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Research on a microwave ignition system was conducted at The Pennsylvania State University to
investigate the possibility of replacing traditional catalyst beds withalternative ignition scheme for
green monopropellants. These highly energetic ionic liquids promise to offer higher performance, safety,
energy density, and system simplification if an igniter could be developed to withstand the elevated
combustion tenperatures. The microwave igniter was built upon previous féghperature microwave
plasma torch research, using an optimized experimental setup to maximizepbigability for
monopropellant ignition under ambient atmospheric conditions. The ignition esyspropagates
microwave energy at 2.45 GHz through rectangular waveguides ihEenode where it encounters a
tunable sliding short and establishes a standing wave. A conducting monopropellant feed line protrudes
through the wide walls of the waveguidg an antinode location, amplifies the local electric field, and
delivers the required breakdown energy into the propellant at 99% efficiency. Prior research indicates
that the microwave energy deposited into the ionic liquid causes it to ignite due tmrdioation of

ohmic heating and ion migration. The primary areas of interest during experimentation focused on:
verification of ignition without a catalyst, demonstration of sustained combustion, optimization of
propellant flow rate, and extension of tordifietime expectancy.

The experimental setup for the microwave ignition system is described in detail. Initial tests progressed
in steps toward monopropellant ignition by first demonstrating the formation ¢4 8ch plasma jets
formed by pumping helium tlough the torch. Four separate formulations of monopropellant ignited
and sustained combustion by injection into the helium plasma. The helium was then shut off and
combustion of the monopropellants continued, proving that the torch could sustain ignitithhout the

helium catalyst. The optimal flow rate for these tests was found to be betwegh rAL/min of
monopropellant at 500 W of input power.

Several issues were identified and addressed over the course of experimentation. Plasma exiting the
torch atodd angles was found to be the result of imperfect tooling and was fixed with extra polishing
methods. Burn duration was drastically increased by switching the propellant tubes from stainless steel
to molybdenum. Electrical arcing from the torch tip to thgerture wall was eliminated by positioning

the nozzle outside of the waveguide. Ignition of the monopropellant without preheating or injection into
the plasma was hindered by unburnt propellant, or hot combustion gases, pooling in the waveguide
when theignition tests were performed vertically and upside down. Correati@asures are currently

being sought to prevent these fluids from entering the waveguide and robbing the torch of power.
Recommendations for future experiments include increased diagrs&i@mination of the air plasma,
further experimentation without the preheat method, and tradeoff studies between optimal flow rate
for combustion efficiency and lifetime expectancy.
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Table 1: Standard rectangular waveguide data
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AmplitudeConstant
Wide Wall Waveguide Width, cm

Propagation Constant
Waveguide Height, cm

Total Diffusion Rate

Complex Electric Field Intensiy/m
Permittivity, F/m

Frequency, Hz

Cutoff Frequency, Hz

Reflection Coefficient

Complex Magnetic Field Intensity, A/m
Wavenumber, cm

Characteristic Diffusion Length, m

Wavelengthm
Guide Wavelength, cm

Permeability, H/m
Electron concentration, m

Field Radian Frequency, rad/s
Average Power, W

Power, W

Time, s

Incident Voltage, V

Reflected Voltage, V

lon Production Rate

Load ImpedanceW

Characteristic Impedanca/V
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enthusiasts alikehave strived to extend their reach towards the stars by developing improved
propellantswith increased performanceé Over the pastcentury, improvements in liquid fuels have
pushed performance by increasing thwopellant specific impulse density, and storability while
optimizing the formulatiorfor specificoperational mission types and duratiorSver the years, these
fuels have evolved iothighly energetic propellants, which are prized for their ease of ignition (with or
without an oxidizer), high performance, reduced system weight, and mission flexibility.

Environmental concernshowever,have taken a back seat to improvements in fuelfpagnance since

the declaration of a space race in the 1950s. The corrosiveness and toxicity of propellants, their effects

on the environment, andheir damaging consequences to workevere considered amall bump in the

road in the pursuit of space expltion. Today 8 2 OASGe KFa F Y2NB @GAIAt vy
relationship with the environment and acknowledgde damaging impactaused by our historical
technological progressiorWorld leaders now recognizelimate change species extinctionozone

depletion, and cecinogenic toxins as major causes for concern. Major efforts have arisen within NASA

and otherforeign space agencids reduce the effectghat future space technologiewill haveon the

environment one such project is the development green fuel technologyto power the next

generation spacecraft

Currently, high energy density ionic liguitsve been making breakthrough advances towards replacing
the toxic propellans of choice, hydrazineand ammonium perchloratéAP) with safer, enironmentally
friendly alternatives. Two such propellanammonium dinitramide(ADN)and hydroxylammonium
nitrate (HAN) are monopropellanttechnologiesthat have been maturing and closing in on the
technology readiness level of previous propellartiwever, new ignition technologies need to be
integrated into current thruster designs to handlee increased combustion temperature and progress
the technologyfurther. This thesiaddresses a novel ignition approatttat ignitesHAN and ADMased
greenpropellants by the use of electromagnetic wawe a microwave torch.

1.1 The Need for Environmentally Green Access to Space

Hydrazine and AP, two of the most common propellants in use, are only the latest products to be
utilized in a constantly evolving prejfant market.The development and use dfiese hazardous fuels
stemmed from the search for new propellants to fix the drawbackesaplier systems.



Thefirst liquid fuels such aghoseused by Goddardmixed petroleum derivativesuch aggasoline and
kerosene with liquid oxygen to achieve combustidrhesefuels fall under the cryogenic class of
propellants which are still in wide use today in modern firsind seconestage engines such as the
SpaceX Merlin engin@he petroleum derivativesvhen pumpedthrough the engine for regenerative
cooling partially burn and leave a problematic residue consisting of sulfur, olefins, and aromatics
deposited in the fuel lines. Buildup in the turbo pumps and regenerative cooling feedldiagsto
decreased performnce and the possibility of engine faildr&he cryogenic class also contains the liquid
oxygen (LOX)/liquid hydrogen @.hpropellant combination, whicks actually the most environmentally
friendly. However, liquid hydrogen is not sufficiently denshich leads to a tank volume four times as
large for a given propellant mass than for other fuel/oxidizer combinatidnsgeneral, the cryogenic
class as a whole suffers from leakage problems and boil off, which require the pressure of the system to
be constantly monitored and the tanks incrementally refilled until launthis eliminates the entire
class from use on londuration and interplanetary missiongjith mission duratiormeasured in years
Overall, the extremely low temperatures dfi@ cryogeris make themhard to handleand eventually
promptedthe development ofx class otorablefuels.®

Many ofthe first storableliquid propellantsthat were developed used nitric acid, a highly corrosive,
toxic, oxidizingagent? Nitric acid was added to &ting petroleum propéants, such asgasoline to

make it storable however, the combination had combustion instability problems that would only be
solved with the addition of aniline. The aniline had an additional benefit of being hypergolic with nitric
acid, meaning that common jet fuel or gasoline with an aniline additive would ignite on contact with the
nitric acid, eliminating the need for an igniter and improving restarcentages.

While variousstorableliquid fuels were being designed and testadthe early 1940s, the most prolific
storable solid rocket propellant ammonium perchlorate was beginning to replacepotassium
perchlorate as the oxidizer of choic€he discovery of AP led to the design of large solid propellant

motors, which powered everything from the Polaris missiles to the Sp#alZ8 Gt SQa a2t A

boosters® AP has been prizedver the yearsfor its great performance characteristics and is still
commonly used todayHowever, its prolonged use througthe decadeshas led toperchlorate
contamination andconsiderable damage to the environmenh Advances in Spacecraft Technologies
Larsson and Wingborg describe a workshop organized in 2009 by the US Department of Defense
labeled AP as a key environmental, $gfe@nd occupational health issd@he widespread use of ARs

led to a dispersal of perchlorate anions into the environment where they find their way into drinking
water supplies. The perchlorate becomes harmful to humans in high concentrations, whéere i
mistaken as iodine by the body and leads to thyroid gland issues. Apart from perchlorate leeching into
the groundwater, AP combustion produces enormous amounts of hydrochloric acid, up to 580 tons of
the concentrateccorrosive agent for every launchi the Space Shuttle.

