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Abstract

Hybrid electric propulsionis a new technologythat combineselectrostatic and
electromagnetiropulsions The goal of tts engineeringstudy is to design a hybrid
electricpropulsion systerthat carmprovide a specific impulstatis higher than chemical
thrusters but uses less than 2Qvatts of power such that it can be usezffectively in
nanosatellites This thesis describesRF electrothermaland electromagnetithruster
experimentghat were undertaketio testthe performance of gas mixturéssting initially
at lowertemperaturea few hundred degrees above room temperatureelium-nitrogen
gas mixture ihosenn place ofhydrazine because the mixture is Aoxic and does not
require any heating equipmenttl h e s dleatrdthiednsml testinghe 50% nitrogeni
50% helium gas mixtureis shown to have specific impulseof 963 seconds In the
propulsion sys m &lectromagnetic mod&0%argoni 50% helium and50% nitrogeni
50% helium gas mixture havespecific impulgs of 603and 801secondsrespectivelyln
electrostatic propulsion moda 50% argon i 50% helium gas mixturehas a specfic
impulse of 575 seconds, am®% nitrogeni 50% helium gas mixture has specific
impulse of 88 secondsThe thesis describesibsequenéxperiments performed with the
hybrid electric thruster operating in both electrostatic and electromagnetic propuls
modesover the course of two independent test cyClée thesiprovidesa discussion o
the expected performance of a sphased devicetilizing the approaches studied in this

investigation.
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1 Introduction

Electric propulsion is @echnologythatuses plasma ake propellant.it typically
has a higher specific impulse, or fuel efficiency, than conventional chemical rockets.
Work on electric propulsion wasinitiated in 1906 by R Goddard Choueiri, 2004].
Significant experimentalresearchon electric propulsiorwas not startedintil the mid
1960s.Electric propulsioncurrentlyhasthe potential torevolutionize space utilization. It
can for exampleshorteninterplanetary travel tinebetween Earth and Maras with the
VASIMR engine [Chandpiaz et al, 1999 Arefiev and Breizma, 2004; Glover, 2011
andtheNSTAROGs i1 on engine [ National Aer;onaut i

Polk et al,2004.

Electricpropulsion or EP,is an effective choicéor deep space missions and long
term orbital statiortkeeping. The type ddlectricpropulsion systemequiredis dependent
on itsprimary function. An electrothermdET) thrusteris a type ofelectricthrusterthat
usesa conventional rocket nozzle wittm inert (or reactive) fluidsthe propellant [Jahn,
1968]. This type offtruster has the lowest specific imputdehe threamain EPtypesbut
yields asignificant amount of thrust [Sutton & Biblarz, 2010jAn €dectrostatic(ES)
thruster usg electrestatic grids to accelerate ions. Thesulting propulsiveforce is
comparativey small typically millinewtons[Goebel & Katz,2008]. This small force is
enough to propel many spacecmberatingin low gravitational environmentsnaking it
ideal for deepspace missiondecause ofits high specific impulseand efficiency
[MartinezSanchez, 2004aJAn dectromagnetic(EM) thrusteris a thruster that the
plasma(a hot, electrically neutral mixture of electrons, positive ions and neutral atoms or

1



molecules)is propelled fromthe Lorentzforce (refer to section 2.5.5 for more detaijls)
this enhancespecificimpulsewhile yielding a relatively high level of thrustiMartinez
Sanchez, 20G4 Haaget al, 2007] These definitions, along with other definitions, are

explained in the Glossary.

The doctoral researclundertaken herénvestigaes a type of thrusterthat is
potentially versatile in both fuel efficiency and thrusind capable of being operated in
augmentedhrust mode (e.g. electromagnetic)The engine should fit within a
nanosatelliteanduse less thaB0 wattsof power. The enge shouldbe lightweight, less
than two kilograms dry mass, and should have a higher specific impulse than
conventional chemical rockefEhe propellantt usesmust not be cumbersome in storage
or toxic in use [Quine, 2010]ln large spacecraft, themre onboard chemical and ion
thrusters; therefore, there is no need for an EM thruster. However, in a nanosatellite, the
EM thruster is necessary since the chemical thruster would take up too much power and

resources.

This researclalsoinvestigats the tse of gas mixtures ielectric thrusters The
conventional rocketmongropellant lydrazine (NH,;) appearsto be an excellent
candidate forlectothermalpropulsionsystemsHowever,it is toxic to humansandits
use requires special equipmetior safe storageand special conditionsThus, t is
impracticalfor somelaboratoryexperimentationfAnonymous,Chronic Toxic Summary:
Hydrazine, 2000; Sutton & Biblarz, 2010hstead variousheliumnitrogengasmixture
compositionsare investigatedas an alterativeto hydrazine Researchersften useinert

helium in electrothermal thrustebgcause oits high specific impulseesulting from its
2



lower molecular massThe major problemwith helium is its viscosityHigh fluid flow

viscosity causesa loss in the resulting performanceof the thrusterBar-Meir, 2011].
Nitrogen, by contrasthas relatively low viscosity, which yiel@shigherefficiency in its
engineperformancgBar-Meir, 2011]. A helium-nitrogen gasmixture is investigatedn

this study with thaise of araluminumbasedconvergendivergent (CD) exhausnozzle
for the ET unitAn electrothermathrusterbuilt for this studyis shown inFigure 1.1.The
use of such a gas mixture is studied, with the expectation tmahytyield a better

efficiencyin thethrusterthan using helium or nitrogen alone.

Figure 1.1:ET Thrustermanufacturd for this research

A heliumrargon gas mixtures alsoinvestigatedin partbecause argon hase of
the lowest ionization energy the group of gases testethe electrothermal thruster is
capable of employing either gas mixture. As per figure 1.2, a glass exhaust nozzle was

also used, and applied for running in ES and EM modes of propulsion.



Figure 1.22: Hybrid Electric ThrusterModelof prototype built for this studil) GlassC-
D Nozzle (2) Reheating Element (3) Gas Inlet (4) Capadiieetric Dischargefor

Plasma Production (5) Screen Electrode (6) Acceleration Electrode

Figure 1.2b:Hybrid Electric Thrusterlgnition Test

The hybrid electricthruster developed for this studgmbines elementsf the ES
and EM thrusters and use a conventional glass nozzle to accelerate the plasma.
conventional glas€-D nozzleoutfitted with a solenoid at the thraatusedto reheat the

gasand hence for ES and EM operatida maximize the heatingf the gas (towards



producing a highemperature plasmal major challengavith plasma production is the
high heat lossfrom the radiofrequency (RF)supply dissipating wasted energy
Therefore, conreing a solenoid from th&F supply to the nozzles evaluated as a
means toprovide a higher performancéor the thrusterThe second componem be
evaluatedis a capacitive discharge chamber. This component acts both as a plasma
production chamber fothe electrostatic thruster arad an electromagnetic thrusteAn
electrostatic thruster componeantorporates @creen andn acceleration electroddor
ESpropulsion andis designed foanylow-thrust manoeuvrethat mightbe requiredThe
electromagnetic thruster component is designed for-thmiglst manoeuvressuch as
orbital stationkeeping This thruster is unique in its mass class because of its dual modes.
Results for théybrid electricthrusterare presentefbr operations as oneg moreof three

possiblethruster typesillustratinga versatile new approach atectric propulsion design

1.1 Thesis Organization

The thesis is organized to six chapters. The introductorghapter presents
researclobjectives The backgroundchapterprovidesa brief overview of the history of
electricpropulsionand a literatureeview ofthe various types dadlectric propulsionThe
backgroundof plasma physics theory and electric propulsion engineesirggalso
presented Plasma physics theorgovers atomic physics, plasma properties, collision
theory,plasma in an electric fieldnd plasma generation. This chapter alsscribeshe
continuous fluid angbhlasma dynamicenodelsneededn order to understand the floof
gas andplasmain the thruster It concludeswith a discussbn of the function andthe

engineering of all thremaintypes of electripropulsion systems



The methodologychapterdescribeghe design of the electrothernthruster and
hybrid electric thrustes, along with the procedures utilizkin the simulation and
experimental researamdertaken hereThis chapter also discusses the design criteria for
this researchSolid mechanicamodelsof the thrusters both in the static and dynamic
cases are presentedSchematis of theelectronics and the electromagnetic radiation
encapsulation arpresentedSimulations using the MacCormack methodo demonstrate
the fluid flow in the electrothermal thruster and thdorid electricthrusterare outlined
Experimentsconductedusing a thermal vacuum chamber in both medium and high
vacuum conditionsare described along with tle experimentsisng of a free-balance
pendulumand a Langmur probe Results and conclusierare discussedhereafterin

separate chapters.



2 Background
This chapter is divided ito two sectionsa discussion of thhistoryandprogress
of electric propulsion researchand a summary ofthe theory used in the research

undertaken here

2.1 History

2.1.1TheEarly Years of Electric Propulsion

The originalconceptof electric propulsion was proposed by Dr. Robert Goddard
in 1906[Choueiri, 2004] He theorized thatlectronscould be usetb propela spacecraft.
The primary challengeto his ideawas that the mass of thelectrons are toemall to
provide anysubstantial thrus The use of electrons would also charge the spacecraft.
When he published his article in September 1906 failed to calculate the amount of
energy requied for the electrons tattain a velocity neathe speed of light Although
Goddad never consideredusing ions (much heavier than electrongls the main
propellant of electrostatipropulsion this original theoryinitiated researchinto electric
propul si on. gtidy o electr® prapdlsion, dhénserous scientistsuch as

Oberth and Glushkstartedresearchinghe studyof electric propulsiofiChoueiri, 2004].

In 1918, Hermann Julius Oberth theorized the potenfimal electric engineso
propel large spacecraft. Halso envisionedthe development ofnanned spaceflight.
Obeath proposed a twstage rocketfor spaceflight that used an alcoholoxygen
liquid-propellantenginein its first stage and hydgeroxygenliquid-propellantenginein

its second stageThis was discussedn his book Wege zur Raumschiffah(Ways to



Spacelight), published in 1929A chapter on electric propulsion, titlé2as elektrische
RaumschiffThe Electric Spaceshipdxplairedthe fuel savings of an electric engunged

for deep space missions [Choued@04].

In 1929 Valentin Qushko tested tharkt electrothermaéngineat the Laboratory
Gas Dynamicdocatedin Leningrad, USSR Electrothermal propulsioreatesthrust
using a hightemperature gas (typically liquid in storages a propellant. The test was
conductedon a standardest standwherethe thrust or propulsivdorce was measured

[Stuhlinger, 1964Choueiri, 200

2.1.2 The Space Race

In 1958, the first ion engine model was demonstrated at Rocketdyne. In early
1959, another modevasdemonstrated at Elect©pticalSystemsln 1960, thdirst full
size electrostatic ion engine was tested at MNeional Aeronautics and Space
Administration (NASA) Lewis (now Glenn) Research Center Btuhlinger, 1964;
Anonymous,NASA, 1999]. Inearly 1964 the first suborbital flight using an ion mgine
was performed by the United Statdsaterthat same yeathe first electric engine used in
an interplanetary probwas developed by the Soviets [Stuhlinger, 19@410nymous,

NASA, 1999].

During the mid-1960s, NASA Glenn Research Centedeveloped the
magnedplasmadynamic (MPDpropulsion systemThe MPD research was intermittent
because of limited accesshimh-powerelectric suppliegLapointe and Mikellides, 2001

AnonymousNASA, 2004].



2.1.3 Deep Space 1

In October 1998, the first iothrusterdesignedor deep space missions came into
operationon Deep Spacé, a spacecraftieveloped by Jet Propulsion Laboratory (JPL).
The mission was tperforma flyby around the asteroid 9969 BrailBPL and NASA
worked on NSTAR NASA Solar Electric Power dchnologyApplication Readiness
program)to develop the ion engine for Deep SpdceThe spacecrafcompleted its
missionflying by a nearEarth asteroid in July 1999 and comet Borrelly in September
2001, reaching a recordbreakingmaximumchange ofpeedat 4000 nvs without the use
of gravitational assistancgAnonymous,NASA,1999] nJune 2010, NASAOGS
spacecraft broke Deep §ipsanaxdanuricilange spersdatd r e c o

4300 m/gAgle, 2010]

Figure 2.1: Deep Space 1

[AnonymousNASA,1999

2.2 Progress of Electric Propulsion Research
Electric propulsion technologymay be divided into threemain types

electrothermal, electrostatic, and electromagnetic. Electrothermal propulsesfiuid



(liquid or gas)as a heated propellant eanconventional nozzle [Sutton & Biblarz, 2010].
Electrostatic propulsion useSoulombforce electric fields to acceleratpositive ions
[Serway & Jeweft2004; Goebe& Katz, 2008]. Elettomagnetic propulsion usésrentz
forces to propel the plasma [Jahn1968; Serway& Jewett 2004]. Overall,electric
propulsionoffers a promising method tonprove the performancef spacepropulsion
systems increase the fuel efficiencgf thesethrusters and loweroverall the cost of
spacecraft. Table 2.1 displays therformance of the different propulsion technologies
termsof specific impulsesSpecificimpulse is in the vacuum of spac#e change in

momentum per unit mas# higher specific impulse indicates higher performarase

explained inSection2.3.

Tale 2.1: Types of Electric Enginess aSandard Spacecrafbrdered by
Specificilmpulse[Sutton & Biblarz, 2010]

Propulsion Type Acceleration Propellant Specific Thrust

Type Impulse (s) (mN)

Monopropellant Rocket ~ Chemical N2Hg 200250 30-10°
Resistojet Electrothermal NHs, NoHgy, H,  200-350 200-300
Arcjet Electrothermal /% '\l\'fH“’ Mo, 4001000 2001000

2

Pulsed Plasma Thruste Electromagnetic Teflon 600-2000 0.0510
Hall Thruster Electrostatic Xe, Ar 15062000 0.01-2000

lon Thruster Electrostatic ~ Xe,Kr, Ar, Bi 15008000 0.01-500

Magnetoplasmadynami Electromagnetic Ar, Xe, H,, Li 20065000 10°-2000

2.2.1 Electrothermal Propulsion
A high-temperature gamay be created in electrothermal engines using either a

direct curren{DC) or analternatingcurrent(AC) power supply DC-based electrothermal
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thrusters use a battelike power source to heat th@opulsion gasAn example of a
DC-based thruster is thesistojet which uses aesistance element (material which heats
up readily when an electricurrent is passing through i) heat up the gas. The active
resistance elemeiitabricated froma high-temperaturanaterial like tungstenheats up
the gas as it passthrough;the gasmaybeionized from the hedtlahn, 1968; Martinez

Sanchez, Spacedprulsion, 2004; Sutton & Biblarz, 2010].

