, ignition tests were not conducted down to the −40
°C temperature characteristic of F-16 cruise height. A spectroscopic analysis is required to
determine the exact onset of crystallization and the composition of “frozen” AF-M315EM, i.e.,
whether the water is freezing out of solution and forming the ice crystals or if the propellant is
freezing homogenously.
Establishing the microwave torch as a viable ignition scheme on the EPU aboard the F-16 is part
of an ongoing research study, and this thesis accomplished the first phase of the testing necessary
to do so. The 2.45-GHz microwave ignitor is capable of igniting AF-M315EM at low
temperatures and low/near-vacuum pressures and also other formulations of AF-M315EM with
increased water content, all at a consistent power of around 320 W. Additionally, across all tests
performed, AF-M315E/AF-M315EM combustion was sustained using 301-W microwave power,
indicating that, if reflected power could be decreased prior to ignition, this lower power level
may be sufficient to ignite the propellant. Also, regardless of the parameters tested, reflected
power, once the plasma load had formed, was approximately 6 W, equating to an energy
absorption efficiency of around 98%. Overall, a microwave ignition scheme has been validated
as practical means of AF-M315EM ignition, but future testing, especially at higher pressures, is
required to truly certify it as viable.

6.2 Future Work and Recommendations
As part of a continuing effort to assess the feasibility of replacing a preheated catalyst-hydrazine
system with a microwave-ignited, green-monopropellant system in the EPU of the F-16, several
phases of the project remain to be completed in the future. The next step in the process involves
high-pressure testing, during which the combustion characteristics of AF-M315EM, the time to
full chamber pressurization, and the burn duration of the torch at high pressures must be
assessed. If the ignition scheme is capable of meeting or exceeding the objectives currently
achieved by the catalyst-hydrazine system, the project will proceed to the next phase: reducing
the length/number of waveguide transmission lines in order to minimize power loss from the
source (microwave generator) to the load (plasma flame). While the attenuation constant for
waveguides is relatively low, it is non-trivial, and by maximizing power transmitted, the required
input power is reduced to its minimum possible value. From this point, the magnetron
microwave generator will be replaced with a series of solid-state power amplifiers, which are far
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more compact and much lighter in weight. The SSPAs will coupled together using a power
combiner to achieved the minimum input power requirement of the microwave torch ignition
system.
The implementation of a microwave ignitor into an EPU depends greatly on the required nearinstantaneous response time. While ignition is essentially instantaneous, the time delay
associated with reaching operating chamber pressure is non-negligible and varies depending on
chamber volume. Therefore, the ignition of AF-M315EM must be tested in a chamber with the
same volume as that aboard the F-16. This way, the measured time delay reflects the actual
duration of chamber pressurization incurred in the emergency power unit of the F-16.
Once the major logistical concerns are mitigated, a more quantitative qualification of ignition
parameters should be established. Decomposition and combustion of the ionic monopropellant,
optimal flow rate, and time delay were all verified visually. To increase the accuracy of these
findings and to determine the flame temperature, combustion product composition, and
completeness of combustion, optic diagnostics should be included in the testing configuration.
Spectroscopy, particularly Rayleigh scattering, is a useful tool for measuring the flame
temperature of a plasma and could be implemented to deduce the composition of combustion
products. Together, these parameters quantitatively resolve the completeness of combustion and
could assist in the determination of the optimal mass flow rate. Additionally, the flame
temperature could be used to calculate the specific impulse of AF-M315EM and quantify
potential thruster performance.
To get a more accurate measure of the ignition delay, a high-speed camera should be used, in
conjunction with a spectrometer, to capture the exact moment of ignition. By visual cue, ignition
appears instantaneous, but there may be a time delay on the order of milliseconds. In terms of
EPU operation, this is insignificant, as tolerated time delay is between 2–3 seconds, but for
comparison to other potential non-catalytic ignition schemes, this parameter is important in
comparing the ignition characteristics.
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Appendix
A. Determination of Pressure Chamber Dimensions
For a pressure chamber of this design to withstand 300 psi, resultant stresses in the cylinder and
in the threaded rods must be below the yield stress of the composing materials, with a factor of
safety (FOS) of at least two.
A.1 Cylindrical Stress Evaluation
In order to conduct thin-wall pressure vessel stress analysis, the radius-to-thickness ratio must be
greater than or equal to 10. Therefore, the dimensions of the cylinder must meet this criterion, in
addition to providing the structural integrity to withstand 300 psi of internal pressure. The
stresses acting on a thin-walled cylindrical shell occur in the circumferential, or hoop, and
longitudinal directions. The hoop stress acting perpendicular to the cylinder wall is assumed
constant in the radial and tangential direction. Thin-wall stress analysis predicts the calculated
stress to be 4% less than the actual maximum stress is the vessel, which results in the 0.96 term
in the denominator of Equation 1, the equation for the hoop stress, where 𝑃 is the applied internal
pressure, 𝑟inner is the inner radius, and 𝑡 is the thickness.67
𝜎1 =