Returning toliquid propellants, the late 1940s and early 1950s saw the extended use nawly
developed formulation,hydrazine in various combinations as a versatile and storable mono or
bipropellant® Hydrazine is characterized taxtreme reactivity as a reducing agent and can thermally
decompose in the presence of a common metal catablgwingit to combust without an igniter. This
provided ease of ignition, reliable performance, and the simplityequiring only a singlerppellant
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tank onboard the spacecraftvhich reduces systemmassp | @ RN} T Ay SQa dzasS Fa | Y
allowed for thruster simplicity, repeatable firings, and reduced plumbing and pdmsincrease the

propellaniQ &pecific thrust,hydrazinecould aso be used in combination wh an oxidizersuch as

nitrogen tetroxide in a bipropellant mode that would ignite the mixture upon contact withie

combustion chamberAnhydroushydrazin®d & G 6 A £ A (i Bas beghfavoradii tNg spdcé A ( &
industry for a long timend has landed prominentroles from the main fuel in the Proton rocket to the
auxiliarypower unitson the Space Shuttledydrazine fuetanbe stored for long periods of time with

little to no decompositia, meaningt findsa perfect rolein satellite station keeping and long endurance
missions.The propellant isnsensitive to shock and friction and presents no explosasard compared

to the first storable propellants.

In the past few decadesiowever hydrazine has been attracting more attention for its toxic properties
than for its timetested performance characteristics. To date, hydrazine is one of the most hazardous
chemicals used in the space industitye to its toxicity, reactivity, and flammaity. It has been listed by

the American Conference of Governmental Industrial Hygienists and the International Agency for
Research on cancer as a caogjan!’ Direct contact can causserious burns and lesionsg during
handling, theworkers are requied to wearfull protective clothing including a setbntained breathing

F LILJ NF Gdza G2 | @2AR RI YLl 3AyME additios hedcdrivsive dhemicdkOshdza Y S
undergo a dangerous catalytic process when exposed to common metals such as keh,rast, and
copper oxide. If an anhydrous hydrazine leak encounters a rusty bolt, sawdust, rags, paper, and other
common materials it can burst into flame in the open atmosphere and burn like gaddlimeever, the

main problemthat this propellantcauses to spacecraft operatiofis itsscrupulous handling procedures.

¢t KS aASNA2dAaAy Saa @dAdb&sedrdudngttie yaldidg operatidnd cdDtheiSpace Shuttle.

Upon landing, a 4850 minute procedure to check for trace amounts of hydrazineitsdxidizemwould

begin The procedure requidk about 150 trained personnetquipped in full protective attire and

breathing apparatusi 2 a &l ¥FS¢ GKS 2NDAGSN 0 &oudRtheRudebieiayidd (2 E A
flush residual explosive/toxic fumes out of the payload bay and other caviigs:. the area in and

around the orbiter is safe, the crew can finally exit the veHicle.

As these propellants evolved, the push for a more versatiteable, and high performance fuel has led

to increasingly toxic, corrosive, and carcinogenic fuels. The next generation propellant technology needs
to address the environmental issues that the space racenegsected while continuing improvements

in storability, specific impulse, and energy densithecreation of a low sensitivity, low toxicity, non
carcinogenic, and environmentally benign fuel that can perform similarly to current propellant
technologywould actually lower the cost of accessing spatais is because theost of the propellant

is small in comparison to the launch costs, but the cost of operations and handling of propellants is still a
major concern when dealing with cryogenic and toxic propellaAtsess toxic propellant with simpéti
handling and transportation would redudhe cost for fueling operations. Herefore, the improved
performance and increased safety of a next generation green propellant would lower mission costs and
provide an environmentally friendly alternatite the current toxic technology. The European Space
Agency recently studied the economic benefits of suéheh anddecided that it was worth investing in
green hydrazine substitutes for future missiof®ecent green fuel combinations on the horizon have
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proven that the future trendin propellant technologyseens to be a propellanthat provides abenefit
to launch cost and environmental stability?

1.2 Current Green Alternatives

In order for any greefuel to be consideredisa viablealternative, it mustbe anenvironmentally benign
propellant that performs comparablyor better than the current hydrazine fuelthat have come to
dominate spacecraft monaand bipropellant propulsion system$he next generation green fuel must
improve system simplificatiorby minimizang risks associated with toxicity, thermal management,
operational handling complexity, and hazardous contamination of the environfh@ntrently, the Air

Force Research Laboratory (AFRL), N&®khn Research Center (NGR@&nd the Swedish Space
Corporation (SSCare working on energetic formulationthat could replace the traditional storable
propellants with higher performance/logr toxicity compoundsthat meet those requirements for a
next-generation green fuelThese efforts have focused on aw class of monopropellantonsisting of

fuel and an oxidizing salt dissolved in water to form a stable limodopropellant. The United States

has focused on using an energetic formulation of hydroxylammonium nitrate (HAN) with a fuel such as
alcohol, ¢hanol, or glycine in a wated 8 SR a2t dziaz2y 6KAfS {6SRSyQa
dinitranide (ADN with methanol, ammoniaand waterto create an ionic liquid monopropellanBoth

fuels have made huge leaps in advancing their technology readiness levehepast years to prepare

F2NJ RSY2YA0GNF 2N FEXIHKaADYy { a6ROFEDAT dAWLY aRSY2yail
performance over hydrazine during its debut launch and the United States hopes to follow with their
HAN demonstrator nssion slated todunch in 2015 The improvements insafety, storability,and
performanceof both of these new monopropellant@re compared against hydrazine in the following
sections.

1.2.1 Safety

A safe propellant is defined by its reduced risk to crew and handling personnem@&isa reduced

risk of toxicity, explosive vapors, shock sensitivity, and hazardous environmental contamination.
Ultimately, a safe propellant will reduce launch costs d$implifying handling and transportation
procedures reducing the cost of fueling operations, and limiting the amount of disposable waste

Both propellants have significantly reduced toxicity when compavig hydrazine and are classified as
relatively benign.The biggest advantage of the ionic liquid monopropellants in terms of safety is their
formulation. The addition of water to these oxidizing salt/fuel mixtures attracts the energetic salt ions
and acts as ainding agent, preventing them from escaping in a hazardous V4p®he non-
carcinogenic, low toxic fuels reduce hazardous handling and cleanup Aeseen inFigurel, the only
personal protection equipment needed to handle these propellants is simple protective cldikéng
safety goggles and gloves.



Figurel: Student handling 13% molar HAN and water

In addition, heir insensitivity to shock, friction, and sparking altothese green monopropellants be
transported on commercial vehicles including commercial air carriers to reduce shipping@odtse
PRISM project, all loading of the AbBksed fuel was declared ndhazardous operations by Range
Safety and only required 3 kg of ntoxic waste removal compared to the 470 kg of toxic waste
produced by thecomparablehydrazine system. This meant the propellant, fueling, and transportation of
the ADNbased propellant@st one-third as much as the same propulsion system using hydrdZihe.

1.2.2 Storability

Spacecraft need to hold fuel in their propellant tanks over the course of thé&sionlifetime. The
mission duration, sometimes exceeding 10 years or more, is defined by the length afuiingwhich
they can use their fuel tetation keep When facoring inthat manyspacecraft are fueled weeks before
launch it becomes evident that thgreen propellants must be storage stable in a range of ambient
temperature and humidity conditions over many ye&t3hrough extensive testing, both HAN and ADN
have met the storability requirements and are not reactive with the common propellant tardgenimg
they can use predesigned tanks from previous propulsion systems.haBNiad the most extensive
testing, with an ongoing test of a simplified version of a satellite propulsion system that has been
running continuouslyfor more than three years withat any signs of degradation or pressure buildup.
There are reports that indicate ABhsed propellants are storable for more than 20 years within the
operating temperaturé! The low freezing point of the monopropellants also allows the reduction of
equipment by eliminating the need for tank and line heaters to keep the temperature of the fuel
constant.



1.2.3 Performance

Over the pastcentury, liquid fuels have drastically improvday increasing the specific impulse and
propellant density the key measures of ket performanceRockets and satellite propulsion systems
FNBE 3ISySNrffte @2fdzyS tAYAGSR a2 Ad A& ONMUzOALI f
propellant can extend the range of the propulsion system and reduce the need for fegeyfuel
tanks. The specific impulseds, is a measure of thrust provided for a given mass flow rate of the
propellant. Becausds, is proportional to the squareroot of the ratio of flame temperature to
combustionproductmolecularweight, the specific impskeparameteris maximized by a propellant with
high combustion temperatures and low molecular weight.