Figure 2.2: Resistojet Electrothermal Thruster

However resistojetdhave dow efficiencybecausdieatingthe gasfor ionizationrequires
a largepowersource[Jahn, 1968Sutton& Biblarz, 2010. The efficiency of a resistojet
is further limited wherthe gaspassedhrough the resistor antbols the resistofJahn,

1968].

An arcjet thruster i DC-based electrothermal thresthat uses two electrodes
and a high potential differencgpically 400V at the minimumfo ionize the gas. The
ionization is caused by an electrical arc created between the electrodes [Jahn, 1968;

MartinezSanchez, 2004].
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Figure 2.3: Arcjet Electrothermal Thrustefhe lines represent the fluid path.

[Figure 6.19 inJahn, 198]

There is a considerable amount of research into arcjet thrusters. One of the ti@asons
technology is popular is its simplicityhe technologyrequiresonly a cathode tip, an

anode nozzleand a higkvoltage power sourddahn, 1968]

As an alternive to DC-based arcjet propulsion, ACGbased electrothermal
thrusterscanuse alternating currents @at and potentiallypnize thepropellantgas. The
amount of power required tsufficiently heat the gadepends inversely on the input
frequency Liebeman, 2003; Dinklage, 20D5AC-basedelectrothermathrustersare a
better alternativeo DC-based electrothermdhrustersbecause ottheir lower power

requirement [Sutton & Biblarz, 2010].

AC electrothermalthrustersuse analternatingcurrent frequencywith a range
typically between 1kHz and10 GHz. The most common frequency used for producing
plasma in the RF region is 13.9dHz. AC electrothermathrustes requireshieldng to

carefullyisolatethe RF power plant frorthe rest of the systeand controllergHrbud et

12



al., 2007; Takaet al, 2007; Batishchev, 200S%teinet al.,2008; Takahashet al, 2009;

Takahashet al, 2011].

Theprincipaloperation of the A@lectrothermathruster issimilar to thestandard

electrothermathruster. Figure 2.#4lustratesthe capacitive plasma discharge.
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Figure 2.4: RF Electrothermal Thruster Schematic [Hrbud et al., 2009]

Purdue University has developedniniature RF electrotherm#éhruster Theirwork has
shownthat the temperature of the plasma increases as the input ofteéHezquency or

power increasdHrbud et al, 2007]. At Kyoto University, a team has simulated and
developed a microplasma thruster using a microwave antenna. They conclude that the
perfamance increases as the mass flow rate increases [TakahathR009; Takahashi

et al, 2011].

Inductive plasma discharge @asmethodin which a solenoid is attached to a RF
generator to produce plasma. The advantagthief methodis that its lifespan of the

device islongerthanthat ofthe capacitive dischargmethod[Jahn, 1968].
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Figure 2.5: Inductive Plasma Discharge in a chanr@gure 6.31b inJahn, 1968]

This solenoid configuratiorshownin Figure 2.5is commony usedfor RF dischargeAn
example of such research enductively coupled plasma source was develaidibise

State UniversityBrowningetal., 2011]

Another type of antenna which is commonly used in AC heating is the helicon
antenna. Helicon antenna is a specializedrenr@eshaped such that there is a high axial

magnetic field refer toMulchany et alfor further informatiorfMulchanyet al, 2009].

.
Figure 2.6: Example of a Helicon Antenna [Mulchany et al., 2009]

This configuration assists in the prevention efergy loss inside the plasma; thus,
increagng ionization efficiency overits inductive counterpart. This methad very
difficult to perfect and design imperfectionsan causethe ionization efficiencyo drop

significantly. Douglas Palmer and MitcheWalker of Georgia Institute of Technology

14



have conducted performance analysis on the helicon thrustéreir researclattempted
to determine aroptimal frequencyfor maximum performangeand they found that the

lowest input frequencin their experimenproducedhe bestresults[Palmeret al, 2008].

2.2.2 Electrostatic Propulsion
Electrostatiqoropulsion useslectric(electrostaticfields to accelerate ions. There
are two types of etgrostatic propulsion systemblall andion. According toGoebel&

Katz aHall thrusteris a

[ €] type of el ect r o sfielddischargetdéscribes byghe ut i |
Hall effect to generate the plasma. An electric field established perpendicular to

an applied magnetic field electrostatically acceleratestmhggh exhaust

velocities, while the transverse magnetic field inhibits electron motion that would

tend to short out the electric field. Hall thruster efficiency and specific impulse is
somewhat less than that achievable in ion thrusters, but thedaheugtven power

is higher and the device is much simpler and requires fewer power supplies to

operate [Goebel & Katz, 2008].

The PP&L350 Hall thruster was developed by SNECMA for the SMAR3pacecraft,

which launched on November 13, 2004.

Figure2.7: PPS1350 Hall Thruster [Snecma, 2012]

15



The thruster provides a thrust of 68 mN with a specific impulse of $64ihg 1.5 kW of

power [Foing, 1999; Foing, 2003].

According toGoebel& Katz an ion thrusteruses two eldcostatically charged
grids wih a large potential differend® accelerate the ions. The plasmeneratorn
thesethrusters carbe either a DC or an AC power plant [Goebel & Katz, 20@8]DC
generator was usaditially for ion propulsion during the early development between the
1960s and the late 19909 Stuhlinger, 1964;Dryden 1967;NASA, 1999]. The DC
generatorconsists ofa hollow cathodethat ejects electronsinto a chamber These
electronscollide with the gas particlesausingionization. Around the plasma chamber,
magnetsare mountedo furtherionize the gagarticlesby electroncyclotron resonance.
This causeshe electrors to spiral around the magnetic fields, increasing the chance of
ionization [Goebel & Katz, 2008]. Ovaime, AC power sourcebave becomenore

popular die totheir higher longevity and lower poweequirement.

lon propulsion depends on thargepotential differencéetweerthe electrically
chargedgrids. The performance of the electrostatic thruster depends on the mechanical
and electrial configuratons of the grids [Goebel & Katz, 2008]. This propulsion system
type has been extensively researchedh the potential for miniaturization without
sacrificing performancgWirz et al, 2006; Yamamoteet al, 2006; Nakayamat al,

2007; Muelleret al, 2008; Lubeyet al, 2011].

Researchers from NASA [Muellet al.,2008], California Institute of Technology

[Wirz et al. 2006], and Pennsylvania State University [Luletyal, 2011]haveworked
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on how to maximize the performance of the ion thrustenouitthe use of large power
source NASA recentlyconducted a survey on the currstdte ofminiaturizedpropulsion

technologyunderresearch and develo@nt[Mueller et al.,2008]

MiXl in Operation in JPL Test Lab

. . Figure 2.8b: MiXIinOp er at i on
Figure 2.8a: MiniatureXenonlon g P

Jet Propulsion Labratory Test Facility
[Mueller etal., 2008]

ThrusterRelativeSzeto aPenny
[Muelleret al., 2008]

At the Jet Propulsion Laboratory,researchers have developadminiature xenon ion
thruster MiXI1) which hasa specificimpulse between 2500 and 3000 secoiitie. power
required forthe MiXl is between 13V and 50 W [Muelleret al., 2008]. A major
challengewith the MiXI thruster isthe costof the propellant [Muelleret al, 2008].
Xenon is anexpensive gaspriced atappioximately $120 per 100gor $34,500 per

cylinder tank[Brown, 2011; Chemicool.con2017.

Researcherdrom Pennsylvania State Universityave designed and built a

microwavepoweredion thruster whiclkconsume®nly 1 W of power and use argon and

17



xenon as its propellants [Lubey al, 2011]. The specific impulse of the ion thruster is

approximately 5500 seconflaubeyet al, 2011].

Figure 29a: Relative Size dfhis
Figure 29b: Miniature Microwave lon
Miniature Microwave lon Thruster
Thruster in OperatioifiLubey et al., 2011]
[Lubeyetal., 2011]

Theyuseal botha Langmuirprobe and a Faraday cup to measure the performance of the
thruster. The Langmuir probe measures the electron temperature oflaigas.useful
tool in electrostatic ion propulsioresearchfor estimating thrustA Faraday cup is a
device which measures the number of chaggticles in a plasmahe esearcherbave
concludedby using both the Langmuir probe and the Faraday theexhaustvelocity

was approximatelyp4 km&™, indicatingthe performance of the thruster be high at a

specific impulse of 5500 seconfdsibeyet al, 2011].

2.2.3 Electromagnetic Propulsion
There are threenajor electromagnetic thrustesshich are beinginvestigatedat
the moment pulsedplasma thruster, magnetoplasmadynamic thruster,tlaadariable

specific impulse magnetoplasma rock&AGIMR). Despite the difficulties in the
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associatedesearchelectromagnetigropulsionis theorized to be thenost promising
electic propulsiontechnologyavailable[Anonymous,NASA, 2004] It operates using
predominatelythe Lorentz(EM) force for propulsion thrust[Jahn, 1968; Martinez

Sanchez, 20G4 AnonymousNASA, 2004; Sutton & Biblarz, 2010].

A pulsed plasma thruster (PPE)an electromagnetic thrustehich typically uses
capacitive dischargand a propellantsuch as polytetrafluoroethyelene (PTFE)inert
gases.A high voltage source, such as a spark plug, ianibhe surface of the propellant.
The capacitorsthen dischargean electric current between the electrodesith the
transient EM field themccelerating theesultingplasmaA PPT istypically ashortburst
thrusterwith athrustefficiency (see section 3.9 for further informatioof)less than 10%
[Cassadyet al, 2000] Despite its low efficiengythe specific impulse of the engine is
around 3000 secongd&hich ismuch higher thathat ofchemical rocketsConsequently,
PPTs aredesigned fouse duringspacemanoeuvresather tharto providethe continuous
thrustrequired fordeep space applicatisfdahn, 1968; Choueiri & Ziemer, 2001; Nawaz
et al.,2005; Cassibry, 2008T.he PPT isvidely developed industriallyn partbecause of

the simplicity of theelativetechnology.

Sy

Figure 210: Pulsed Plasm&hruster [Cassady et al., 2000
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The magnetoplasmadynami@iPD) thrusteris anothertype of electromagnetic
thruster A MPD thrusterproduces angropelsplasmawith the use ofa large direct
currentelectric supply The main difference between the MPD dahd PPT is tat the
MPD power supply runs continusly. This methodrequires a large power sour@e,the
order ofmegawatts, to have a sustainable propulsiba relatively high thrust delivery
(for an EP system)An alteriativeimplementationsimilar to the PPT methqgdnodifies
the MPD thrusterto a quasisteady statepropulsion by fastswitching capacitors
[Guarducciet al, 2011]. Quasisteady state is a statehich the thruster operates
pulses. The period of the pulses aypically 1 us. One siginficant issue with MPD
propulsionis the degradation of the materiaisthe surrounding structuteecause othe
high input power and ionizatiolevels Superalloys and other specialized matertiaét
can withstand the high input poweray find an application in MPD technology{Jahn,

1968; Herdicltet al, 2006; Guarducast al, 2011].
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Figure 2.11: Magnetoplasmadynamic Thrustdfifure 8.15a inJahn, 1968]
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Some research on electromagnetic propulsion is focusethenseof a solenoid asan

exterral magnetto activelyproduce thenagnetic field Domonkoset al,, 1995]

Additionally, an external magnetic field, such as a solenoid, in an arcjet thruster
may be applied [Miyasaket al, 2001]. With a magnetic field present, the arcjet becomes
an appliedfield electromagnetic thruster. Depending on the force produced by the
electromagnetic (EM) effects, the EM force may be substantially larger than the
electrothermal force, resulting ande facto magnetoplasmadynamic thruster [Jahn, 1968;

Miyasakaet al, 2001; Hoyt, 2005; Kagaya & Tahara, 2005].

Former astronaut and founder of the Ad Astra Rocket Company in the United
States, Franklin CharDiaz, developedhne VASIMR. It uses radidrequencieso ionize
the gas and increase thesultingplasmatemperaturdo over a million kelvins. At the
exhaust, the magnetic nozE#/ field accelerates the plasma. The thrust of the rocket is a
mixture of electrothermal and electromagnetic eféd@hangDiaz et al, 1999; Arefev

& Breizman, 2004; Ahedo & Mrino, 2011; Glover, 2011; Squiet al.,2011].
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Figure 212: Operation of the VASIMRChangDiaz et al., 199P
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This propulsion system is theorized to transport a spacecraft from Earth tanVefs

days On September 30, 2009, the VASIMR prototype -200 became the most
powerful electricengineto bedemonstrateth operationto date. The thrust of the engine
is approximately0.5 N using a 200kW power supply. The company is currently

improvingthe performance of thenginelChangDiazet al., 1999].

Figure 2.13: VX-200 in operation ChangDiaz et al., 1999]

2.3 Propulsion Basics

A primer on propulsion basics is necess@oy understanohg how electric
thrusters workThe mass ejected frometthrusterhasan equal and opposite force effect
to the spacecrafaccording toN e wt o'flaws Th@ thrust Fyus, is describedas the
product of the exhaust velocity and the mass flow [@&eebel & Katz, 2008; Sutton &
Biblarz, 2010]

[0}
Qo

0 N i (2.1)
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wherevey is the exhaust velocity, and, is themass of theropellant.The total mass of
the spacecraftM, is the sum of the propellant and the boaly, masse$Goebel & Katz,

2008; Sutton & Biblarz, 2010]

0 & & 8 (2.2
Whenthe propellant mass is depleted, the total mass of the spaciscrafiuced tats
body masswith the associatecchange in velocity. The change in velogitw, of the
spacecraft is the product of the exhaust velocity of the propalfahthe logarithmiéull -

depletednassratio [Goebel & Katz, 2008; Sutton & Biblarz, 2010]
. (2.3

After the expenditure of the propellant, the depleted mass of the spacefEaitbel&

Katz, 2008; Sutton & Biblarz, 2010]

WO
a GO&QDO‘—S (2.4)

Specific impulsedescribe the fuel efficiency of a jet, rocket or space engindn
space, it isthe exhaust velocity of the propelladti vi d ed b ygravithtienalEar t h
acceleration at sea level;, onore generally in t atmospheric or space flighihe amount

of thrustdivided by thereference weightflow rate of the propellanfGoebel & Katz,

2008; Sutton & Biblarz, 2010],

O v (25)
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Specific impulse indicates how efficidptthe engine uses its fuel for propulsion. The
higher the specific impuls@n units of secondsthe more fuel efficient thenrusteris. A

higher mass flow ratéh &  or exhaust veaicity increassthe thrust [Goebel & Katz,

2008; Sutton & Biblarz, 2a1.