𝑃 ∙ 𝑟inner
0.96 ∙ 𝑡

(1)

The longitudinal stress is simply twice the hoop stress and is given in Equation 2.
𝜎2 =

𝑃 ∙ 𝑟inner
0.96 ∙ 2𝑡

(2)

The calculated hoop stress is compared against the yield stress of PMMA. For a cylinder with an
inner and outer diameter of 5″ and 5.5″, respectively, the radius-to thickness ratio is 10 and the
resulting stress and factor of safety is given in Table 1.
Table 1. Comparison of hoop stress to yield stress of PMMA.68

Hoop Stress (psi)
3125

Yield Stress of PMMA (psi)
6381.66

FOS
2.042

A.2 Threaded Rod Stress Evaluation
The longitudinal force acting on the cylindrical tube is calculated by multiplying the longitudinal
stress by the cross-sectional area of the cylinder, as shown in Equation 3.
𝐹𝑐𝑦𝑙 = 𝜎2 [𝜋( 𝑟outer − 𝑟inner )2 ]

(3)
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The force acting on the end plate is the applied internal pressure multiplied by the area exposed
to the applied pressure. Since the O-ring is responsible for sealing the pressure vessel, this area is
a function of the mean O-ring diameter and not the inner radius of the tube.
𝐹plate = 𝑃[𝜋( 𝑟O−ringmean )2 ]

(4)

The force carried in the containing threaded rods is then simply the sum of the force of the
cylinder acting in the longitudinal direction and the force acting on the end plate.
𝐹rods = 𝐹cyl + 𝐹plate

(5)

To find the stress in the threaded rods, the force in the rods is divided by the tensile stress area of
a given rod diameter. The tensile stress area differs with the diameter and thread count per inch
of a threaded rod. These standardized values are given in Table 2.
𝜎rods =

𝐹rods
𝐴TS

(6)

The stress in each rod is a function of the number of rods holding the chamber together, and
ultimately six rods were chosen due to this number’s compatibility with the preexisting end
plates. The size of the rods was chosen based on which provided the highest factor of safety,
while maintaining a small enough diameter. The aluminum end plates were previously used to
cap off a six-inch-diameter vacuum chamber, and had six holes drilled through its outer
perimeter; these holes could be expanded to accommodate a larger threaded rod, but enlargement
was limited due to their proximity to the plate’s edge.
The stress in each rod is divided by its material’s yield stress to provide a factor of safety.
FOS =

𝜎rod
𝜎𝑦

(7)

Starting with the preexisting hole size and ending with a hole size that might compromise the
structural integrity of the end plate, resultant stresses are calculated for Grade 7 and Grade 8 steel
threaded rods. The results are summarized in Table 2. The rod size selected was 3/8″-24, as it
provided a factor of safety greater than 4, while maintaining a small enough diameter to work
with the components already in place.
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Table 2. Parameters to determine most suitable threaded rod size and material.69,70

Yield Tensile
Tensile
Rod
Stress Stress
Stress
Rod Size Diameter
(ksi) (ksi)
Area
(in.)
Grade Grade
(sq. in.)
8
8
1/4″-20
0.25
0.0318 130
150
5/16″-18 0.3125
0.0524 130
150
3/8″-16
0.375
0.0775 130
150
3/8″-24
0.375
0.0878 130
150
7/16″-20 0.4375
0.1187 130
150

Yield
Stress
(ksi)
Grade
B7
105
105
105
105
105

Tensile
Stress
(ksi)
Grade
B7
120
120
120
120
120

FOSStress in FOSGrade
each rod Grade 8
B7 (6
(psi)
(6 rods)
rods)
77933.94
47295.79
31978.06
28226.64
20878.68

1.6681
2.7487
4.0653
4.6056
6.2264

1.3473
2.2201
3.2835
3.7199
5.0291
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