When trying to determine the performance of ionic liquid propellantse fuel component of the
monopropellant, such as alcohol, ethanol, or glycine,ed®ines the overall performance of the
monopropellant Therefore, fueheavy formulations within the ADN and HABsed propellants will
have the highest energy densities. HAN mixtures have been found to perform up to 25% better than
hydrazine, but are cuently limited to a smaller performance increadgecauseof the existing catalyst
technology™® The HANbased monopropellanthiave combustiortemperatures well above hydrazine
which leads to a high specific impulse of up to 269 secéhufsaddition, the HAN mixtures are 40%
denser than hydrazinavhich saves on tank volum@ADN mixtures have performed similarly, and with
current thruster designs, achieved a 6% higher specific impulse and g2dé&ter density than
hydrazine!’ The increasedspecific impulse and density of these monopropellants means that the
thrusters can have an extended missemd/or reduced tank volume.

1.3 Motivation for Microwave Ignition

Currently, monopropellants are passed over a catalyst bed to obtain ignition. Howtbeeextreme
combustion temperaturegF2200°C)of the higherperformance ionic liquid propellanisose significant
problems to the current catalyst bed technology. Even stitéhe art catalysts have na&ndured more

than a few seconds of run time witthe highest perfoming formulations of ADN and HANThe
common Shelll05 iridium catalyst has to be used with less energetic HAN and ADN formulations to
reduce degradation of the catalyst bed and ensure thruster lifespan. The high combustion tempgrature
sinter the catalyst and rapidly decreases the catalytic surface area, leading to pressure spikés, and
propellant flow is not stopped, an eventual pooling and subsequent detonation of the thriister.

Current catalyst besland supports would have to dergo extreme engineeringhangesfor them to
create a new system that can survive longer iis thew combustion environmentHowever, even if
these catalyst bedsould beeasilyengineered there would not be a single solution to all of the ignition
problems.Aqueous ionic propellants are notoriously difficult to ignite (a safety feature) and require new
ignitions schemeshat have a higher ignition poinResearch haalsoshown that different HAN, fuel,
and water combinations require different ignitioerhperatures and reaction rates when passed over
the same catalyst-or instance, a glycirend-HAN combination that works well with one catalyst may
work poorly when the fuel is changed methanol. Thigmplies that a separate catalyst needs to be



developed for each specific monopropellant formulatiogreasing the cost because of specialization of
parts for individual formula$>*®

Due to the difficulty of fabricating a single ignition system for each propellant formulation irtigla
temperature catalyst bed NASA has begun conducting studies on alternative ignition schemes such as
laserinduced spark ignition and hatire ignition? Another ignition concept, which thihesisfocuses

on, is the ignition of HAN and AEMdsed monopropellants Wi 2.45GHz microwave energy, an
industrial heating source. Microwave energy ignition systems do not rely on the chemical reaction
between a certain catalyst metal and the monopropellant, thm®regniting all formulations of the
agueous solution indiscrimately. Since the performance of the ionic liquid monopropellants is based
on the HAN/ADMNo-fuel ratio, the performance and energy density of thepellants could increase
because very little of the microwave ignition system components come into comiglctthe high
combustion temperatures The PRISMAmission operated at half of its totalspecific impulse
improvements over hydrazine because the catalyst bed wak developed enough for higher
performance formulas™ A microwave ignition system would allothe thrusters to use the more
energetic formulations of monopropellants to achieve maximum performatdse of a microwave
ignition system can also reduce overall thrusteassby elimination of the catalyst bed.

1.4 Previous Research

For over 20 years therbas been active research intnicrowaveignition systems, generally used to
ignite plasmas foindustrial purposes such amaterial cutting, surface processingnd gas heating.
These plasma torches operate trgnsferring microwave energy at 2.45Hz, an industrial heatirend

the microwave overfrequency, to a propellant gas. Research on microwave teffitiencysince 2002

at The Pennsylvania State Univerditgs led to the development of an efficient torch referred to as the
Penn State Microwav Plasma Torch (PSMPT).this design, electromagnetic energy is transmitted
through a waveguidé¢o the jet of propellant emanating from the tip of a central conducting tube that
protrudes from the walls. The intensified electric field at the tip accédsralectrons which, in turn,
transfer their energy to the gaseous propellant through collisions, creating an influx of charged particles
and igniting a plasm¥ Microwave torches with this setup have been proven to sustain microwave
plasma and microwavo-plasma couplingefficiencies close to 1008%.Further experimentation
conducted in PennStateQa t NB LJdzf aA 2y 9y 3 A HE Nadmgd the @edhtirSior NJO K
Combustion, Power and Propulsjdms proven that HAMased monopropellants can be ignitadhen
irradiated by the microwave energy typical of these torcles.

It is assumed that the PSMPT can ignite ionic liquid monopropellants through two processes: ohmic
heating andion migration. Research on the Liquid Gun Program showed that the transmision
electrical energy through HAbhsed monopropellant with a certain electrical resistivity produces heat.

If the propellant absorbs enough heat it will rapidly decompose. The program continued its investigation
into HANbasedpropellantignition and founl that the electric field directs cations and anions dissolved

in the solution into different directions. After the concentration of the nitrate ions reaches a tipping
point, it initiates a chemical reactiathat leads to ignitiorf° Both of these processetheoretically take
placein the increased electric fieldt the microwave torch tip.
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A recent study has found that the electric field generated by the microwave torch may also increase the
completeness of combustionin 2011, a group of researchestudying the benefits of applying
electromagnetic energy to a combustion reaction discovered that it results in faster and more intense
chemical energy conversion, increased flame stability, pollution reduction, increased fuel efficiency, and
more reliable andrapid ignition?* Their experiment used a microwave plasma torchirtitiate and
sustain thecombustion of a premixed methane/air flame. They concluded that flame enhancement was
caused by creation of radicals from collisions with electrons, radidtidnced electron excitation,
increased flame temperature by ohmieating, and production of exed species statasall of which

point towards the microwave igniter as the perfect candidate for ionic liquid monopropellant igAition

1.5 Microwavelgniter Objectives

The objective of this researalvasto develop a microwave ignition system to bring about complete
combustion of environmentallriendly monopropellants and eliminate the use of catalyst beds in
current thruster design. An economical desigrade use of proven technology from industry and
commerciatoff-the-shelf (COTS) parts to keep the cost of the ignition system on par with, or lower than,
current catalyst systems. The microwave ignitesis built upon the valuable lessons learned from
previous research like the PSMPT amtdgratednew ideas for optimizing ignition conditions. Validation

of successful ignitiomccurredin three steps: helium plasma ignition and stabilization, HAN and- ADN
based propellant ignition by injection into the helium plasma, and monopropellant ignition without a
helium plasma catalyst. Finally, the apparatugsused to evaluate the optimal ignition conditions and
flow rates to sustain combustiorBy progressing in this mannethe systemcould betuned for
maximum performance and minor issuesuldbe identified andfixed before fullscale testing with the
energetic propellantprogresses.



N b N

#EADPOAO ¢
4 EAT OU

1.6 Electromagnetic Transmission

In order for electromagnetic energy to break down and igrifte monopropellant it must first be

transmitted from the power sourcegenerally amagnetron, to the load torch. To understand this

process, a basic understanding of transmission line theory and microwave engineering is required.
Transmission theory defines the way elect@gnmetic signalgpropagate through space, conducting

channels, or material media. It monnectedwith microwave engineeringn that it explains which
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govern the electromagnetic transmission under the basic circuit theory. The basic circuit consisting of
resistors, capacitors, inductors, and small lengthsvire form what is commonly known as a lumped

element circuif in which components are much smaller than the electrical wavelength of the device.

The wavelength can be calculated by dividing the speed of ligheimediumby the wavefrequency.

Since wcuit theory is generally considered valid up to a maximum frequency of 1 GHz, the
corresponding smallestllowable wavelength would be 0.3 m. Because the wave is longer than the
dimensions of any individual circuit component, there is negligible vamiaitio phase across the

element. Therefore, basic circuit theory states that each element observes a single phase and magnitude
across both sides of the individual circuit component.

In the range of 1 to 100 GHedi the microwave frequency basfiThe smdlwavelengths in this band

set it apart from the others in the electromagnetic spectrum because the circuit components are the

same length as the electrical wavelength. Thus the microwave transmission line can be modeled as a
distributed set of microwaveanponents with varying voltages and currents across circuit elements. In
GKAA NNy yaSYSyids OANDdAG GKS2NEB R2Sa y24 | LLXe |
be solved in order to find the solutions for electromagnetic propagation in wiave transmission

lines.