If an engines going to liftoff fromtheE ar t h 6 so IewEarth arluit LEO),
the energy per kilogram required to overcome gravitational forces is [Quine, Seth, & Zhu,

2009]

o o o (2.6)

allxel
¢

whereqg is the effective(mean)gravity, h, is the altitude of the orbity is the current
position of the spacecraft relative to therface andv, is the orbital velocity [Quine,
Seth, & Zhu, 2009]Neglecting atmospheric effectdet thrust of theengine has to

overcometh&art hés gravitational field,

O 030 a v 0B (2.7)
In order for thespacecrafto hover, he product of the specific impuldeom the thruster

and the mass flow rate of the propellant must equal to theatetghtof the spacecratft,

0 'Oa 8 (2.8)

The kinetic powerPyg, is the rate of change of the kinetic energy frompitopellant

5 Pao s
C

(2.9
The kinetic power determines the thrust efficiency at a given input power.
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For example, if a magnetoplasmadynathiwsterwith a specific impulse of 3000
seconds is going to hover a spacecraft with a mass of 10 kggtineed mass flow rate is
3 . 3. golvever, the energy required overthe 10 kg spaceaft is approximately
1.4MW. Currently, his is only attanable if the spagcraft has a large power plant or by

use of conventional chemical rockets.

2.4 lonization and Dissociation
lonization energyk;, is the amount of energy requdre® removean electron from

its parentatom[Jahn, 1968]

0o OP O Q8 (2.10)
Noble gasesypically have higheionization enerigs relative tothose ofotherelements
in the periodic table. For example, helium hhe highest ionization energt 24.6 eV,
whereasmonatomic hydrogen ham ionization energyat 13.6 eV. Bond dissociation is
the processof the bond breaking apairt a molecule. The energy required to disatei
the bondsD,, varies among different moleculéBable 2.2 shows the ionization energies
and dissociation energiedf various gases[Jahn, 1968; Bose, 2004jaynes 2012

Haynes2012].
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Table2.2: Gases and their lonization Energyd Dissociation Energy [Hayng2012]

Element lonization Energy Bond Dissociation Energy
(eV/particle) (eV/particle)
Hydrogen 13.598 4.519
Helium 24.587 N/A
Nitrogen 14.536 9.764
Oxygen 13.618 5.121
Neon 21.567 N/A
Argon 15.762 N/A
Xenon 12.132 N/A

Ideally, xenon would be a good choice among the noble gases for plasma generation

because oits relativelylow ionization energyGoebel &Katz, 2008].

Diatomic ntrogen hasa dissociation energyhat is lower than its ionization
energy. Therefore, theoleculeis typically dissociated first before being ionizgthhn,

1968]

6 ©00°c P p
¢c0 09 ¢O cQ 8

Hence, the total energyeededo ionize nitrogen is 24.3 eV/patrticle, which is comparable
to that of helium. lonization can also occdrom the diatomic phase of nitrogen. The

ionization energy without dissociation for nitrogen is 1%e¥fHaynes, 2012]
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Figure 2.14:Densiy of eachitrogen atom and ion with respect
the pressure [Thorsteinsson & Gudmundsson, 2009]
Figure 2.14 illustrateshe global model othe density of each nitrogen species with
respect to the pressure of the nitrogéhe significance of this diagmais to show what
species of nitrogen exist in the plasma at various presgurbersteinsson &

Gudmundsson, 2009

2.5 Plasma Physics

2.51 Plasma Properties

The fundamentalsf plasma physics amecessaryo design and buildn electric
thruster. Thesare developedrom the ideal gas law, electricity and magnetism, and
statistical chemistryGiventhe values of the powewroltage input, input frequency, type
of gas, pressure, mass flow rated @2ine geometry of the generatardetailed analysis of
the plasmamay be developefHoward, 2002, Lieberman, 2003, Bellan, 2004; Dinklage

et al, 2005, Goebel & Katz, 2008]

Let n be theparticle density on incoming gas
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where p and T are the given pressure (Pahd temperature (K) respectivelyhe

Boltzmann constantkg, is defined as the constant thaglatesthermal energy with

temperature a$.381402% JX ! [Goebel & Katz, 2008].

The electrontemperature]e, may be expressed in eVdnd in K. The conversion

between eV and K is

Y Q. ¢po

YU h

whereeis the absolute value of an electron charge.60240*° C [Lieberman, 2003]

The Saha functiodescribegheratio of the square of the numbereadéctrons i)
to the number of neutral atoms or molecylg3. The equation wadevelopedn order to
explain the light spectrum frorstars. The equationses the temperature of tielk
plasmato solve theSaha functionHowever,this assumes thbulk plasma temperate is
approximately equal tthe electron temperature. In a cold plaswieere ionization occurs
using radiefrequenciesthe electron temperature is ten to hundred times higher than the
bulk plasma temperaturel'herefore the Sahafunction uses the elecin temperature

[Jahn, 1968Howard, 2002; Dinklaget al, 2005 Takao, 200G

ca QYT P T
22 Y 9

vy &gl
& S 0

whereq; and g are the groundtate degeneracy of an ion amdeutral respectivelyme is

the mass of the3k&g andthePdmmnatk 6 §h S@iehb@ nt ,
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6 . 6 2% JAA®e ground state degeneracigs dependent on the elem@Binklage et

al., 2005] For example, ground state degeneracy for an iora@edtralin hydrogenare

one and two, respective[jHoward, 2002 MartinezSanchez, 20@G}. The Saha equation
was initially used in the simulations to find the temperature of the plasma. However, it
has been removedhe full derivation of the Saha equation is in appendixThAe

remenance of the equation is in the cadt®wn inappendix H.

2.52 Collision Theory

Collision theory is the study of particle collisiobga plasmdfull discussion is in
appendix B) The particle collisions determine the conductivity in the plas@allisions
aredescribed in terms ohérmal speedt is the speed at which the individual speces
moving in a plasmaHowever, the overall plasngaoupvelocity is thebulk velocity. This
is analogous to a swarm of bees. The velocities of the individual bees may be very fast,
yet thebulk velocity of the swarm could be very slow. The avertgggmal velocity Ce,

of an electrons [Howard, 2004; Dinklaget al, 2005]

. wQry v
W T,—S
a

The Debye lengtlfen), or characteristic length, is the distance over a plasma in
which the electric fieldf the charged particls shielded from the thermal motion of the

other charged particlgsloward, 2004; Dinklaget al,, 2005]

e S0
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wher§ i s the permittivithm'lof free space, 8. 8!

The plasma parameteg,, is a dimensionless quantithat characterizes the

unmagnetized plasma

¥ 1“3 Q 8 P X
Strongly coupled plasma has the plasma parameter less than one. This means the potential
energy of particles inside the plasma is more significant than the kinetic evézgily
coupled plasma has the plasma parameter more than one. In this case, ibekihet
thermal energy is significantly higher than the potential ene@fjen the plasma
parameter is higher than one. The parameter is cubically proportional to the Debye length
The logarithmic of the plasma parametér(s), is called the Coulomb pareeter

normally, ths value is between 6 and Jldoward, 20@; Dinklageetal., 2005}

The collision frequency f;, depends on the number of particles in the first species
(electron, ion, or neutratoms or molecul@sthe thermal energy of the firstespes, and
thecrosssectionalarea of the collisions from the two spedidsward, 20@; Dinklageet

al., 2005] The collision frequency of a typical electrmm scattering ifHoward, 20@]

EOQIl Ir g P Y
C“T d (I)
Thecorrespondingrosssectionalareafor electronion scattering is
©wQl TQ g P w
C“T d (':)
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Collisions also occur betweenhe electrons and neutral atoms and molec(bes
simply neutrals) The collision frequency between the twdhe same a® the electron
ion collision frequency, without the chance of recombination or having any electric forces

[Howard, 20@; Dinklageet al, 2005]

% & 0l 8 & T
The radius of thelectron is much smaller than the radius of the neatash or molecule
therefore, the radiusf the electronrmay beneglected in the equation. Theosssectional
area,” #, is approximatedo 10*° m?, depending on the ga¥/ith the electromeutral
and ekctronion collision frequencieshe collision frequency of the electrons in a given

plasmais [Howard, 20@; Dinklageet al, 2005]

Q% G 8 g p
One of theobjectivesin thepresentesearch is to use gas mixtures in the thruster.
In aplasma compriskof a gas mixture, the simplest model to useéoasssune thatthe

two species ionize individually withoanycollision[Jahn, 1968]

where A and B represent any twatomic speciesThe Saha functionfrom equation

2.14)of the two species afdahn, 1968]

s wa ey — . & ol
NE ¢ a Q7Y o 7

¢
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The electron density in a mixture is conged from each of the individual element

[Jahn, 1968]

€ &5 €f8 Cq T
The ion densiesdepend on the Saha functgin equation.23a and2.23b. Introducing
the heavy particle density, it is the density of the ions and neutrals. The deniigy

heavy particlesor each elemens given as [Jahn, 1968]

ER &€r &N cgu A
Er €r €18 g v A
Hence, there are five spies in a tweelement gas mixturens, Nia, Mg, Ma Me

Expancedto three or more elements, the number of species in a gas narture

O C ph c& o
whereas andag are the number of species and the number of elements, respedtively.
low-temperature plasma, the ionization of the gas mixture is less than the ionization of the
two elements mutually exclusive to each other. The physical reason for this phenomenon
is thatthe electrons can be readily recombined from eitti¢he ion elemens of the gas

mixture[Jahn, 1968; Dinklaget al, 2005]

Collision theory in gas mixtures is similar to the collision theory in a gaeeln
atwo-element gas mixture plasmthe electrorion collision frequency is modified such
that it takesnto account elements A and[Bahn, 1968; Howard, 2@(,
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The electromeutral particle collision frequency is also takanto account for multiple

speciegJahn, 1968; Howard, 2@
Q; weER“ly &Ep“lg 8 8 Y

2.53 Plasma in an Electric Field

The dielectric constan{f ) in a plasma, whichdepends onthe collision
frequency, solves fahe conductivity of the plasmé alsodetermines theolarization of
the electric fieldn aplasmawhich describes whether the Lorentz force of the plasma can

be usedThe dielectric constant of a plasisdLieberman, 2003]

& wh

. g wh

w h e rpgis the electron plasma frequency, and i s t he value of t he
from the RF power plant The valuef, , is the collision frequencgf the electroron and
electronneutral interactionsThe dielectric constant ig/pically complex and couplel
with the electroion and electromeutral collision frequenes [Howard, 2002;

Lieberman, 2003; Bellan, 20D4

The current density is defined agHoward, 2002Bellan, 2004; Goebel & Katz,

2008]
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The current densitig linearly proportional to the electric field, [Lieberman, 2003]

€ Qf T A8 & p
When there is an input frequency from a power gener#tterdirection of theelectric
field is opposi¢ of the current [Lieberman, 2008igure2.15 illustrates the electric field

in a plasma.
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Figure 2.15: lllustration of aNegativeDielectric ConstantThrough thePlasmaMedium

[Lieberman, 2003]

The electric field is much smaller inside the plasma than in the shetmtken the plasma
and the electrodeFor further information, please saégeberman 2003 The plasma
conductivity is determinedas the product of thdrequencyand the plasma dielectric

constan{Lieberman, 2003]

., Q7 7 8 Cd ¢
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Combining equation 22with equation 2.3, the plasma conductivity iflLieberman,

2003]

Q¢ 8 C® o
” d ,‘Q "Q_|

Similar to the plasma dielectric constant, the plasma conductivigypisally a complex
number. Only in a pure DC dischargas the plasma conductivitya real number

[Lieberman, 2003; Dinklaget al, 2005]

Q¢ CO T

2.54 Plasma Generation
Ohmic, or Joule, heating is the process in whichpttopellant inside a vesse

heatedby an electrical current. There are two method©®binic heating: capacitive and

inductive [Howard, 2004] Capacitive heating involves two electrodes with a potential

difference. In a DC power supply, tpetential differencenust be inhundreds to tens of
thousands of volts, depeimg on thegas pessure, in order to cause a plasmaArcAC

power supplydoes notequiresucha high potential difference order tocausea plasma
discharge Inductive heatingnvolves a solenoidcarrying a high currentto produce a
magnetic fieldo causea plasma discharggHoward, 2002Bellan, 2004; Goebel & Katz,

2008]

Ohmic heating isthe current density and the electric fie[tHoward, 2002;

Bellan,2004; Goebel & Katz, 2008]
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whereP,psis the absorbing powe@hmic heating is the dot product of the current density
and the electric field, integrating over time multiplied by #reyularfrequency, being
integrated over a specific volumésing the métod of contour integration, the absorption
power for both capacitive and inductive heating can be simplified using the DC plasma
conductivity and the phasor equivalent of the electric fiflldieberman, 2003;

Howard,2004; Goebe& Katz, 2008]
; , QN0
v =~ F » h —Qi Q@

25.5Plasma as dluid

The purpose of modeling the plasma as a fluid is to simitédftew in the electric
engine. The behaviour of the plasma is descritpethe NavierStokes (NS) equations
such that the fluid is considered electrically conductivthe plasmas magnetizedy a
high currentor if there is an external magnetic fiettie equationsare considered tbe
the magnetobydrodynamic (MHD) equations[Goebel & Katz, 2008; BaMeir, 2011]
The full discussion of the plasma modeled as a fluid (continuum mechanics) is discussed

in appendix C.
TheNS equations are writteas[Goebel & Katz, 2008; BaMeir, 2011]

r _— & x A
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The densitycontinuity, equation2.37h prescribeghat the totadensityis dependent on

the rate of compression of the flyiq’ " O o ) [Hutchinson & Friedberg, 2003;
Goebel & Katz, 2008]The electron continuity, equation 2.37a, describes the temporal
and spatial changes in the electademsitywith respect to the production rate,. The

production rate ithe amount of electrons produced in the plasma dthiedischarge

” e ” ” " F](I) 8 Ca)- lIJ
The impact ionizatiorcrosssectionarea Uimpact, IS the area atvhich collisions cause
ionization and excitatianThis valuedepend on theatomic elemen{Goebel & Katz,

2008]

The plasma momentum, equation 2.33iescribeghat the change in momentum
in a plasma depends on tpesssure gradienviscous flowat subsonic speedviscous
flow at supersonic speed, Lorenfnrce density and collision transfermomentum
[Goebel & Katz, 2008]The Lorentz forcelescribes the force acting on ghlesma due to

electromagnetisriMartinezSanchez, 206G,
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The electric fieldE, is nonzero onlyhenever a capacitive discharge ocdiMartinez

Sanchez, 20(4.