Microwave transmission lines and waveguides must be constructed on length scales matching their
respective wavelengths to allow electromagnetic propagation down the line. Consequently, simple
metal tubes several centimeters in di@ter were among the first waveguides invented to distribute
microwave power from the source to the load. Over the past century severdbkeg of transmission

lines such aswaveguides, planar, and coaxial transmission lines were developed for spekcialize
purposes. Each transmission line is characterized by its propagation constant and characteristic
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impedance. If the line suffers a reduction of signal strength over long distances, then attenuation, or loss
is also important characteristfc.

Waveguidesare a circular or rectangular metal tultbat is capable of delivering lodess transmission.
Although they were the earliedype of microwave transmission line, they are still required in many
applicationsthat require highpower and precision. They aldenefit from years of study, attenuation
improvement, and commercial availabilityvhich make them an affordable and reliable form of
microwave transmission. Coaxial transmission lines shed the weight and rigidity of the waveguide and
provide a cheap, braiband alternative. Planar transmission lines have increased in popularity as
industry progresses with miniaturization and integration of microwave circuitry into active elements
such as diodes and transistors. Planar transmission lines such as striplmestrip, slotline, and
coplanar waveguides provide compact, inerpive microwave communicatidAWith these options for
possible transmission lines, the microwave igniter would benefit most from theguogler transmitting
capabilities of the waveguiderhe following sections will provide a more in depth discussion of the
propagation properties of the rectangular waveguide.

1.6.1 Electromagnetic Wave Propagation

Waveguides are a type of transmission i@t limits signal propagation to certain wave modes.
Electromagnetic waves traveling through a transmission line may propagate as transverse
electromagnetic (TEM), transverse electric (TE), and/or transverse magnetic (TM) waves depending on
the type of transmission linend wave modeTransmission lines coraped of two or more conductors,

such as the coaxial and planar lines, support TEM wanrésh are defined as having neither electric nor
magnetic fields in the direction of propagatiohEMwaves have a clearly defined voltage, current, and
characteristidmpedance. Waveguides use a single conducting tube to propagate TE and/or TM waves.
TE waves are characterized by a lack of electric field in the direction of propagation (H mode
propagation) whereasTM waves lack a magnetic field in the direction ofn@mission (E mode
propagation). Unlike the TEM waves, TE and TM waves cannot be defined by a characteristic impedance.

CKS 61 @S3dzA RSQa St SOUNRYIFIYySGAO OKFNIOGSNRAGAOA
the tube.Figure2 presents a schematic of a rectangular waveguide with dimensioxis, a>b, where

zis considered the length of the transmission line. These dimensions will impact the propagation
constant, cutoff frequency, impedance, and transmission power. For this analysis, the waveguide is
assumed to have perfectly conducting 8ab assist in equation simplification.
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Figure2: Rectangular waveguide geometﬁ/
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simplified into a reduced wave equation for either the TE or TM mode by taking advantdde 0

and E, =0 in TE and TM waveeespectively. Using separation of variables, boundary conditiand

algebraic simplification, the propagation constaft, can be determined by

o ~2 ° ~2
b:\/k-ge—"”c8 _gpe (1)
ca-+ ¢ b -

wherem,nT" n3X MX HX® &K&n Eylathfl s defiredas >

k=2fo,me, (2)

where f is the source frequencyiis the permeability of the medium, and is the permittivity of the

medium. The propagation constant must be real in order for the waves to be transmitted through the
waveguide. Examination of Equatidrclearly shows that changing the frequency or dimensions of the
waveguide would affect the ppagation constant. If the frequency of a signal were to be incrementally
increased in a waveguide with fixetimensions there would come a point at which the propagation
constant becomes imaginary and microwave propagation ceases. The frequency atthitichtoff
occurs is

N

o ~ On ~
Cmn &amp_g +%£8 ) (3)
2p\/_ ca=+ ¢b=

Transmission modes with cutoff frequenciesver than the operating frequency will propagate while
those with cutoff frequenciesigher than the operating frequency will exponentially decay as they
travel. Equation3 demonstrates that smaller waveguide dimensions support higher transmission
frequencies.
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Tablel confirms this by presenting standard commercial waveguide dimensions and their corresponding
cutoff frequencies.

Tablel: Standard rectangular waveguide deta

gand TaaCutofiFrequency | EIADesignaton [ ngige pimensions (o)
L 0.908 WR650 6.500 % 3.250
R 1.372 WR430 4.300x 2.150
S 2.078 WR284 2.840x1.340
H 3.152 WR187 1.872x0.872

The equations listed so far are the same regardless of wrighor TM,,, wavesmode travel. However

it will become cleathat there is an advantage to transmitting microwaves solely in the lowest cutoff
frequency mode,i.e., the fundamental mode. Intuition says that setingm=n=0 Ay al EgSft t Q&
equations gives the trivial solutiotihat requires all electromagnetic field components to equal zero,

which means there is no wave amplitudBy examining the transverse field components of e

mode, it is clear that lowest cutoff frequen&ythe TEo wavemode. Plugging in these values m=1,

n =0 into the cutoff frequency yields

_ 1

f )
% 2a/me (4)

Applying this same procedure to the TM wave results in the valuesisfl, n=1 because either

m,n=0would mean that its corresponding field expressions would all identically equal zero. This
means the dominanTM;; wave would have a cutoff frequency

1 ° 62 ° 62
f. = +%0 . (5)
“ 2a/m ca+ ¢b=+

By inspectionit is clear that theTk,wave has the lowest cutoff frequency andtlserefore, the overall
dominant wavemode in the rectangular waveguide. This is important because it gives the waveguide a
certain frequency range to dominantly transmit signalth the other modesn cutoff (or evanescece)

Since the transmission velocity varies depending on mode, separate wave types traveling through the
waveguidearrive at the output at different ratesvhich create interference and distortion. In essence,
transmiting microwave energy through a \A#84 rectangular waveguide with a single wave form, the
Th,dominant mode, maximizes the power delivered to the microwave torch.

Equation4 provides an additional interesting benefit of using th&, wave. Sincen=0 in the
equation, the height of the waveguidd,, has no effect on the cutoff frequency. Yet higher mode8s of
will increase the cutoff frequency and exponentially decay. Decreasing the lasghhaghe benefit of
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increasing thdocal electric field strength othe transmission line for th&@E, mode. For the TR, wave,
the powertransmitted throughthe waveguiden the dominant modes®®

a b
Plo:%Re N e H C%dydx:

x=0 y=0

w mad|A,|°b
#Re(b), (6)

where A, is an arbitrary amplitude constant angd is the field radian frequencylhe propagation

constant must be a real number in order for microwave transmission to occur. In practice, microwave
energy is transmitted through a felleight waveguide until nearing the receiving device, where it then
transitions to a hatheight wavegue to increase theffective electric fieldat the component location.

The microwave igniter transmits microwave energy through a series of standar@d8wWIiRectangular
waveguides and transitions to hdikight to intensify electric field strength only dtet torch location to
initiate plasma.

The halfheight waveguide also has no impact on the wavelengthef the transmitted signal. However
the dimensions of the waveguide do have an impact on the guide wavelehgth/,vhich will always be
longer than/ . They aredefined as

_2p 2o _

The electric field components of th€g, mode simplify so that it only has a magnitude in tlye
direction. The electric field varies within the waveguide

- jwm - APXQ iy
SRR ®

This equation can be solved foto find the maximum electric field location along the waveguide width,
@ This madnum electric field occurs ak =a/2, meaning that the torch nozzle should be placed in the
center of the waveguide to have the highest potential for plasma hiteak >

1.6.2 TE Standing Waves in a Rectangular Waveguide

When microwave power travefsom the generator to the circuit element, some of the incident power is
absorbed while the rest is reflected. A model of a lossless transmission line terminating into a load of

impedance,Z, , is shown irFigure3. In the microwave torch, the plasma forms the absorbing load.