The energy of the plasma, equation 2.37d, equals tditteegence of thdneat
flux, Ohmic heating, momentum change ofparticle due to collisions, and the heat
exchange between particleShe energy densityg, is the summation of the internal

energy, the kinetic energgndtheenergy of the magnetic fie[$ankararet al.,2002]

: ATA
% N g" o> o 8 8 m

_¢
e

Note thato is the specific heatcapacity ratioof the propellanigas.The energy of the
magnetic field is assumed to be produced fetherthe plasmay an extenal magnetic

field.
The heaflux is denoted ag5oebel & Katz, 2008]

In4 8 & p
The thermal conductivityp, of the plasma isstrongly dependent on the electron
temperature and the collision frequen®pebel & Katz, 2008]

3 ‘Z(D"Y8 c8 ¢
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n is therate ofmomentum changeer volumen thecollisions The subscripts;s
and s denotethe primary and secondary specieectrons, ions and neutratoms or

molecule$, respectivelfjGoebel & Katz, 2008]

N ¢ 6 G o o 8 & o
Also, is the rate of energy lossper volumedue to inelastic collisions such as
ionization and excitatiofGoebel & Katz, 2008]
8 1

Q
—08
(o

0 is therate ofheat exchange between partighes volume The heat exchange consists

of frictional, Q% and thermalQ', energies[Goebel & Katz, 2008]

0 0 0 h cg v A

5 o o A ¢g v A

. a . o Qv Qv g cg v A
v GE a G ¢ Q Q

The right hand side of the NS equations can be converted to fluxesorder to
apply then to the computational fluid dynamimodel. The Lorentz forcalensity can be
expressedas thesum of divergence of the Maxwell stress tensond thetemporal
derivative of directional energy flux densityThe Maxwell stress tensor [[Sankaranet

al., 2002]
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The Lorentz force is theum of thevolumdric integration of the divergence of the
Maxwell stress tensoand thetemporal derivative of directional energy flux density

[Sankararet al.,2002}
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In equation 2.37e,&r ad ay 6 s edpressedsadlux. Useng Ohtmds | aw
electric fieldyields two termsThe first term is the convective diffusion of the magnetic
field. This is written as the antisymmetric tensor of the me#ig field and the velocity of

theparticle[Sankararet al.,2002},

nJo0A Ao 8 c& Y
The secondterm is the resistive diffusion. This term is represented as the divergence of

the resistre diffusion tensor% , and it is the curl of the electric fie[@ankararet al.,

2002]

n o n A8 & w

The final term of flux conversion is the energy inside the plasma
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The first term is theviscous heating, the second@  mic heaihg, and the third term is
thermal conductivitfSankararet al.,2002] Hence, theNS equations in a flux model is

now representedsa
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For the simulationsequation 2.51lis simplified to optimize the numerical
calculations The stress due to thealls of the nozzle, the force due to collisiotise
temporalderivative of directional energy flux densitgnd external forces are ignored

[Sankararet al.,2002],
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The electron production equation is separated and entered in the plasma
generation equations, whickescribe the temperatures and densities of the electrongs, ions

and neutral particles,
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where Qaps Qneat and Ty, are the absorption power density, the heat exchange between
particles, and the temperature of the heavy particles, respectively. The temperature of the
heavy particless comprise@ of the temperares of the ions and neutrpérticles The
absorptionpower density is the absorption powgrquation 2.35)per unit volume

[Goebel & Katz, 2008].
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The production rate is simplified toanartlcformuIa for computational purposebhe

values A, B, CD, and E are elemespecific;the valuesare inappendixD.

The electron density and temperature are entered in the hedibedgo solve for

the overall temperature of the plasma. The boundary conditions are the nozzle wall
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temperature is kept constar@en, and the aluminum tip is adiabatj@ose, 2004

Wendt2009],

Qry - c® v
Qi
"Yi s 0
The heat equation is simplified wolve forthe steady state of the plasma, and the

eqguation varies along the radial directguch thafBose, 2004],

v }
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where the value is the thermal conductivity of the plasma from equation 2.42. After
solving for the plasma temperature, the value is ent@methe plasma dynamics

equation2.52.

2.6 Computational Fluid Dynamics

The computational fluid dynamienodelsolves the fluid equations fronection
2.55. The meshing of the numerical model is transfedrfrom a standard rectangular
grid(x, y)toanozzls haped grid (3, d) [Wendt, 2009],

, C® X
- 00Q w

The function,f(x), goes along theurve of the nozzle. This characterizes the nozzle
shaped grid in the physical plane as a rectilinear grid in the computational plane, as seen

in figure 2.16. This method is calledboundaryfitted coordinate systefwendt, 2009]
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Figure 2.16: BoundaryFitted CoordinateSystem Figure 6.5 inWendt, 2009]

Equation 2.52 can be written in the divergence fiBankararet al, 20@®],
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whereV is the solution vector. Alsd:ony andXgissare the convective and dissipative flux
tensors, respectivelyhese tensors amecoupledinto two flux tensorsX andY, such

that,[Wendt, 2009]
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The MacCormack method is a modified versadrthe LaxWendroff method that

is simpler to implement in thpresentsimulation. This methodhas a predictor and a
corrector. The predictor step solves for the estimated vajue by using theforward

difference methofWendt, 2009]

W [ Wi W Wp CH T
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Note thatx, andy; are the steps in the and d direction in the nozzlshape gridThe
corrector corrects the predicted valig by using the backward difference method

[Wendt, 2009]

p . . W, W 5 W Of CHp
c S

Equations 20 and 261 employt he Mac Cor mackds met hod. Thi

value does not overshoot [Wendt, 2009].
2.7 Electrothermal Propulsion

2.7.1 Ideal Nozzle Conditions

The basisof the hybrid electricthruster isfirstly the design of the electrothermal
propulsion systemElectrothermal propulsiors the simplest form oélectric propulsion
since it uses thermodynamic expangiomccelerate the plasma [Sutton & Biblarz, 2010].
In rocketry, nozzle theorfpllows from basic thermodynamics. The basic thermodynamic
principles are the temperature, pressure, volume, entfaaghentropySutton & Biblarz,

2010}
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Equation 2.62 showsthe relations between temperature, pressang, volume in an
isentropic flow In the theory ofan ideal nozzle, several assumptions are n@dgon &

Biblarz, 2010]
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1) The propellant in the rocket immogeneousThe densityof thefluid is uniform
throughout.

2) The propellant is in gaseoustate

3) The propellanhominallyobeys the ideal gas law.

4) The flow is adiabatic This means that there is no significant change in
temperature of the walls in comparisorthat ofthefluid.

5) Friction along the walls is negligible.

6) There are ndlow discontinuities.

7) The flow is steady

Within an isentropic and adiabatic flow, tredative entropy of the propellant is zerthus

no irreversible energy logSutton & Biblarz, 201Q]

2.7.2 Isentropic Nozzle

Theisentropicnozzleemployed for this studig a conicalC-D nozzledesign

Exhaust Holl Angle Inlet
@ 65 Thr@at &
“ == propellant:
- Density
H - Enthalpy
Length of Cone / N g

. . Radius of Curvature
Ambient Environment

Figure 2.17: C-D Nozzle and its properties
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A C-D nozzle has a converginggection between the inlet and throaand a diffuser
between the throat and the exhaust. The thro&keipoint where the crosectionalarea
of the nozzle is the smallest. Atat point, thevelocity of thepropellant maybe soric if
there is sufficient pressure coming from the irftgtoked flow condition) The ambient
pressurganges from standardea levelpressure on Earth wery low ambient pressure
in space For theusageof electricpropulsion, theambient environmens assumed to be

in celestial space (pressure is less thanTidlr) [Sutton & Biblarz, 201Q]

In the sixth assumption discussed above the performance of th@ozzle the
pressure ratio of the inlet to atmosphayeambient environmenmust be ateasttenin
order toavoidflow discontinuity(e.g., shock wave standing in the nozzle expansiod)
to achieve supersoniexhaustspeed. Following Sutton & Biblarz the exhaust Mach
number,Ma,, is dependent on the cressctioral area ratio of the exust A, andthe
throat A, andthe specificheatcapacity raticof the propellangas 9, [Sutton & Biblarz,

2010]
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Solving for the Mach number gen the ratio of the exhaust to ttiwoat area yieldsvo
possible solutions (subsonic and supersonicfhe Mach number isgreater thanone

(supersonic) for the present case

The throatinlet pressure ratidepends only othe specific heatatio of the fluid

when the flow is choked

a7
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Equation 2.8 assumeshatthe inlet flow speed is zerd/g; = 0). The expansiorratio at
the nozzleexhaustexit planedependsn the specific heattio and theexit flow Mach

number
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The exhast velocity of the thrustev,,, is the velocity of the propellant as it ejects from
the nozzle.This velocity depends on the ratio of the exhapséssureto the throat

pressureThe equation includes the inlet temperatilireof the propellant,

‘ Q.0
. A n —
0 YO—O3O——O0p +— 8
- T p n
The ideal mass flow rate determines the most efficient thrust possibibruster
- CH X
I : p A
a onro TR 8
Therefore, the idealacuumthrust in an efficienthrusteris
0 a Q 8 CH Y
The calculation of the thrust nonvacuum conditionss
O ad j a n n b 8 CH w
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The effective exhaust velocitweer, takesinto account the difference between the

exhausexit and atmospheric pressuyes

5
05 0 f S8 X

The specific impulse of théhruster as seen in equation 2.5, the effective exhaust

velocity divided byEar t hds gr avi t attseadenefSuttora & Bilgldrze r at i o

2010]

The direction of the exhaust velocity is not completely in the adaiponentf
using a conicahozzle The radial direction of the exhaust velocity does not contribute to
the thrust. Thereforghere islossin performancdecause othe divergence of theonical
nozzle.To achieve the best performance, the angle of tgg(i.e. the cone halngle)
has to be less than 15 degrees. Knowirgyangle of rise, the radii of the thrpat and

exhaustre, the length of the cone [Komerath, 2004; Sutton & Biblarz, 2010]
i Lo . A & p
0 i - P p®d OAA p AT|O 8

The value]l . Sidthe radius of curvature, shown in fig@ré8
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Nozzle Underexpansion

Nozzle Ambient or full

Nozzle Overexpansion

Figure 2.18: ExhaustExpansions

Figure 2.B shows the differenpossibleexhaust expansions in a nozzethe exhaust
pressure is higher than the atmospheric presdinen the nozzle issaid to be
underexpanded. This indicatéisat the inlet pressure is higher thamaquired If the
exhaust pressure and atmospheric pressure are #dwprathe nozzle isaid to befully
expandedThis means the engine aperatingunderideal conditions.If the atmospheric
pressure is gater than the exhaust pressiinenthe nozzle isaid to beoverexpanded

[Sutton & Biblarz, 201Q]

The exhaustlow of the engine forms atandingdiamond patterof shocks and
expansion waveswhich can beexplainedin part from the PrandtMeyer expansion

equatiorwhich gives the flow deflection angl&\ [Darmofal, 2005]
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wheredpy is the netdeflection angle of théocal flow in passing through an expansion
wave fan The specific heat capacity rati@and local flow Mach numbedetemine the
value of theangle The angls of the shocks$hat appear ithe diamond pattercan be as
seen from shock theory or numerical flow calculationfMartinezSanchez, Rocket

Propulsion, 2004; Darmofal, 2005]

2.8 Electrostatic Propulsion

The primary limitation of electrothermal thrusters thattheir specifc impulseis
dependent on the temperatué the gas o plasma For small spacecrafivhere the
maximum power allocated to the propulsion system isW20the temperaturef the
heated gasvould be aroundl00 to 200 degrees above room temperatltlectrostatic
propulsion does not depend on the temperaturthefplasmabut onthe high voltage
electrodesusedto propel the iondGoebel & Katz, 2008; Sutton & Biblarz, 2010]
Therefore, thénybrid electricthrusterfor this studyutilizes the electrostatic thrustemode

for sustainedow-powerlow-thrustpropulson mission segments

Electrostatic propulsion isvolvesaccelerating ions between two electrotiest
havean electricpotential differencédoetween themThe typical thrustrangeis between
0.01mN and500 mN, yetthe specific impulseangesin the thaisands of seconds. In

small spacecraft, the low thrust produced from the electrostatic thrustéficseentwhen
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integrated over time to perform largeale orbital manoeuvresA problem with
electrostaticpropulsionis the negativechargeaccumulationby the spacecraffrom the
positive ion exhaustTo rectify this problem a neutralizeemits electronsto neutralize

the iongMartinezSanchez, 204 Goebel & Katz, 2008; Sutton & Biblarz, 2010]

2.8.1 lon Optics

lon optics involves focusing plasma&dms through a set chargedelectrodes
The first electrode, which is called the screen electrode, has a high positive potential. This
extracts the ions from the plasnide secondelectrode, which igalled the acceleration
electrode has a low negativ@otential. The potential difference between the first and
second electrodes accelerates the [dMetinezSanchez2004s, Goebel & Katz, 2008;

Sutton & Biblarz, 201Q]
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Figure 2.19: Electrostatic Thruster ConfiguratiofFigure 5.3 fromGoebel & Katz,

2008]

Figure 2.19 illustratesthe configuration of the screemd electrodesalong with
the plasma generation chamber and the electr@aizsmatic If the potential difference
between the screen and acceleration electrigdess than the electron temperature of the
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plasma, then a Debye sheath is formed at the screen eledrm®ebye sheath is the
boundary that contains high amount of ions and confines the escaping elettsomsll
amount of electrons exist in the DebsheathHowever, if the potential difference is
greater than the electron temperature, thehil€angmuir sheath is formed. InGhild-
Langmuir sheaththe electrons are sufficiently repelled from the sheath thddatedary
is saturated with iond herefore, almost no electrons exist in this shi@tebel & Katz,

2008] Discussion on the plasma sheath is discussed in appendix E.
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Figure 2.20: Child-Langmuir sheath length versus ion mass for two ion current densities

at 1500V acceleration voltaggFigure 5.1 fromGoebel & Katz, 2008]

Figure2.20 illustratesthe Child-Langmuir sheath length versus tlb@ mass with
relation to the current density. The graph shows that the heavier ions and the higher

current densitproducea shorter sheath lengi@oebel & Katz, 2008]
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Figure 2.21: Schematic of the ion opticd one aperturén an electrostéic thruster

[Lecture 1314, Figure 2 fromMartinezSanchez20044]

Figure 2.21 illustrateshow the ions accelerate through the electrodes to give
propulsion[MartinezSanchez, 20G4. In front ofthe screen electroda Child-Langmuir

sheath is formed with high amadsrof ions[MartinezSanchez, 20(4.