V(z), 1(z)

Z B Vi=0 |z =0

Figure3: Terminated transmission lin&
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Supposean incident electromagnetic wa\)ei;‘o+ is generated by a source and sent along the transmission

line. This wave has both a voltage and current, the ratio of which defines the characteristic impedance,
Z,. Since the line terminates in an arbitrary loZd , Z, and the characteristic impedance should be

equal to Z, at the load. Thus an additional wave must be reflected from the load in order to satisfy this
condition. Thus the voltage on the line could then be considénedsum of both the incidenV,” and

reflected V, waves? Using this property, a voltage reflection coeffici€htcanbe expressed as a ratio
between incident and reflected voltages as

Vd - ZL B Zo
Vo+ ZL +Zo

(9)

There is no reflection of the incident wave wh&a=0. The only way this can occur is if the load
impedance is perfectly matched to the characteristic impedance of the transmissioMimen G, O,

the superposition of the incident and reflected wave creates standing waves. The average power within
the transmission line is given by

q7) (10

This equationdemonstratesthat the average power through the transmission line is constant. This
result also shows that the delivered power to the device is equal to the incident minus the reflected
power. 100% of the incident power is transferred to the load witér O and no power is transferred

to the load whenG=1. When the load is perfectly matched to the line, the voltage magnitude remains
constant. However when there is a mismatched load on the line, the reflected wave generates standing
waves, creating local maximum and minimums in voltage magnitude. The nmaxioltage fluctuates

with position along the line and forms local peaks separatedl by /2. The voltage maxima locations

can be calculated and an adjustable tuning short can-fime the length of the transmission line in
order to move tle voltage peaks to the desired location. The microwave torch is then placed within at
the antinode to receive the peak power transfer from the conducting tube to the propeffant.

1.7 Microwave Plasmas

A gaseous fluid in the presence of an increasing elefdid will slowly become ionized until sparking,

or breakdown, occurs. The plasma that forms is made up of charged patficiesletermine the
conditions for sustained discharge and maintenance. The following sections focus on the microwave
generatedpla Y Q&4 ONARGSNRARFSX OoNBF{R26yZ YR YIAY(iSylyOS

1.7.1 Plasma Criteria

In anintroduction to Plasma Physics and Controlled Fusiben defines plasma as a quasineutral gas of
charged and neutral particles wdti exhibits colledte behavior* By this, he is referring to the plasma
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as a collection of moleculehat are not influenced by macroscopic forces. Instead, their motion is
governed by electromagnetic forces acting on the plume, including the local tiigltiare generate by

the movement of the charged patrticles within the plasmaisfshownin a later section, microwaves can

travel through a plasma and produce electrons, maintaining the plasma formation. The charged particles

also exhibit a Coulomb forcthat is magnifed by the surrounding volume of charges. Because the
elements of the plasma exert a force on each other over long distances, the motion of individual
particles also heavily rely on the state of the plasma in the remote region. Thert#ferplasma exhibg

O2ftt SOUADBS O0SKIFIGBAZ2NI A SFOK LI NIGAOESQa Y20SYSyd A

According to Chen, an ionized gas must satisfy three criteria for it to be labeled plasma. The first
specifies that the Debye length must be much greater than theedsions of the plasma plume.

Charged particles gathering around a local electric field within the plasma will shield distant particles
beyonda certain distancereferred to asthe Debye length. The shielding length must be less than the

length of the phsma plume in order for distant charges to still have an effect on the individual particle,

thus exhibiting collective behavior. The next criterion states that there must be enough charged
particles within the plume to create this collective behavior. Thigiires a dense plasma cloud in order

F2NJ GKS LI NI AOEt Sa G2 aa Stéesthat tfieScharggddarticlEsNodld iefle& T A y | €
to oscillate many times before colliding with a neutral particle. Excessive collisions with neutral atoms
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electromagnetic force§’

1.7.2 Breakdown and Formation

In a gas with equal numbers of oppositely charged particles, the electrons are more rapidly accelerated
by an eletric field than the ions, making electrons the main species responsible for electrical
breakdown. Any collection of gas contains a handful of free electittatsare the product of ionization

by external sources. When a gaseous fluid encounters an eldigtid, the free electrons within the gas
become energized. The electrons are accelerated in the direction of the electric field and inevitably
collide with the walls or other molecules. During the collision, the electron is either lost to
recombination vith an ion or it imparts sufficient energy on an atom to release more charged particles.
Increasing the electric field boosts the amount of secondary electrons generated by electron impact
ionization until the gas becomes highly conductive. Any furtheease in the electric field will suddenly
cause the gas to glow and an electrical discharge, or spark, to shoot through the gas. The field
magnitude required to produce this phenomenon is considered the breakdown field.

The Townsend criterion for breakdownumerically describes this tipping point. During a discharge,
electrons are produced from electron impact ionization while others vanish by recombination,
attachment, and diffusion. Matching the production rate to the loss rate creates steady statdiooadi
This is numerically shown in Equatibhwhich expresses the electron concentrationas a function of

the total diffusion rat€O and the ionproduction ratev,. Therefore the electron concentration can be

defined a$’
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n=n,e °r,

(11)

Hence an infinitesimally greater electron production rate throws the equation out of balance and leads
to an exponential increase in electron density and gas discharge. Therefore, the Townsend criterion
states breakdown occurs when electron production is matthy the loss rate.

A closer look at the electrical breakdown process shows that the collisions actually account for the
energy balance as well as the charged particle balance. When exciting a gas with microwave energy, the
frequency is so high that thelectric field changes before the electron can travel any noticeable
distance. This contains the electrons within the discharge area, while lower frequencies allow the
electrons to freely leave. The fluctuating electric field accelerates the electronscailigions with

atoms which, in general, change the direction of the electron but not its speed. However, the atom
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electron in another directionThe electron continuously absorbs microwave energy and transfers it in
small amounts to atoms through collisions, but its own total energy increases incrementally during
microwave application. Some of these electrons will accumulate a kinetic enerdgroiiean the lowest
excitation energy of the atom. The energized electrons inelastically collide with the atom, splitting it into
ion and electron. An electric field matching or exceeding the breakdown field will provide a runaway
electron production rateleading to a current discharge. Consequently the microwave energy
transmitted to the plasma torch does not need to be incrementally increased to get a discharge and
plasma formation. Rather, turning on the microwave generator at the exact power requirethtich

the electric breakdown field would produce instant ignition of the plagma.

The Townsend criterion can be mathematically expressed as a simple boundary value problem and used
to find other interesting results. The pressure, microwave frequency, ianitation rates can be
obtained by measuring the microwave breakdown in the gas and used to find the minimum electric field
strength, or power, required to ignite the plasma. The efficiency of the energy transfer between the
microwave input power and thelectrons is also a function pressure. The torch is most efficient when
the propellant pressure is high enough to result in many collisions of electrons with gas molecules per
cycle®

1.7.3 Maintenance Processes

To maintain plasma there must be a power balafareelectrons as well as a charged particle balance.
Together, these ensure that power absorbed from the microwave energy balances itself with the power
lost through collisions, resulting in equal creation and destruction of charged particles and a stable
plasma.

The power balance per electron states that the power transferred to electrons from the electromagnetic
field must equal energy lost per electron from collisions. The homogeneous Boltzmann equation can be
viewed as a continuity equation in the elean energy space which equates the power transferred from

the electric field per electron with random energy, to the power lost to electrogneutral and
electroncelectron collisions. The electromagnetic energy generated in the system is absorbedte&s kine
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energy by the electrons, converted to internal molecular energy after collisions with molecules, and
radiated from the plasma into the environment. The power flow from the generator to environment is
shown below irFigure4.

REFLECTED POWER
R
FEEDUNE ] AP REFLECTED Y
J ; POWER ENTERING
/ PA N® P 1 SOURCE
EM FIELD
=2
GE2W, /2 POWER INTERCEPTED
""""" ’{ P ¥p/2 By THE ELECTRONS
FIELD APPLICATOR < ELECTRONS
AND PLASMA v, 0 POWER LOST
""""""""" S IN COLLISIONS
MOLECULES IONS
WALL
POWER LOST TO
"""""""""""""""""""" THE ENVIRONMENT
ENVIRONMENT

Figure4: Power flow in a microwave dischargé

When a steady discharge is established in a microwave circuit, it forms an absorbing load at the end of
the transmission line. The plasma plume that forms at the end of the inner conductor provides more
efficient power transfer from the waveguide to theagima and ensures continued electron impact
ionization. However, extra power delivered to the gas does not help to maintain the plasma. The power
deposited into a plasma is directly proportional to the electron density. Therefore, any additional power
absoibed by the plasma after the discharge is used to increase the electron density rather than increase
the maintenance field amplitude.

The field amplitude established within the plasma is governed by the charged particle balance. As
electrons collide witlthe wall, atoms, and other electrons, charged particles are created and others are
destroyed or lost through diffusion, recombination, and attachment. The intensity of the electric field
determines the collision frequency antthus, the ion production rate During the life of the plasma, the
electric field amplitude in the plasma must adjust itself in order to guarantee that the ionization rate
matches the average loss rate of charged particles to ensuraitable plasma. A simple formulation

of the charged particle balance is

v. =22, (12)
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where L is the characteristic diffusion length. The total diffusion coefficient reflects the free diffusion
rate at low electron densities and ambipoiffusion rate at higher one¥.

1.8 lonic Liquids

lonic liquids are characterized by their low temperature melting point, electrical conductivity, and low
viscosity. These characteristics make them a good fuel sourae agueous monopropellant solution.
Canmon ionic liquids used as monopropellants consist of a formulation of nitrate such as
hydroxylammonium nitrate, ammonium dinitramide and hydrazinium nitroformate, and fuel such as
alcoho| methanol, or glycinemixed together with water in an aqueous stn. Electical power
dissipation into a monopropellant jet causes a temperature rise and spontaneous decomposition of the
electrically conducting monopropellarif. Below wefocus on the deposition of electromagnetic energy
into HAN based monopropellants bring about ignition processes.

1.8.1 Behavior of Liquids in a Strong Electric Field

A strong electric field will begin to breakdown a liquid and lead to an electric discharge only when the
field energy density begins to match the external pressure. THigedause the hydrostatic pressure
arising in the liquid due to the intense electric field alters the liquid dielectrics. When an intense electric
field is suddenly applied to the liquid, rarefaction waves reflect through the fluid and result in transient
period where local density and pressure gradients form. The additional forces acting on the layers of the
fluid result in a sharp pressure drop in the vicinity of the peak electric field at the nozzle tip. The
resulting stress wave that forms heats the s@utas it travels, boiling the liquid in certain regions and
creating prebreakdown bubbles. Because the boiling point is a function of pressure, the variations in
pressure change the boilingjmt and the electric strengtf’ As an electric current is estlished in the
liquid, ohmic, or resistive, heating becomes the prevalent source of the temperature rise. As the liquid
boils, a vapor sheath forms at the nozzle wallsch assists in arc formatiof.

1.8.2 lonic Liquid Ignition Processes

The ignition sequencef ionic liquids like HAIMased monopropellants progresses through a unique set

of phases when exposed to an electric field: -preakdown, expansion and contraction, thermal
decomposition, and ignition and combustion. Because the electrical conduct¥itthe liquid is
continuously changed by the internal pressure, many of these phases can be marked by the change in
the electrical resistance of the propellafft.

The prebreakdown, or formative, phase describes the initial heating of the fluid in whielelixctrical
resistance only slightly changes. As mentionedsntion 2.3.1, the ionic liquid passing through the
intense electric field at the nozzle tip creates stress waves and resultant pressure grati@nts
generate a substantial amount of heat ahdils the propellant. The resultant gas bubbles form a vapor
sheath around the nozzle tijnat assists in arc formation, causing an electric current to develop in the
fluid. The passage of electric current through the conducting ionic fluid with a gieetnieal resistance
releases thermal energy in a process known as ohmic he3ting.
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After substantial heat is transferred to the monopropellant, the liquid undergoes a series of expansion
and contraction processes. This phase, marked by a reipmsionphenomenon, again occurs with

little change in the electrical resistance of the monopropellant. The ionic liquid in the electric field
oscillates at a random frequency and a small droplet will be splashed when the liquid phase
temperature is about 126C. This is because of some small oscillatory decomposition of HAN creating
gas cavities by superheating the low boiling point water in the mixture. The gas bubbles swell and burst
randomly, creating a randomized expansion and contraction of the liquid.

Next,ion migration within the propellant leads to a sharp drop in resistance and signifies the beginning
of the main thermal decomposition phase. The electric field separates the nitrate ions from the
hydroxylammonium ions as they migrate in separate direatidditronium ions, N©, are then formed

as the local increased nitrate ion concentration shifts the chemical equilibrium of

NO; +H,0U NO; +20H (13)

to the right. It is the release of the nitronium ions that initiatee reacton sequence¥
+ - 1 +
NO, + H,NOHU NOZ+§N2+HZO+H (14)

NO, +LPY free radical chain reactiors , (15)

which lead to combustion.The decomposition of HAN into reactive intermediates can be fully
represented byEquations 1815. Although nitronium ions start the ignition process, a ssifstained
combustion process requires constant heating for the decomposition reaction to continue indefinitely.
This additional heating is generally provided by the fuel component within the ionic miduce, as
alcohol. Interestingly, the fuel takes no part in the ignition process but determines the overall energy
density of the monopropellant. The decomposition of HAN provides all of the intermediary particles
needed sustain the chemical reactiofls.
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The proposed microwave ignition system was designed to ignite and sustain complete combustion of a
fluid stream of HAN and ADbased propellant without the use of a catalySthhe microwave igniter
conceivedfor this role used 2.4%Hz microwave energy concentrated at a central conductor to ignite
propellant. The microwave torch assembly consistethode separate systems that worked together in
order to provide IL ignition: the microwave generating system, waveguide assemblyrcuadiant feed
system. An explanation of the design needgperimental apparatussetup, test fire procedures, and
resultsare discussed further in this chapter.

1.9 Design Needs

The electromagnetic ignition system used in this experiment takes advantates déssons learned
during previous research with high power plasma torches. The following objectives were identified as
major design goals to provide the highest probability for monopropellant ignition and thruster
integration:

1 Generate an electromagnetfeequency that can excite plasma using proven technology and
COTS parts

Provide required electromagnetic field distribution and intensity to initiate and sustain plasma
Ensure efficient power transfer from microwave generator to plasma

Deliver the corect flow rate to sustain ignitigrand

Support stepby-step monopropellant integration methods

=A =4 =4 =4

The microwave spectrum was chosen as the electromagnetic wavelength of choice because molecular,
atomic, and nuclear resonances occur at microwave frequencidsefficiently heat the propellant by
exciting molecules. Lower frequency induced plasmas like RF and DC tend to suffer from electron
diffusion losseghat hurt charged particle andherefore, plasma production. As previously mentioned

in Section 2.2.2, mrowave frequencies efficiently trap electrons in the discharge zone, reducing the
rate of ionization required to sustain plasma and transferring more energy to the propellant. Although
higher frequency §30 GHz) microwave power provides exciting possiés, previous research has
shown that technical issues arise because the miniaturized parts they require have stringent machining
tolerances which negatively affestplasma formation when slightly skewed or worn down. D5

GHz frequencyvas ultimatdy chosenbecause of itshistory of extensive researclin producing gas
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dischargesand high density plasmas since the 1958s a benefit of this research, proven microwave
technology has been in circulation for years. These inexpensive COTS microwavaneus@and
transmission lines allow for the creation of a robust microwave ignition system cheaper than current
monopropellant catalyst technologiés.

In order to provide the required electric field distribution and intensity to initiate plasma, the2®4R
rectangular waveguide was chosen as the transmission line to propagalégifelectromagnetic wave.

As discussed in 2.1.1, thdg, wave provides an electric field solely in tialirection, parallel to the

path of the central conducting tubthat protrudes through the wide walls of the waveguide. A half
height waveguide at the location of this propellant tube intensifies the electric field. THyewave
continues to travel until it is reflected at the sliding shoitcuit and creates a standingawe within the
waveguide with an antinode at the torch location. Due to the energy accumulation in the standing wave,
the resultant electric field at the torch tip is magnified andiates breakdown.

To sustain the breakdown, the torch needed to conénefficiently transferring power to the plasma.
Although the plasma itself forms an absorptive lpadhich increases efficiency, previous research has
shown that the addition of an activéhree-stub tuner maximizes power transfer by matching the
impedanceof the fluctuating load.” Also, a sudden increase in propellant flow rate would reduce the
amount of ohmic heating provided to the fluid and drop the temperature away from its ignition point.
Therefore, digital mass flow controllers regulated the monogitant and helium over a wide range of
flow rates to observe the optimum operating conditions.

Finally, the torch had to introduce and confirm the ignition of monopropellant in a-syegiep
procedure. The goal of this was to observe helium plasma igrétnal stabilization, HAN and Aiidsed
propellant ignition by injection into the helium plasma, and monopropellant ignition without a helium
plasma catalyst. The torch used a Swagelok Tee to introduce either a single propellant, or both, to the
torch deperding on which ignition scheme was being explored. Each step put the experiment closer
towards ignition without a catalyst and allowed for tuning and adjustment of the system as problems
arose.