Following Goebel & Katzthe maximum possible ion bearurrent the current at
which the ions accelerateofn the electrodess limited to the pernance,Ppermax, at a

given total voltageyr, [Goebel & Katz, 2008]

- — T
G O 5 w38 N

The pervance is the amount of current an accelerator can extract and focus into a beam
relative to thetotal voltage The total voltage is the amount of voltaggpliedbetween

the screen and the acceleration electrg@egbel & Katz, 2008]

W W S WS & v

ThemaximumChild-Langmuircurrent density islerivedas
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wherem is the mass of the ienThe sheatlthicknessle, is dependent on the gap and the

dimensions of the screen apert{@®ebel & Katz, 2008],

. . . Q c& X
a a o] —8
T
Given the ChildLangmuir equation, themaximumion beam current is
T Qo _“Q v
(@ —J0 —3-0— 8
w a a
Theexhaust velocityf the iondepends on the net voltage/,
‘ SeN X
(VI —38
a

The net or beamyoltage is the absolute value of ttiéference ofvoltages otthe screen

electrode to the ground potential

W W W 8 e m

Themaximum thrusts given by

. ) .. av g0 | . w 0 o o . G&p
O & 0 0 0 O0—3=- 0 0 3f =0 -+—03— h
Q O w O w «a

where Aaciive IS the area of the acceleration apertus@d Naperure IS the number of
apertures in the electrode [Goebel & Katz, 2008je totalion current I;, is thepositive

current inside the plasma chambéquation 2.8 shows the maximum thrust is
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dependent onthat the maximum current density possible under ideal conditions.
Therefore, the force of the ion thrustsrcalculated by theneasuredturrent densityJ
[Wirz, 2006; Lubey, 2011],

- Sanon Do o :133%:%3 & ¢
The measurement of the current density is discussgddtion2.10

2.8.2 Electron Backstreaming
Electron backstreaming tefined aselectrons from the neutralizgoing back to

theplasma generation chamber [Goebel & Katz, 2008]

@ Electron
® lon
O Neutral

Figure 2.2: TheDirections of thdon andElectron flow

Electron backstreamingauses the ions and electrons recombining in the plasma
chamberhinderingthe performance in electrostatic thrustéroccurs when the ratio of
the net voltagdthe potential between the screen electrode and the gromrtkdg total
voltage(the total positive potential between the screen and acceleration electbttes)

electrodes is near unifisoebel & Katz, 2008]The barrier from the accelerator electrode
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is too weak to prevent the electrons stremnback to the generatoH.R. Kaufmann
developed a theoretical maximum for the-twel voltage ratio to prevent backstreaming

[MartinezSanchez, 20GH,

_ P 8 & o
g .

Y W
o Y

2.8.3Neutralizing the lons

The ions from the exhaudttach toany metallic surface omhe spacecraft
Therefore the spacecraft becomeharged, and many components may encounter
electrical problemsin order to avoidhis problem a neutralizer is attached at the end of
the engineemitting electrongo neutralize the ionfMartinezSanchez, 204 Goebel &

Katz, 2008]

There aretwo methods to emitlectrons heated tungsten filament and hollow
cahode The heatedtungsten filaments a simple deviceto develop but a large amount
of energy is required theat the filamenfMartinezSanchez, 204 Goebel & Katz,

2008]

An alternative ta heatedungsten filament ia hollow cathodeA hollow cathode
is comprisel of a cathode insert, sucls bariumoxide, inside a nozzleyherethe heating
coil is wrapped around the nozzEhere is researdheingdedicatedo improving hollow
cathods for electrostatic thrsters.However, this is noa focus of the currentresearch

heresince it is more suited faesearch bynaterial engineeringxperts Below is a table
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of the different neutralizers and their current dees[tGoebel & Katz, 2008]Note that

the neutralizer is illustrated in figure2®.

Table2.3: List of Neutralizers and their Current Derisi

Neutralizer Currert Density (A/cnf)
Tungsten Filament (1950 C) 0.018
Tungsten Filament (2450 C) 2.110
Tungsten Filament (2950 C) 59.885

BaO Hollow Cathode (1000 C) 3.000
BaO HollowCathode (1300 C) 100.000
LaBs Hollow Cathode (1100 C) 0.010
LaBs Hollow Cathode (1350 C) 1.000

2.9 Electromagnetic Propulsion

The hybrid electricthruster also has an electromagnetic propulsion systede
to give higter levels ofthrust whemecessaryElectromagnetic propulsiomsesmagnetic
fields to acceleratthe plasmgJahn, 1968; MartineSanchez, 20G}. The magnetic field
can come from the plasma itsé#elf-generatedr inducedfield) or it can come from a
separate magnetic sour@pliedfield). This sectioncovess onlythe self-generatedield.
The hybrid electricthrusterfor this studydoes not use external magnetic sources to

accelerate the plasnpislartinezSanchez, 20G4.
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A self-generatedield is defined aghe magnetic fields produced by the plasma
This phenomenon is explainéy the examination oA mp  r e §Serwdy & deweft

2004]

CE o A ct A

‘ Y QT A

AXF EO8

The current in a coaxial thruster flows from the anode teali@ode The direction of the
resuling magnetic fields azimuthal According to equation 24b, the surface integral of
the current densitgf the total charge is theuorent going through the plasmBbhus the

magnetic field which has only azimuthal mction, in the plasma isJahn, 1968;

MartinezSanchez, 200G

s iy O o
o I - =
. p a

R v
C“ l

wherel is the currenty is the radial position between the electrodas the axial position
relative toelectrodegsee figure 2.23)andz is the total length of the electrade figure

2.23, the current flows in the radial and axial directiptartinezSanchez, 20GH.
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Figure 2.23: Magnetic Field, Current Density, and Force direction in the Plasma

[Lecture 22, Page 11 ddartinezSanchez, 20@&4

The plasma formed inside the thruster induekectron flow from thecathodeto the

anodebecaus®f the electric conductivity in the plasma

Maecker 6s Law i sthatais derivedpfronsthe faventm foicea
(magnetic force only) irequation 2.37 anthe magnetic field in equatiop.85. The
formula determineghe force of the selfjeneratedield electromagnetic coaxial thruster

[MartinezSanchez, 204,

C0 .
0 ——ol 1 & & ¢

wherer, andr are the radii of the anode and cathode of the coaxial thrusspectively

The currentl is the total current which commecross from the cathode to the anode
through the plasma. The constddd, has a valuebetween O and 0.73ts value is
determinedby t he examination of the intelgral f

[Jahn, 1964MartinezSanchez, Space Propulsion, 2604
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(A)

(B)

Figure 2.24: The GathodeTip Configuration. Configuration Avields a Cy, Value of Zero.

Configuration BYields a C;jp Valueof 0.75

Configuration B forthe cathode tip can be easily manufactured usintalsisuch as

aluminumandsteel The configuration of the cathode tip is discussed in section 3.5.

In a quasisteady state, the performance is measured in impufepslseis the
amount of force integrated over tim@ the change in momenturAn impulse bitis the

impulse per pulse. This analyzedvhen the thruster is running in quaseady state,

‘ R & X
‘O "O 0 Mo TTOI Ii_ 0 2O QB

wherel(t) is thetime-dependent curremmside the plasma.

The exhaust velocitfrom the thrustereaches itpeakvelocity when the gas is
fully ionized. A peak velocity is achieved when the kinetic energyequal to the
ionization energy of the particleThis velocity i s call ed Al fv noés

[Choueiri, 1998; MartineSanchez, 2004]
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2.10 Langmuir Probe

A Langmuir probe measures the electron temperatelectron density, and
current densityf the plasmaby measuring the current and voltageturn, these values
determine the thrust of the ion thrusf€he actual thrust coming out of tH&usteris too
smallfor noticeable movements in the thrustsing an pendulumA Langmuir probe is
used in many ion propulsion experimendsd it is proven to be effectivio indirectly
measure théhrust within 10 nN Figure2.25 shows the schematic aftriple Langmuir

probe Eckmanet al, 2001].
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Figure 2.25: Triple Langmuir Probe Schematic

A triple Langmuir probe is a threglectrode probehat has all the electrodes having
identical lengths and surface aredis configuration is ideal for most electron
temperature readings due to the simple sdtup threeelectrode probehtre arevoltage
biases on the two proheghe voltage biaseare positive V) and negative\(.) of the

given voltage from the power supply. The absolute values of the voltages must be higher

62



than the estimated electron temperatugpically above 10 V.The third electrode is
floating (Vy); once the ion beam passes through the electrodes, thmdla@dectrode
conducts, giving a voltageSince the third electrode is floating, it filters out the RF
interference from the plasmahe following equations use the tksheath current
collecting model. This is assuming the tsimeath is collisionlessThe difference
between the positive bias voltage and the floating voltage electrodes yields the electron

temperature, in electron volt€len &Sekiguchj 1965;Eckmanet al, 2001,

o o
YQw = 8 & w

I 1c
The Langmuir probeanalsobe used taneasures the current of the plasiha ammeter
is placed between the positive and negative electrqueallel to a small resistanae,
The current, along with the dimensions of the electrodes and electron temperature, yields

the current density and then density of the plasmiEckmanet al, 2001]

Yoo P
With the current density, the ion density is [Ecknedal, 2001],
0$®§ CBop
3 ——— 8
~~Y QW

DQ}F_

The thrust is measured by the results of the current density. It is then calculated using
equation 2.82Details of the construction of the triple Langmuir preioel how the thrust

is calculatedhre discussed in Section 3.10.
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2.11 Ingestion in Plasma Propu Ision
When the thruster is rumyg in a finite pressurenvironmentingestion has to be
taken into accountngestionis dependent on trembienttemperature and the mass of the

ion [Goebel & Katz, 2008; Goebel, 2012],

p OB quY 0 CBG

. 3 8
TQY “a@ 18 X W

The ingested flow rate is added to the total volumetric flow rate of th¢Gysebel &

Katz, 2008; Goebel, 2012]
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3 Methodology

A major constraint for this research is the development of a thruster which uses a
maximum input power of 2@Watts Sections 3.2 through 3.6 discuss #mgineering
design and developmeat the thrusterSection 3.7 discusses thenulation procedures
Sections 3.8 through 3.10 discu®e experimental procedures. The engineering section
covers thenozzle designion optics, cathodanode designthe RFelectronics,andthe
DC dischargeslectronics After the conditions are mehe systems areonstructedvith a

breadboardelectroniclayoutandencapsuladby a Faraday cage

3.1 Design Criteria

Table 3.1: Design CriterigQuine, 2010]

Criterion Constraint
Maximum Power Usage 20 watts
Size of Spacecraft 1 kgi 10 kg
Survival TemperaturdRange -40°Ci +85°C

15g Amplitude

Vibration (Experimental Parameters 20 Hz to 2000 Hz Random and Sinusoidal
Frequency

Encapsulation Required Yes

Minimum Specific Impulse
500 seconds
(Deep Space)

Minimum Specific Impulse

(Maneuvery 100 seconds
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Table 3.1 shows the target design criteria for the propulsion system. The
maximumoperating poweof the propulsion systems 20 W; theideal operating power of
the propulsion system is 10 W. This systemstproduceenough thrusto have utility for
manoeuvringa nanosatllite with a mass betweed kg and 10 kg.A goal in the
propulsion system is to haeminimum specific impulsef 500 condsto ensure that
the system is fuel efficient [Quine, 201@y comparison, nmiature coldgas thrusters
and chemicathrustershave nominalspecific impulse of approximately65 secondsand

250secondsrespectively [Sutton & Biblarz, 2010].

The operationaltemperature rangebetween-40°C and 85°C, nominal for any
nanosatellite. fe typical structural vibration frequencieghat must be avoidedare
betweern60 Hz and200 Hz [Quine, 200]. The range of the vibration frequency shown in
Table 3.1 is for mechanical vibration testing for failumedysis. Most standard
electronics can withstand these temperature and vibration raFfgeesnechanical parts,
such as thenozzles andthe electrodes are simulatedusing CATIA® from Dassault

Systemdor thestructural analyss [Anonymous Dassault System2017.

3.2 Nozzle Design

The nozzle desigis separatednto two parts.The first partis the isentropic
nozzle designlt takes into consideration the conical nozzi¢h the cone halfngle of
6 degrees The second part is thestructural analysis This involves evaluatingthe
mechanical properties of theozzle. Twostructuralmaterials a& usedin the nozzle

simulationanalyses: aluminum and glass.
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3.2.1NozzleDesignz Fluid Dynamics

The exhausthroat areaatio of the nozzle is importamh thedetermiration of the
exhaust velocityand specific impulse. This is determined by equat83 in section

2.7.1and charted below for various valuesogSutton & Biblarz, 2010]
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Mach Number
— Heat Capacity Ratio= 1.34 Heat Capacity Ratio = 1.42 Heat Capacity Ratio = 1.50
—— Heat Capacitv Rato = 1.58 Hear Capacity Ratio = 1.66

Figure 3.1: ExhaustThroat Area Ratio vExit FlowMach Number

Figure3.1 showshow the exhausthroat areaatio depends on the heat capacity ratio. As
the heat capacity ratio increases, the throat area requirgotam the sameexit Mach
number decreasethe heat capacity rati@ is dependent on the type of gas used and the
temperature of the gas. The Mach nemincreases significantly as the heat capacity ratio

increases. Tabl8.2 shows the specific impulse at different exhdhstat arearatios,
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assuming the use dfitrogengas at an arbitrarinlet temperature of 500 Kwhich is

typical for an electrotherral thruster

Table 3.2: Exhausthroat Area andSpecificlmpulseGiven a 500 K nitrogen gas

ExhaustThroat Area Ratio Specific Impulse (seconds)
4 82.723
8 88.800
16 92.904
32 95.795

The exhausthroat area t#o chosen for the u r r e n tnozaet ighodr,yn&eting thrust

and Ly requirements within the available volume of the nanosatellite.

As per equation 2% the exhausinlet pressure ratio is between2@.and 029 if
the fluid just reaches sonigpeed(Ma; = 1). The ratio drops to 0.028ith the exitfluid

speedustexceedingMach 3. Figure3.2 illustrates this behaviour.
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Figure 3.2: Exhaustinlet Pressure Ratio vs. Mach Number

The fluid speediependon the inlet pressure of the gas. If thiet pressure is too lomn
comparison tohte exhaust pressyrthe fluid doesnot go into supersonispeed As the
fluid movesfaster than the speed of sound, the impadhe performance from the heat

capacity ratio decreases.

The exhaust velocity depesdn the eat capacity ratio of the fluichnd theheat
capacity ratio depends dhe typeand temperature of the fluek per equation 266 The
specific heatratio, 9 ,decreasesas thetemperature of the fluidncreases Figure 3.3

illustrates this behaviour.
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Figure 3.3: Exhaust Velocity vélach Number

The exhaust velocity is dependent on the molecular,ivassf the fluid. Ifafluid with a
lower molecularmass is usedhe exhaust velocity increasas the square root of, ias

shown in equatio.66.

3.2.2 Nozzle Structural AnalysisStatic
The static structuraanalysis focuses on the static stresses experienced on the
structurefrom external forcesThe general stress tenswor the righthand Cartesian

coordinate®f any material is showin equatior3.1 [Norton, 2000)
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The stress components along the diagdizalare thenormalstresses. These stresses act
normal to the surface of the material. The stress components not acting along the
diagonal,(j|i I , dre theshear stresses. Thesemponentsact tangential to the surface.

The shear stresses are symmetrigat, ji. Figure3.4 showsthe stress tensgraphically
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Figure 3.4: Stress Tensarn a Volumentric elemdlechanics of FibréReinforced

Composites2008]

The Von Mises stresdly, is the equivalent stress which has the distorim@rgy
equivalent toall the individual stresses combined. The Von Mises stress is a scalar

guantity,definedas[Norton, 20@]:
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One of the main requirements for the propulsion system is to withstagd d5
approximately 150 mfsof acceleration [Quine, 201 During the research, two types of
nozzleswere manufacturecdbnemadeout of aluminum andone madeout of glass. The
aluminum nozzleis designed for the electrothermal thruster while the glass nazzle
designed for thédaybrid electricthruster. Both of these nozzlese clamped to a rigid
surface, such as an acrylic suppdrvo types of meshingre usedn the structural
loading simulations: oarse and finef lengths5 mm and 2.5 mm, respectively The
linear solid elements are used in finite element analySgure set3.5 shows the
locations where vibration load is appliedsimulation to produce a bending of the nozzle

structure Note that the load is distributeacross the nozzle; these aat point loads.

Figure 3.5a: Aluminum Nozzle with Figure 3.5b: Glass Nozzle witloading
LoadingConditions Conditions
Table 3.3 shows th@&imensions andhaterial propertiesfahe aluminum and glass

nozzles; the nomenclature is defined in figure 2.17.
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Table 3.3:.Dimensions andaterial Properties of the Aluminum and Glass Noz:

Properties Aluminum Glass
ExhaustDiameter (mm) 20
Throat Diameter (mm) 10
Inlet Diameter (mm) 15
Thickness (mm) 1
Length of Cone (mm) 46
Half-Angle (degrees) 6
Total Length (mm) 58 86
Material Type Aluminum 6061 Silica Glass
Youngbés Modul 68.9 68.0
Ultimate Strength (MPa) 117 33
Poi ssonbés R 0.33 0.19

The full mechanical drawings of the nozzles, along with the rest of the components, are in

appendixF. The data obtained from the stafstructure not undergoing any acceleration)

simulation on the aluminum nozzle using coarse meshisgown in figures.6.
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Figure 3.6: Results of the StatimadingSimulation on the Aluminum Nozzle using
CoarseMeshing.
The largest Von Mises stress in the aluminum nozzle under static cond#igi$ kPa

located at the throat portion of the nozzle. The ultimate tensile strehglbhminum is
between 40 and 50 MP@he safety factor is the ratio of the ultimate strength to Von
Mises stresgNorton, 2000] The safety factor in this model is 19herefore, it is safe to

assume that the aluminum nozzle can withstehglacceleration.

Figure3.7 shows the results of the static simulation on the aluminum nozzle using

fine meshing.
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Figure 3.7: Results of the Static Simulation the Aluminum Nozzl¢sing Fne Meshing.

In the fine mesh model, the highest Von Mises stres®4skPa at thethroat which

converges to the results tife coarsenesh modelThe safety factor in this model is 189.

The fine mesh verifethat the simulation iaccuratdor the aluminum model.

The simulation result of the glass nozzle using coarse meshahgua in figure

3.8. The largest Von Mises stress is 273 kPa located at the inlet and throat portion of the

nozzle. The ultimate strength for glass is lower tt@at of aluminum; it is around 33

MPa.
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Figure 3.8: Results of the StatimadingSimulation on the Glass Nozilsing CoarseMeshing.

Von Mises stress (nodal values)
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Figure 3.9: Results of the StatimadingSimulation on the Glass NozilsingFine
Meshing.
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Figure 3.9 shows th&tress angbisresults of the glass nozzle using fine meshing.
In the fine meshingase the largest Von Mises stress is 352 kPa. It is higher than the
coarse mesh counterpaHowever, the Von Mises stress in the static condition is still

substantialljower thanthe ultimate strength of glass.

3.2.3 Nozzle Structural AnalysidDynamic

A dynamic structural analysigasconducted to determirtée natural frequencies
of the structure. Finding the natural frequencies in a structure is impbeeatisehe
structure can fracture when the input frequencynatchesits natural frequencyA
mechanical vibration model describes the nodal farimthe structure Equation3.3

describes single degree of freedom (SDQEpresentationf a structure [Norton, 2000],

Go G @ "Oh o
wherem, b, k, and F are the mass, damping coefficient, stiffness, and input force
respectively.One key element in mechanical vibration for the dynamic analysighe
natural frequencyy , [Norton, 2000]

o8
8

Q
a

A multiple degree of freedom (MDOF) equation model has the mass, damping,
and stiffness valueis nxn matricesand the force becomes ar 1 vector. The material

damping is not requireth orderto find the naturafrequency Equation3.5 shows the

resultig matrix form[Norton 2000],
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Solving this system givethe values of the nodal positions,The natural frequencies are

obtainedby finding the eigenvalues &f i ¥*M [Norton, 2000 Damaren, 2010

£ o 'Es 8 o
Previously, figure se3.5 showedtheload conditionsappliedto the aluminum and
glass nozzles simulation The same conditionagre appliedor thefrequency analysig
find the natural frequencies of the structufée simulationsare performedising both
coarse and fine meshingigure 3.10 shows the firstmodalfrequency responsmeshing

for the aluminum nozzle

Figure 3.10: First Mode of the Aluminum Nozlging CoarseMeshing

The resulshowsthatthe first natural frequency of the nozzlelB53 Hz,2.4%belowthe

upper limit of the experimentalvibration frequency. The fine mesh modegives a
fundamental frequency df824 Hz, 6.6% lower than its coarse mesh counterpditis

fine mesh analysis indicates that the results are not affecteéicsigtly by mesh size.
Averaging the modal participation factor from all six degrees of freedom, it is above 80%.

Therefore, displaying the first natural frequency in this model is vahe. total strain
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energy, the potential energy from the static ebibn, of the nozzle is 54d4J, and he
correspondingpeakdeflection from a vibration of 1824 Hz is 0.8én [Norton,200Q.
This analysis indicates that structuralld@ae would occur atan acceleration load

exceeding 50@.

Figure 3.11 shows the first modal frequency responseneshingfor the glass

nozzle

Figure 3.11: First Mode of the Glass Nozklsing CoarseMeshing

The first natural frequency of the glass nozzle2@/5 Hz, 3.8% above the upper
frequency limit constraintThe fine mesh model shewhefundamental frequency to be
1945Hz, 6.3%lower than its coarse mesh counterpavieraging the modal participation
factor from all six degrees of freedom, it is above 8@as, it is justify to use the first
natural frequencyThe strain energy ithe glass nozzle is 386 nJ, atite corresponding
deflection of this vibration is 0.76m. This analysis indicates that structufalure would
occur at acceleration load exceeding 850
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3.3 RF Electronics Design

RF plasma generatiors selectedbecause of itdow-power requirementor
ionizationof a propellant mediumThe RF circuit used for the heating is a standard Clapp
oscillator. To minimizeparasiticinductance and capacitance in the circuit, the leads
lengths are minimizedhe circuitis placed on an aluminum block. The transistor used in
the Clapp oscillator circuit is a BLF245ahannel enhanced MOSFHRAnonymous,
Phillips Semiconductors, 20Q3This high power MOSFET has the frequency output
rating of 175 MHz, and its maximum voltag@m the drain to source is 60. Figure

3.12 showsthe Clapp oscillatocircuit [Horowitz, 2001; Brown, 2010].

V == Represents the 3pF
=== Thruster

g R1 %1 uH
e _é
330nF

@hﬁ@
J c
TF@ 171 R

uF
Figure 3.12: Clapp Oscillator used for Plasma Generation

—

5.6Q ==270pF

1

e

There is a 270 pF capacittrat isin parallel witht he 5. 6 (q -passtted At or t O

[Brown, 2010] It prevents the loss of AC power across that resistor. The 330 nF capacitor
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before the electrothermal thruster blocks the voltage surging whialdwo back to the
circuit. The values R R,, G, C,, L and \{, are the resistances, paitances, the
inductance, and the input DC voltage of the circuit. The optiuakles for the resistors,

capacitors and the inductareshown in table.4.

Table 34: Values of thdResistors Capacitors and thénductor

Component Value

R: Resistance 6.8 kaq
R, Resistance 10 kq
C, Capacitance 20 pF
C, Capacitance 47 pF

L Inductance 330 nH

This circuit has output fundamental frequencies between 78 kitz112 MHz. The
range of the DC voltage power supply used in the RF circuitry is betwedrad@ 15 V;
the corresponding current is between 0.25 A and 0.Bhs particular voltage range fits

the maximum power requirement of 20réfuiredin the development of the thruster.

3.4 lon Thruster Design
For deepspace missions, the propulsion systemust have a high specific
impulse Since he minimumdesignspecific impulse for deeppacamissions issetat 500

secondstheelectrostatic propulsiomodeis ideal for this situation.
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The neutralizer in the ion thruster has been omitiechuséhe peformancein
testing isexpected to bebout 1%bhigher without the use of a neutraliz8the main
concern in designing the neutralizethatthe electron beam must have the same current
density as the ion beafMartinezSanchez, 20G. In order toensure this balancehe
neutralizer would have the same design as the ion thruster, with the exception that the
voltages of the electrodegould be revers® This would be similar to an electron emitter

from a cathodeay tube television.

3.4.1 lon Optics Degn

The ion optics design for the electrostatic propuldiasa few constraints. There
is a cost limitation in this research. The maximum atied¢dunding for this research was
$10,000.This cost includes manufacturing from the machste®p, the materia) and
additional human resourceBhe manufacturing and material limitatiomsludethe size
of the holes in the screen and acceleration electrodes, and the durability of the material
The electrodebave athickness of less than 1 mideally, the highethe number of holes
in the electrodes, the higher the thrust and specific impullsenumber of holesn the
screen and acceleration electrodes is sevas a reasonable compromise between
performance and casthe corresponding sizes of the holes i shreen and acceleration
electrodes are 3 mm and 2.5 mm, respectively. The thicknesses of the electrodes are 0.5

mm and 1 mm, respectively. Finally, the separation between the electrodes is 0.5 mm.

The maximumcurrent density is dependent on the totdtage of the electrodes

and the sheatthickness Figure 3.13 shows the variation ofcurrent density with respect
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to the input total voltage and the ion velocity versus the beam vpltagesarious

molecular masses

The total and net voltage constraiate tased on the available equipmamid the
possibility of eliminating electron backstreaming. The maximum ratio of the total to net

voltage is 0.814 according to electron backstreaming equai83nMartinezSanchez,
2004q).
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Figure 3.13a Current Density vs. Total Voltader Various Molecular Masses
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Figure 3.13blon Velocity vs. Beam Voltader Various Molecular Masses

The voltages of the screen and acalen electrodeweredesigned to be 1000 V
and-200 V, respectively. Hower, the power voltage suppisom the laboratorpffered
a more limited rangethe voltages ofthe screen and acceddion electrodesvereset to
600V and -60 V, respectively. Theoltage of thescreen electrodes varied between
200V and 600 V to observe the effects of the beam voltage on the performance of the
thruster. If a neutralizewere to be usedthe charged grids wouldaveto be 200 V

and-1000 V respectively in order to match the current density of the ion beam.