1.10 Experimental Setup

1.10.1 Microwave Generating System

Testing requied microwave energy at a frequency of 2.45 GHz to be delivered to the microwave igniter
through the waveguide assembly. To provide that power, the following equipment was utilized:

Daihen SGR5A HighVoltage Power Supply Modyle

Daihen SGM.5A Magnetron Mdule

Daihen CME0A Controller Unijt

Daihen SMAL5A Automatic Microwave Tuning and Detector Ynit
Hewlett Packard E3615A DC Power Supply

WR284 Aluminum Waveguidend

3-Port Circulator

No o hsMwDdhpRE
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The highvoltage power supply module provided DC power to doatroller unit, automatic microwave
tuning and detector unit, and magnetron module. By adjusting the dial on the-Vitjhge power
supply, the unit could provide up to 1500 W of power to the magnetron. To disable the safety interlocks
on the highvoltagepower supply, the DC power supply had to apply1® the unit before microwave
output was allowed. Microwave energy generated by the magnetron at 2.45 GHz was first sent to the
circulator. The passive thrgeort device transmitted signals only to the xieport in rotation thus
allowing power sent from the magnetron to pass on to the tuner while reflected power from the system
is dumped into a dummy load. This protected the magnetron from damaging reflected power. From the
circulator the microwaves traved to the automatic tuner and detector unit. The detector within the
module measured forward and reflected power coming from the circuit. The tuner then matched the
impedance of the circuit using a series of three prongs to maximize the power transriottdte
waveguide assembly. Microwave energy leaving the tuner entered a series-@8B¥\WRaveguids to be
transmitted the torch.

1.10.2 Waveguide Assembly

The waveguide assembly creates a cirthat concentrates and delivers microwave energy to the torch.
The bllowing equipment was used to transmit the energy to the microwave igniter:

WR284 Aluminum Waveguides
Haltheight Reducing Waveguides
Custom Modified Brass Wavegujde
WR284 Sliding Sharand

Faraday Cage

ok wbhPE

The microwave energy leaving the generatiggtem enters a series of standard VB4 waveguides.
These COTSparts are widely available because they propagate energy at 2.45 @Hdandard
microwave oven frequency.From there the microwaves transition to hdigight within the reducing
waveguide. KA a4 NBRdAzOGA2Y AYyONBlFasSa GKS StSOGNRO TFASER
transmitting wavelength or frequency. A modified brass waveguide holds the torch in this maximum
electric field. The top contains a circular aperture where the torch tigegts out of the waveguide
while the bottom has a brass holder to firmly hold the torch in place. The microwaves then transition
back to fulheight in another reducing waveguide before terminating at a variable sliding short. The
short is a circuiterminating wall that when moved, shifts the standing wave within the waveguide. The
short can then be used to tune the system by placing the standing wave maximum at the torch tip. The
waveguide assembly is pictured Figure5. A custoramade Faraday cage rests on the modified brass
waveguide to shield operators from microwave leakage through the torch aperture during test fires.

Figure5: Waveguide assembly (source is connected to right side of structure)
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The microwave generating system and waveguide assembly are attached to complete the microwave
transmission system. The block diagram of this setup is featureidjime6.

Controller Unit Magnetron Tuning

High Unit
Voltage

Power
Supply

Module

DC Power
Supply

Figure6: Transmission system block diagram

1.10.3 Igniter Assembly
The microwave torch was assembled from the following components:

1. Swagelok Tee
2. Stainless Steel and/or Molybdenum Tuhiagd
3. Conax Pressure Fitting

As shown irFigure?, the torch consisted of two stainlesseel hypodermic tubes with one positioned
inside the other. The 0.0420D, 0.035ID inner tube carried the IL within the larger 0.12D, 0.10 ID

tube that carried helium. Early on, drill bit blanks were used to center the inner stainless steel tube.
Improvedmachining methods and an additional armature were utilized to ensure straight and centered
tubes without the e of flowblocking materials.
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Figure7: Microwave igniter tip and side view

A brass holder, silver soldered onto the bottom of the brass waveguide, secured the tubes and ran them
up through the waveguide. The torch tip was positioned flush with the outer vialeowaveguide to
obtain the peak electric field distribution. There, the stainless steel acts as a conducting post within the
waveguide which intensifies the electric field and provides ele@tibreakdown/ignition of the
propellant. The propellant tuds ran out the bottom of the waveguide directly into a brass Swagelok tee
that was hooked up to the propellant feed system. As modeldelgare8, the inner tube passes directly
through the center of the Swagelok and exits the Conax connector. A plastic tube connected to the
propellant feed system attaches to this thin metal tube and pumps IL directly through the torch. The
larger stainless steel tubends within the Swagelok tee. Helium entering the side port of the Swagelok
flows through the outer hypodermic needle into the torch without interfering with the inner IL feed line
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0.12” OD X 0.10” ID

Swagelok Tee =———3

Helium Flow

——

Conax Connector Monopropellant

Flow

0.042” OD X 0.035” ID

Figure8: Injector schematic

Finally, the igiter assembly is held in place under the waveguide with the brass hdtagire9d shows
the completed assembly with the torch inserted into the wawvielg system. The torch tip is flush with
the outer wall and the propellant feed systemnmuitachedto the IL and helium feed lines.
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Figure9: Helium and IL feed system

1.10.4 Propellant Feed System

A helium system and IL propelldieied system worked together to fuel the concentric tubing within the
torch. This system used the following equipment:

Helium Compressed Gas Cylinder

CGA 580 Regulator

UNITFInstruments UF@100 Mass Flow Controller (rated for 5 SLM nitrogen)
UNIFInstruments URE0 Control Box

Plastic Tubing for Propellant Feed Line

Syringe Pumpand

60-mL Syringes

Nk~ WDNE

The propellant feed system provided an outer flow of helium to create a plasma plume at the torch tip
before IL pumping began. During operation, the syripgsp pushed IL through the inner needle while
helium flow inthe outer tube was controlled with the URX control box. The IL feed system schematic
isshownin FigurelO. The complete assembly is showrFigurell.
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Figurel0: Propellant feed system schematic

Dummy Load

Circulator Waveguide
Assembly

Controller Unit

High Voltage
Power Supply

Figurell: System block diagram

Igniter Assembly

Sliding
Short

Syringe Pump
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Testing sought to verify complete combustion of the IL under ambient atmospheric conditions. The first
step in verifying the ignition system was to confirnathhe setup could efficiently deliver the correct
electric field amplitude to initiate and sustamplasma discharge. To maximize the chance of ignition,
the torch was initially test fired with helium to create a plasma jet at the tip of the torch béfjeeting

the liquid monopropellant through the hot plasma. The torch would continue operation with both
helium and IL propellants until multiple test fires proved that the monopropellant could be successfully
ignited without the use of helium. Successifyhition with the torch using only the IL propellant would
provide proof of concept for the microwave igniter. Continuous iterations on the initial experiment
sought to identify optimal flow rates and modified configurations for maximum operational flifaeo
microwave ignition system. Thchapterprovides a detailed account of test fire procedures and results.

1.11 Validation of Helium Plasma Ignition

Before the testing began, the tuning short was manually adjusted to position the internal standing wave,
and, therefore, electric field maximum at the torch location within the waveguide. A cuskamaday

cage was placed over the waveguide at the torch location to protect operators from microwave
radiation leaking through the aperture. The DC power supply agdvoltage power supply module
were turned on and the helium regulator valves opened. Using the20R®ntrol box, helium was then
flushed through the torch to remove air and increase the probability of plasma generation. After the
two-minute purge, thehelium flow rate was fixed at 12.08 mg/s and microwave power incrementally
applied until a plasma jet formed at the torch tip. Early testing without a properly tuned short
consistently led to plasma ignition at 500 W of incident power. This created arfcdhurplasma jet
exhausting vertically into the ambient air like the one picture&igurel?2.
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Figurel2: Helium plasma

Asthe microwave power was increased to the ignition point, the reflected power rapidly oscillated as
the 3-stub tuner tried to match the impedance of the circuit. Upon breakdown, the plasma plume
became an absorbing load for the circuit and provided efficgwer transfer from the waveguide to

the plasma. Reflected power dropped immediately upon ignition to ab@@tW and proved that the
system was routinely over 99% efficient at delivering the generated microwave power to the plasma.
Later tests proved tht a properly tuned torch could reduce the amount of microwave power required
for plasma formation down to about 430 W.