Using equation2.82, the corresponding force per aperture of the ion beam
computedis 1.214¢e N. Wit h seven apertures,85tMNe tot a
The ion beam velocity iapproximately82.7 kmA™. Thus, the theoretical specific impulse

of the thrusterusng nitrogenis 8430 seconds usinga 0 . 1 45" mags flow rate.
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Inefficiencies in the systemmay include plasma generation, the efficiency of the power

supplies, the manufacturing of the thruster, and the input mass flow rate.

3.4.2 Structural Analysis
For this analysis, the screen electrode is clamped at both outer circular edges
while the acceleration electrode is clamped at one outer circular edge. The pressure on

both electrodes is 50Pa. The constraints of the screen and acceleration electrales ar

shown in figure3.14.

Figure 3.14a: Screen Electrode with Figure 3.14b: Acceleration Electrode with
LoadingConditions LoadingConditions

The results of both analyses arown in figure set.35.

Von Mises stress (nodal values)

Von Mises stress (nodal values) byl
Nm

kNm?
54
' 49
44
39
34
28

l 23
18
13
|:
3

On Boundary

Figure 3.15a: Results of the Statlmading Figure 3.15b: Results of the Statlmading

Simulation on the Screen Electrode. Simulation on the Acceleration Electrodi
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Both of the results shothat the location of highest stress is on the central aperaire
the respectivecomponents. The Von Misestresss for the screen and acceleration
electrodes are 5@ kPa and 34.7 kPa respectively. The ultimate tensile strength for brass

is 550 MPatherefore the electrodesvill not be damaged. The corresponding deflection

displacements for the screen amteleration electrodes are.1D0 0 e m and 3.

respectivelyBoth of these deflections occur at the centre of the electimdeshouldnot
hinder the performance of the thrust€he natural frequencies for both the screen and
acceleration electrodesead2.7 kHz and 49.8 kHz, respectivelyie correspoaing strain
energies are 33.8 pJ and 61.] mspectivelySincethe natural frequencies are over 40
kHz above the upper frequency linfi2 kHz), there would not be any risk of mechanical

failure.

3.5 Electromagnetic Thruster Design

The electromagnetidEM) thruster design is simpler than the previous designs
since it involvesonly a cathodeanode mechanical design amdcircuit design A
structural analysis of th&EM componentss not necessarpecausethey are the leas

fragile componemstof thehybrid electricthruster.

3.5.1 CathodeAnode Design

The radius of the anode is selected to be 7.3baoausehe anodeneeds to be
inserted into the glass nozzle. The correspondadgus of the cathae is 4 mmwith atip.
Thetip increases the electromagnetic fqras perequation 286 [Jahn,1968; Martinez

Sanchez, 20G}. The constant £ is 0.75 because the cathode has a sharp end
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(configuration B in figure2.24). The relationship between the @®magnetic force and
the induced current, is shown in figure3.16. The force increases as tegquare of the
induced current. Thereforf®r more thrustit is recommended to hawehigh induced
current. As most power supplies cannot proadegh current an alternative approach is
to use capacitoyand run the thruster in quasteady stateQuasisteady state is a state

where theliruster operates in pulses gidintervals.

5o
1 Q 1 ? 1

Force (mN)

]
1 cI

<

0 200 400 600 800 1000
Current (A)

Figure 3.16: Electromagnetic Force vs. Induced Current

3.5.2 CircuitDesign
The capacitors in th&M-modethruster operate the thrustergoasisteady state

The electronic configuration of the thruster is shown in figui& [Brown, 2012].
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+5V

Figure 3.17: Electronic Configuration of thEM-modethruster

The voltage sudp for the EM, Vypp, charges the capacitos;, €, andproduces an

arc in the thruster. The silicasontrolled rectifier (SCR) restricts theircent when the
gate (G) is offwhen the gate is on, the current flows from the cathode (K) to the anode
(A) of the SCR.Therefore the capacitors discharge adeliver ahigh current to th&M

thrusteffBrown, 2012].

The modefor the timedependenof the total charge in the systen{dahn, 1968]

. o

. Qb 0 v ey O p
>— 3 — =
v ™ Qo 0

where Qchargdt) is the total charge in the capacitaas timet, Ling is the internal
inductance,Res is the resistanceand Ceqp is the capacitanceNormally, the internal

resistance and inductanae capacitors are very low. There aB8 capacitorsn the

circuit; each of thenhasa capacitance of 100 n&ndarated voltagehatof 1000 V. The

minimum voltage to produce a plasmia &etween two surfaces separated by 3.3 mm

with the gas pressure of ofl@rr is 400 V. In themathematicamodel,it is assume that

the internal inductance dnresistanceare to be 100 nH and 1y , respectivel

predictedresultfor the currenwersustime is shown in figure .38.
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Figure 3.18: Current vs. TimdresultingFrom Equation3.7

The maximum induced current from the capacitors2@ 8; this yields the maximum
propulsiveforce of 80.15 mN. Integrating the force over time yields the ovenglulse

bit at 154.8 nNA. The switch from figure.17 triggers the gate of the SCR.
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3.6 Propulsion Schematics

3.6.1 Electrothermal Thruster Electronic Schematic

DCVoltage Power Source | | | | ‘ | |
1

RF Circuit \

Electrothermal Thruster

Figure 3.19: Electrothermal Thruster Electroni8chematic

The electronic chematicof the electrothermal thrusteconsistsof a DC voltage
power source, RF circuit and the electrothermal thruster itself. The RF ¢csrasied to
heat andonize the gas between the two electrodes. This system has been tested during
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the research fom proof-of-conceptdesign and toexperimentallyinvestigatedifferentgas
mixtures. The resultfor the electrothermal thruster are discussed in chapter Tdnar.

mass of the thruster, the support, and the RF circuit is 0.11 kg.

3.6.2 HybridElectric Thruster Electronic Schematic

The electronics of thdybrid electric thrusterin ion (ES) propulsionmode is
comprisel of the power source entering the RF circuit. The RF circuit ionizes the gas
between the electrodes. Also, the RF circuit powers the neetralihen used The
power source charges the grids at the same time. There ate- DT converters at the
grids to increase the voltagrom the power source td800V and-200 V to the screen

and acceleration grids, respectively.

The electronics of the MP (EM) propulsionmodeare comprise of the power
source being converted to a voltage of 1000 V from thet®BC converter. The power
source charges the MPD capacitor banks, and the cheageditorbanksareisolated by
the SCR. Once the SCR is activijtéhe capacitors are discharged and the current goes to
the electrodes. In the RF circuit, there is a large capacitor which blocks the DC voltage of
up to 1600 V; therefore, the RF circuit is protected. Inytarid electricthruster, there is
a 12turn solenoid at the throat. The solenoid reheats the plasma to improve the overall

performanceThe mass of the thruster, the support, and the electronic components is 0.61

kg.
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This propulsionsystem is ahybrid electricthruster utilizingRF ion (ES) and
magretoplasmadynami¢EM) propulsionmodes The operatios of the two propulsion

modes have beemxplainedearlierin Sectiors 2.8 and 2.9.

——_ | Power Source

MPD Capacitor Bank

+1000 V

200V

Hybrid Thruster

Figure 3.2Q Hybrid Hectric Thruster ElectronicSchematic
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3.6.3 Encapsulation

The propulsion systems emit hiffiequency radio waves when plasma is fedn
thushaving the potential tonterferewith the other equipment in the spacecraft. In order
to countetthis problem theRF generator and the capacitor banks are encapsulated with a
Faraday cage to prevent RFwegoropagation. The nozzle and tip of the thruster still emit
RF radiation.However,the encapsulatioshouldsubstantidy reduceinterferance from

the equipment.

3.7 Simulation
Flow smulations were conducted in order to calculdie fluid velocitiesin the
thruster. The simulatiaare based on equatio®.52. [Sankararet al., 2002; BarMeir,

2011].

The plasma generation igalculated by using the plasma production
equation®.53ad. Solving for the plasma generati@yuationsin the time domain
simplifies the calculations ardemonstratethe rate at which the electrons are produced
This portion of the code was completely written by the author of this dissertation (Stoute).
The graphsof the electron temperatures and densiies providedin appendix B The
programis givena set of initial valueor electron temperatur@V), inlet pressuréPa)
voltage amplitud€V) andthe inputfrequency(Hz). The initial electron temperature for
all gases is set to 1 eV. The initial walof the pressure is set tordbrr (133 P& The
voltage amplitude and input frequency depends on the propulsion system itself. For the

RF electrothermal thruster and ion thrustesdes the voltage amplitude and frequency
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are 15 V and 10MHz, respectivly. The voltage of the MPD thrustenodeis set to
1000V DC. In order to verify that the Navi€dtokes equations can be usedtle
simulatiors, the Knudsen number must be calculated. The Knudsen number is

_ P AP QY e . oy
0 o) 0 pmm i ¢a

(VJ¥
The characteristic lengthqh,r is the diameter of the exhaust of the nozZlee Knudsen
number calculated under the inlet pressure and temperature conditions is 0.007. This

means the fluid is im continuum; therefore, the simulation can use the N&tmes

eqguations.

Figure 3.21 illustrates the algoritianapproach for modellingf the plasma
production.Once the plasma temperaturecaéculated equation 2.52s calculatedusing
the program witch has been modified from the NaviBtokes steadgtate numerical
computational fluid dynamics (CFDhodel by Britton Olson of Stanford University
[Olson, 2009]. The program, namégk OlsonStoute plasma propulsion simulator, solves
the plasma fluid eqtions using the MacCormack method, described in Section 2.6
[Wendt, 2009]. The OlsefStoute plasma propulsion simulator adds the full exhaust
section of the nozzle, reformed the nozzle from adi®ipe to a conical shape, and adds

the plasma fluid equatns.Appendix H shows the full program.
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Electron Ternperature
Inlet Pressure
Volkage Amplitude

Frequency

Iteration lon Production
Electron Temperature Electron Continuity
Electron Density Meutral Continuity
Heavy Particles Temperature Electron Energy
Neutral Density Heawy Particles Energy

Find Steady-State Values
Electron Ternperature
Electron Density

Heat Equation

Temperature of the Plasma

Iteration
Velocity Magnetoplasmadynamics
Density Continuity
Energy Momentum
Magnetic Field Energy
Faraday's Law

Find Steady-State Values
= Velocity
Density

Flow Velocitv Results
Figure 3.21 Flow Chart of Plasma Production and Fluid DynamicsTime Simulation
The program simulates the radrequency electrothermal thruster (RFET), and

thehybrid electricthruster. The gases usedie RFET simulation are

Helium
Neon

Nitrogen

= =2 = =2

Argon
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1 10% Nitrogeri 90% Helium(0.1N, i 0.9He
1 20% Nitrogeri 80% Helium 0.2N, i 0.8He
1 50% Nitrogeri 50% Helium 0.5N, T 0.5He
1 80% Nitrogeri 20% Helium (0.8M7 0.2He)

Since theET nozzle is made of aluminum, the wall temperatuarest bekept ator below

500 K. This temperature compensates for the thermal conductivity of the nozzle due to
the plasma and the capacitive heating from the RF circuit. The input voltage and current
of theRFET are 15 V and 0.4 ,Aespectively. The REurcit has very little effect on the
behaviour of the plasma other than heating. The gas mixtures useshiybrid electric

thruster simulation are

Helium

Nitrogen

Argon

50% Nitrogeri 50% Helium 0.50N, T 0.50H¢
50%Argoni 50% Helium 0.50ArT7 0.50H¢

= =/ =4 A

The flow simulation maps the entire nozZlew from the entrance to the exhaust. The
heating element at the throat of the nozzle experiences the electromagnetic effects of the
plasma.The nozzleof the hybid electric thrusters made ofglass so only theplasmais
affected by the electromagnetic fielihe numerical CFDresults are compared to the
onedimensional resultsalculatedfrom this chapter to show the inaccuracies in the one

dimensional modelThey are shown in section 4.1.
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3.8 Electrothermal Thruster Experiment

The electrothermal thruster experiment is comprised of two setups:
mediumvacuumchamberwith a laser and highvacuumchamberwith a light-emitting
diode CED). Initial experimentsuse the mediuavacuum chamber with a laser to
measure the thrust. However, to improve the accuracy of the measurements, a LED and a
photodiodeare used in the higtvacuum chamber. The higlacuum chamber is larger
than the mediurvacuum chamberso the LEDand photodiodecould be inside the
chamber.

Themedium vacuum chambeetupis shown in figure3.22.

Figure 3.22: ExperimentSetup for theElectrothermalThrusterExperiment(1) Thermal
Vacuum Chamber [TAC] (2) Plasma Thruster anids Sructure (3)Compressed

Nitrogen Gas (4) Green HeNe Laser (5) DC Power Supply for the RF Circuit
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The pressure inside the theravalcuum chamber, or TAC, for this experiment is Torr
(133 PaA. The reason for the relatively high pressuregus tothelimitations of the TVAC
chambermpumping performancerlhe thruster is attached to a simple pendulum without a
counterweight. The laser, which acts as a guide to determine the iBrgshsitive
enoughto detect the motion of the pendulum; the laser cefleff a mirror attached to the
thruster. The reflected beam is then projected on the Avalller is used to measure the
beam deflectionA camerawith a builtin UV filter is placed on the outside of the TVAC
chamber, close to the glass opening in otdetake photos of the thrustéfigure 3.23

illustratesthis setup.

=
Pendulum a
D
+
—1
0y .
\ Mirror
\ ¢ HeNe Laser
1 | =
v
_ Thruster =)
z
|
I lmirror-las.er I ( laser-wall

Figure 3.23: PenduluraLaserSchematic

The angle of the thrugt, is calculated
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Once the angle is calculated, the thrustakulated as the product of the weight of the
thruster Wrhruster @and the sine of the angle,

O ) D EF8 oP T
The bar of the pendulum is very light in comparison to the thruster suchtsthadss is

neglected.

The high vacuunchamber setuis shownin figure 3.24

Figure 3.24: ExperimentSetup for theElectrothermalThrusterExperiment(1) Thermal
Vacuum Chamber [TVaC] (2) Compressed Nitrogen Gas (3) DC Power Supply fc
RF Circuit (4) Plasma Thruster arits Sructure (5) Photodiode and th2ata
AcquisitionHardware andSoftware
The ambient pressure inside the thermaduum chamber TVacC, for this experiment

is 10° Torr or 133x10° Pa with the exception ofefium. The TVAC cannot remove

99



helium from its cryogenic pumf.hus the ambienpressurds close to 18 Torr or 133

Pa.

Figure 3.25: Cradle Pendulum. (1) Théradle (2) TheSupportSrructure (3) TheGas
Tubes (4) Th€ounterweight

Figure3.25 showsthe cradle system used in the electrothermal experiments. The thruster
is mounted on the cradlavith a LED on top of the thruster. The pivots negton the
knife edges ensure little or no frictios introduced to the pendulum. The gas tubes are
mounted such that there would not be any interference between them and the pendulum.
At the top of the pendulum, there is a counterweight to magnify the moment of the
pendubm. Figure 1.1 (repeated) shows how the gas is fed to the thruster. The tubes are
installed away from the pendulum with significant slack in order to have little or no
friction. The pendulum motion is tested by allowing it to oscillated and observe the tim

required for it to make a complete stop.
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Figure 1.1: ET Thruster manufactured for this research

Figure3.26illustrates these points.

@ Counter Weight

\5(9- I-ICounter Weight

W,Counter Weight _¥L

N\
_G)‘ I-'Thruster
hY
Thruster J: N\ Frhrust
WBar \
W Thruster

Figure 3.26: PendulumLED Schematic
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Thetotal thrust from the engine is

0 I O
O W W W C)Q— D E+h B P

wherehcounterweightaNd hrhruser are the centeof-massdistancesof the counterweight and
thruster, respectively. Theeight of the barsW,a, is taken into accounsinceit affects
themeasuremendf the thrust. The counterweigMicounterweight and its position determine

themeasuredhrust.

Outside of the cradle, there is photodiode to read the input light intensity from the
LED. The light sprad of the LED is assumed to hé&saussiardistribution Thecharge
potential difference fromthe photodiodeis recorded in the computer with data
acquisition DAQ) board.A MATLAB program reads the voltage and convett® force

and specific impulse.

LED Readout

DAQ Board | -~ | Photodiode | —-sosiifjmm | LED Attached

’ to Pendulumm

Zomputer

Figure 3.27: Schematiof theReadout Mechanism
Figure3.27shows the schematic of the readout mechanism. The LED readout needs to be
calibrated for each experiment. To calibrate the readout, an accelertvasterlevel is

attached to the pendulum. The initial position of the pendulum is the zero, and at differen
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angles, the LED readoutdicatesa certain voltage. After taking several readings, a linear

regression line is fiedinto the curve, yielding a linear voltage equation given the angle

— G wh oP ¢

wherea andb are the slope and theiytercept resultingfrom the linear regression.

The experiment determisghe specific impulse of each gas, as welloAgthe
nitrogerthelium gas mixture. The individual gases tested in this experiment are helium,
nitrogen, neon and argon. The nitrogelium gas mixtures are tested using the
following compositions: AN, i 0.9He 0.2N, i 0.8He and0.5N, i 0.5He. The specific

impulse is calculated from the mass flow rate of the system and the output thrust.

The performance is described by the modified specific impulse formula, shown in
equation 3.12,
0 BOL JOp 0 8 o o
Q &
The constant C is &éhuncertaintyconstantin the experiment. The experimentatags
include calibration error anthe parasitic forces in the penduluihe uncertainty was
calculated from the data collected in the experimefit® uncertainty constant is 0.10

calculated frm the data.

3.9 Hybrid Electric Thruster Experiment: Magnetoplasmadynamic Propulsion
Mode
The first of the two tests in theybrid electricthruster experimant is theEM or

magnetoplasmadynam{MPD) propulsion test. This test determines the performange an
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efficiency of theso-called higheithrust, shortermaugmentedhrustmode of the thruster
using the jet engine analogWhis testwould runsimultaneouslywith the ion propulsion.
Because othe limited equipmentwvailable this MPD test rurs in quasisteady state

without the ion propulsion systeattive

Voo = C-"°C, Z

MPD =—= 1 == =—p="=) =—

Figure 3.28 Schematic of MPBnodetest
Figure 3.28 illustrates theelectronic circuitfor the MPD test. It is similar to the
MPD thruster circuitin figure 3.17, with the exception othe triggering The function
generator replaces the manual swigshthe triggersothat the thruster can run in quasi

steady statdt producesa +5 V pulseat5.00 kHz.
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Figure 3.29: Experiment 8tup for the MPDThrusterExperiment. (1) TVAC (2)

Compressed Gases (3) DC Power Supply for the I@Pguit (4) Function Generator
(5) Computer for data acquisition (6lybrid electricThruster andts Sructure (7)
Photodiode and thBata AcquisitionHardware (8) Capacitors for theIPD Thruster
Figure 3.29 shows the experimeaitsetup for the MPD thruster. The compressed

gases for this experiment anérogen,argon and helium; the mixture compositi®are
0.5N, i 0.5He and 0.5Ar 1T 0.5He The thrusteris mountedon a pendulum and the
experimentmeasureghe propulsiveforce. In order to measure thlerust performance
using heliumgas the experimet is performecunder medium vacuum, betwe@™ Torr

andl1.0Torr.

The thrust efficiency is calculated using aagati the kinetic energy pulse to the

capacitor§potential energy [Guarducci, 2011],

Low efficienciesaretypical for a quassteadystate thruster.
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3.10 Hybrid Electric Thruster Experiment: lon Propulsion Mode
The secondhybrid electricthruster experiment test is the jar electrostati¢ES),
propulsionmode This test measus¢he overall performance of the ion propulsion system

only. Figure3.31shows the experiment setup for the ion propulsion

Figure 3.30: ExperimentSetup for theon Drive Experiment. (1) TXC (2) Compressec

Gases (3DC Power Supply for the RF Circuit and Langmuir Probe (4) DC Powe
Supply for theScreenElectrode (5) DC PoweBupply for theAccelerationElectrode (6)
Hybrid electric Thruster andts Structure (7) Langmuir Probe
The additional two DC power supplies are for the screen and acceleration electrodes.
These are higholtage power supplieyet the values of theucrentfor both are within
the milliamp range. The auwent is not important since thanly purpose of theoower
supplyis to charge the electrodes. The pendulum in this experiment is |lsckieak there

is an accurate reading of the electron temperature.

The triple Langmuirprobeis constructed usingn-coatedcoppe wires since the

temperature of the plasma is not hot enough to melwihes The dimensions of the

106



cylindrical exposed tips arecm in length byl.5mm in diameterand the tips are facing
towards the thruster, as seerfFigure 3.30 Thewires are inswted and wrapped together
such that none of the probes have contattt each otherThe common sources of error

and how they are rectified in the Langmuir probe are the following:

1 Electron reflection: Lowenergy electrons may reflect offe surface of the
electrode. Ther is an assumption that all particlesich strike theslectrodes
are annihilated [Laframboise, 1996].

1 ContaminateelectrodesThis problencaussresistance in the protzad
limitsthe current in the probe. Cleaning the tips rectify the problem.

1 RF Interference: In a triple Langmuir probe, the RF interference is filtered out
since there is a floating potential. To ensure the best results, wires from the

Langmuir probe are connectada separate linm the TVAC.

The Langmuir probeonstructions shown inFigure 3.31.

Figure 3.31 Triple Langmuir ProbeConstructed in the Laboratory
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Since this researdiocuses on the thruster design and performansolation the
ion thruster does noutilize a neutralizer. The performance of the thruseemot
significantly affected, asobserved byramamotoet al. (200§ andKoizumi & Kuninaka
(2010; the performance difference expected to bdess than 1%. As mentionad
section 2.8.3the neutralizer purpose is to preveninegativechargebuild-up on the
spacecraft. The test deternsrile overall performance of theybrid electricthruster
when it is inso-called lowerthrust, longterm sustaineethrustmodeusing the jet engine
analogy

The thrust is calculated by the current density measured in the Langmuir probe.
The propulsive force of the ion thruster is calculated with the current density measure, as
seen in equation 2.82. The ion beam current is tleelyet of the current density
measured and the area of the apertures in the acceleration electrode.

The power efficiency of the thruster is calculated as the ratio of the beam power to
the total power of the systef@oebel & Katz, 2008]

_ ‘Cw 8 oP v
‘Cw U

This determines how efficient the power is used in ion thruatso, the mass efficiency
of the thruster i<alculatedas the ratio of the ionized mass flow rate to the total mass

flow rate[Goebel & Katz, 2008]

I S B @
a

This determines the ionization efficiency of the plasma chambee. overall thrust

efficiency in a ion thruster is the product of the power efficiency and the mass efficiency,

- =-3538 oP X
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4 Results and Analysis

This chapterfocuses on the results of the simulations and experinientse RF
electrothermal thruster and thkybrid electric thruster. The esults of the RF
electrothermal thruster simulations and experiment were published 2012&\ustralian
Space Science Conferenpeoceedings (peeeviewed) publishedh June2013 [Stoute,

C. A. B.etal,2013].

4.1 Propulsion Simulation s

Results from the RF electrotherntatustersimulations that are presentkx the
nozzle flow illustrate ke fluid dynamicsof the plasmaincluding the influence of gas
propertiesand the PrantiMeyer expansion fanResults from théaybrid electricthruster
simulations illustrate the effects of the reheating of plastha simulationalso shows
what occurswhen there is anxéernal magnetic fielgpresent inthe plasmaflow. The
results argresented in &GB colourschemeandcoded such that they show the speed of
the plasma flowthe vector field in the results show the direction of the flaw.order to
distinguish the nozzles and th@ernal exhaustflow, the nozzlesre outlined in white.
The numericalresults of the computational fluid dynamics modet compared to the

results of thenedimensional analysin tables 4.1, 4.2, and 4.3.

4.1.1 RF Electrothermal Thruster
Figure 4.1showsthe resultsfor the RF electrothermal thruster using different
gasesHelium hasthe highest exhaust speedl869mA™. The exhaust speddr neon is

less than half of the one from heliy@t 867 mA™. Argon and nitrogen show similar
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performance results at 706 and 7845 respectively The performance difference

betweerargon and nitrogers 10%.
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The exhausprofiles in all four simulations are the result an overexpanded
nozzle. Theambient pressuria the space environmeistlessthan10® Torr. Because of
the finite precision of the machingsoftware model limit) the ambient pressuia the
simulation cannot go below I® Torr. The ratio of the inlet pressure to the ambient
pressure is normalized 10:1in order tomatch the experimental resulfss mentioned in
Section 3.7, the viscous forces are omitted stmplify the calculations.Figure 4.2
comparesthe temperatureand pressuraistribution of the exhausof helium in the
simulation and in th experimentThe temperature plot in figure 4.2a illustrates how the
temperature of the plasma cools asubleime expads. The light emitted in figure 4cis
the photons released from the imed gas. Refer to Jahn for more details on this

phenomenon ghn, 1968].

10 500 K
0 450 K
8 5 ‘
(0]
£ 400 K
S 0 350 K
© 300 K
©
)
o 250 K

200 K

_100 20

40 60 80
Axial - Millimeters

Figure 4.2a: Temperature Model of the Heliutmdster
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Figure 4.2: PressureModel of the Helium Thruster

Figure 4.2c: Helium Experiment

Figure4.1b showsthe exiting flow anglein nitrogenis larger thann the othettestgases.
This is becausi has a higher specific heat capacityconstant pressyre 29 . 185 k J Ak
X% in compari sofdXK"fa hebufm, néoh, 5andkarhdiTkenRualitl-
Meyer expansion fatequation2.72-73) andthe exhaust velocityfequation 266) explain

the diamondpattern as discussed i8ection2.7.2 The angle of the fan increases as the

heat capacity rati@, lowers from 1.660or the inert gaset® 1.4for the nitrogen gas
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Table4.1: Specific Impulse and Force PerformarioeDifferent Elements

Element CFDIs,(seconds) OneDimensional Error (%) Force (mN)
Isp (seconds)
Helium 199 208 -4.5 3.54
Neon 88 92 -4.6 3.54
Nitrogen 80 83 -3.8 3.65
Argon 72 66 +8.3 3.54

Table 4.1 shows the specific impulses from thienulations, both in the CFD
model and the ondimensional modelThe error compares the CFD model to the-one
dimensional model assuming that the -aliaensional model is precis@lso, Table 4.1
shows the propulsive force calculated from the CFD maétiium, neonand argon have
the errorof 4.5%, 4.6%, and8.3%, respectivelyNitrogen hasthe lowesterror, at 3.8%.

Also, nitrogen has the highest propulsive force in the CFD model at 3.65 mN.
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Figure 4.3 shows the helium exhaust at various-gnbient pressure ratios. The
nozzle is overexpanded The simulations alsoshow that the velocities increase

significantly as the inlet pressure increases.

Figure 4.4 shows the local speeds of the nitrogmlium gas mixtures. As
expected, the higher helium content ygeldgher exhaust velocity. All of the exhaust
fluid flows outward, thus all the simulations shawerexpandedhozzles.The nitrogen

content determines thexiting flow angleof theexhaust

Table4.2 Specific Impulse and Force Performance Duiferent GasMlixtures

Gas Mixture CFD Igp OneDimensional Error(%)  Force (mN)
(seconds) Isp (Seconds)
10% N T 90% He 155 167 -7.7 3.53
20% N T 80% He 131 145 -10.7 3.58
50% N T 50% He 95 101 -6.3 3.57
80% N i 20% He 89 88 +1.1 3.63

Table4.2 shows the specific impulsasd forces with different gas mixtures; the
error compaes the specific impulses of thewo models.Regarding Table 4.2hé CFD
models in all of the mixtures sholewer specific impulses than their ommensional
results except for th®.8N, 1 0.2He. Also, the 0.8Ni 0.2He has the highest force in the

CFD model at 3.63 mN.
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