1.12 Ignition Validation with HAN and ADNbased Monopropellants

After initial plasma breakdown, the helium flow rate was increased to (Db pllowed to stabilize into

a steady helium plasma. This provided the base operating conditions with which to start the IL ignition
sequence. Then the syringe pump was turned on and began metering IL through the torch. Ignition of
the IL occurred instaaheously as it contacted the helium jet and was confirmed by visual cues such as
increased flame length, color, and intensity. The IL propellant flow would continue for a short time
before being cut off in order to verify that the intense flame was causedhe IL ignition. One ionic
liquid formula tested in the torch was 13% molar HAN with water. The HAN flow rate, which was initially
off during the test fire pictured ifrigurel3, was increased instantaneously to 5 mL/min during torch
operation. Ignition of the propellant can be noted by the brightness and color shift from the purplish
blue helium plasma to a bright reddisfellow flame. After a perid of around 30 seconds of sustained
ignition, the HAN flow rate was cut and the flame returned to its initial purgdisie helium plasma. The
experimentwas then repeated at a different IL mass flow rate to verify results and define optimal
operational paameters.
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Figurel3: Helium plasma and HAN sustained ignition (from left to right)

Other ionic liquid formulations consisting of HAN and additional ingredients were tested to determine if
similar monopropellants would haweomparable, opossiblybetter, performance characteristics. Both
propellant formulations with fuel additives provided more complete combustion and measurably larger
flames than the 13% molar HAN with water mixture. One combination, refdreedin as HANbased
Propellant 1 performed the best out of the HANased solutionsAs pictured irFigurel4, Propellant 1

had the most noticeable increase in flarsige and brightness throughout its ignition sequence and had
the most complete combustion. The test fire pictured shows the progression through the three ignition
stepsfrom left to right: helium plasma ignition and stabilization, monopropellant ignibgninjection

into the plasma at 5 mL/min, and sustained combustion.

Figurel4: Helium plasma, Propellant 1 injection, and sustained ignition (from left to right)
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The third and final HAMased formulation, Propellant 2, performesimilarly to Propellant 1. However,

the high viscosity components within the ionic liquid seemed to have had a slightly negative effect on
the size and brightness of the resultant flame when compared to Propellant 1. This could be due to the
specific miture of HAN, fuel, and water or it could be a result of decreased flow to the torch because
the syringe pump sometimes faltered when forcibly pumping the viscous fluid through the small
diameter tubing to the torch tip. The results of a test fire of thisgellant at 5 mL/min are shown in
Figurels.

Figurel5: Helium plasma and HAIKased Propellant 2 ignition

In addition tothe HANbased fuels, an ADbased monopropellant was test fired with the microwave
ignition system. The ADN monopropellant behaved similarly to the previous formulations but slightly
outperformed the HANbased liquids in responsiveness and energetic ieacHowever, residue on the

top and of the cage and waveguide suggest that the fuel was not burned to completion. The test fire of
ADNbased monopropellant is pictured below Figure 16 as the propellant was pumped into the
helium plasma at 2 mL/min.

Figurel6: Helium plasma, ADNpropellant injection, and sustained combustion (left to right)

31



1.13 Evaluation of Optimal Ignition @nhditions

With IL ignition confirmed over multiple tests, the flow rate was changed repeatedly to determine the

optimal mass flow rate to sustain IL combustion. Tests performed with over 6 mL/min of IL tended to

spew unburnt propellant all over the equipme Excess propellant pooling within the waveguide

absorbed microwave energy, heated up, and tended to flash ignite inside of the test apparatus. The
unburnt propellant and residues in the waveguide would also absorb energy destined for the torch,
decreasy 3 G KS | OlGdzrf LIR6SNI RSEtAGSNBR (2 GKS A3IyAiGSN
efficiency until the flame was extinguished and the input power went completely into heating the

internal residues. Repeated testing narrowed the optimum flow rate H&AN based propellants to

between 2,6 mL/min for sustained ignition with helium plasma at 500 W of input power.

The optimum flow of the ADidased propellant was not explored due to an extremely limited supply.
Optimal ignition conditions found for theAiN-based propellants were used for the ADN experiments,
which had the highest likelihood of successful ignition withiat helium plasmaas seen in early ADN
testing.

1.14 Test Fire lterations

Over months of testing, iterations on the initial experimental procedure and equipment were performed
to find the optimal operating conditions and smooth out some minor operational hiccups found during
initial test fires. The goal was to further advancee tmicrowave igniter concept to perform more
reliably, for longer duration periods, and without additional helium propellant.

1.14.1 Angled Plasma Column

One unique problem that became evident during initial helium plasma formation was the tendency for
the plasmacolumn to exit the torch at an angleRictured inFigure 17, this phenomenon could
potentially be problematidor a full scale thrustesince the igiter would rest at the bottom of the
combustion chamber. During operation the hot plasma could impinge on the cavity walls leading to
uneven heat loading and wall erosion.

It was found that this phenomenon was caused by imperfect tooling of the staisilesktubes and an
off-center internal feed line. Tubes that were haadt with a Dremel tool initially had burrs and an
uneven thickness around the torch tip. This partially blocked the flow and caused it to exit at an angle.
The hot plasma melted throingthe thinnest section of the torch tip and exaggerated the flow angle. An
off-center inner stainless steel tube would melt closed along the inside of the outer wbeh would
further push the flow towards one side and prevent the IL propellant froneremg the system. Hand
reaming the tubes to remove burrs and create an even thickness around the torch tips partially solved
this problem. An armature created out of mounting bars and brackets was assembled to apply pressure
along the outside of the Swagdl tee and properly align the inner tube. This fixed the problem of
proper torch alignment without using flowlocking drill bit blanks which could also add to the problem.

A picture of the armature is shown below in Figure 18.
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Figurel7: Plasma column at exaggerated flow angle
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Figurel8: Armature applying corrective pressure dhe torch

1.14.2 Burn Duration

Additional adjustments were made to increase the burn duration. Early tests were limited by the time it
took to melt the stainless steel tubes down to within the waveguide. After reaching a certain level, the
flame would be extinguished and the test couldt be repeated until new tubes were machined and
reset within the igniter. Torch tips, often badly mangled and enlarged by the test fires, had to be cut off
so that the igniter could be removed from the waveguide assembly and reset. Nozzle erosion led to
deterioration of the circular exit plane, distortions that altered the flow, shortened test duration, and
inoperability of the monopropellant flow as the inner tube fused shut against the outer tube. An
example of a used torch is picturedkigurel.
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Figurel9: Torch tip erosion(before and after)

These problems were magnified when the system was properly tuned with thegsstiort. Although
ignition would occur at a lower power level, the stainksssel tubes would burn down and extinguish

the helium plasma before the IL propellant could be metered through the torch. This was the reason
that the IL propellant was neverdefired in the stainlessteel microwave igniter with a properly tuned
system. The experiments highlighted a need for a stronger material to hold up against the brutal torch
tip conditions. Thicker molybdenum tubing was chosen as a replacement for stastkel because of

its durability and high melting point (262€compared to 15100).*' By replacing the igniter tutsawith
molybdenum tubing, test fires could continue indefinitely. The new igniter was run fgt5Léninute
durations without significant damage to the tip and was able to be restarted without machining and
resetting new tubes within the igniter. Any melting of the torch tips happened at an even and almost
unnoticed rate, even with the system propetiyned via the variable sliding short. All further testing
continued with the system properly in tune.

However, one unexpected twist came with the removal of the stairdéssl outer tube from the

system the flame intensity seemed to decrease. Whetheeating a helium plasma or burning
monopropellant, the flame height was noticeably larger when using the stainless steel. It is believed that

the melting stainlesssteel tubes had been taking part in the reaction rather than simply guiding the
propellants b their destination. As the vaporized stainletsel merged with the IL and helium flow, it
AYONBIIASR GKS FY2dzyd 2F YSGlLttAO A2ya gAGKAY GKS
conductivity and acted as a catalyst to enhance ignition ertigs and bring about complete
combustion.

Nevertheless, molybdenum tubes repeatedly demonstrated their ability to successfully perform long
duration test fires. The microwave torch could now repeatedly ignite helium plasmas at power levels as
low as 430W and could still sustain IL combustion using the normal startup procedures. The
molybdenum reduced nozzle erosion and maintenance between test fires while increasing burn time
and ignition reliability.

1.14.3 Nozzle Position

During some of the test fires, antémse electrical arc appeared to form at startup rather than a helium
plasma column. The electrical arc connected the central conducting post (torch) to the side of the
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