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CHAPTER |

| Ntroduction

1.1 Background

Electric propulsion is an expanding field in spacecraft propulsion offering many
prospects for advancement. While most electric propulsion devices offer lower thrust than
traditional chemical rockets, electric propulsion offers substantial savings in propellant and
hence, spacecraft mass. If electric propulsion is operated for an extended period of time a
gpacecraft can attain a high velocity for afraction of the amount of propellant it would
have taken using chemical means. Electric propulsion offers to open even more of the
heavens at alower cost. In fact, Wernher von Braun once stated, “| wouldn’t be a bit
surprised if one day we flew to Mars electrically! [1]”

There have been severa types of eectric propulsion devices developed ever since
R. H. Goddard wrote down in his notebook in 1906 that electrostatically repelled particles
might give high exhaust velocities at bearable temperatureq[2]. The different electric
propulsion devices can be divided into three main fields: 1) electrothermal, 2)
electrostatic, and 3) electromagnetic.

Electrothermal propulsion uses electrical means to produce the heating and
expansion of apropellant. Two such propulsion units are the arcjet and the resistojet.
These use anozzle smilar to chemical rockets to gain the thrust from expanding gases.
The specific impulses (1sp) of these two electrothermal propulsion rockets range from 300
seconds with storable propellant to 2000 seconds with hydrogen [3]. Arcjets used on
communications satellites have 1sp’ s between 500-650 seconds. This compares to

chemical propellant systems that could have an 1sp of up to 470 seconds [4, 5, 6].



Electrostatic propulsion uses electric fields to accelerate ionized gas. Theion
thruster is one example of thistype. Thisthruster, the subject of thisthesis, currently can
produce an Isp of 3300 seconds[4, 7]. A description of this engine will be provided later.

Electromagnetic propulsion consists of accelerating ionized gas with
el ectromagnetic body forces enabled by magnetic fields which are either self-induced or
from an outside source. Two thrusters which fit this category are the
magnetoplasmadynamic (MPD) thruster and the Hall thruster. The specific impulse of
these thrusters is from 1000 to over 4000 seconds [4, 8,9].

There are avariety of missions which best fit each type of device depending on
their individual size, complexity, I1sp, thrust and other concerns. Electric propulsion’s
winning elements are its high exhaust velocities and fuel efficiency. This alows electric
propulsion thrusters to become mission enabling for several missions that would require
too much fuel using chemically produced thrust. These missions range from satellite
station keeping to exploring deep space. The spacecraft using electric propulsion would
be cheaper to launch since the spacecraft’ s launch weight would be drastically lowered
because of the reduction in its fuel mass, and in the case of deep space missions, the
reduced excess hyperbolic velocity that the launch vehicle must provide.

Theion thruster stands out with its specific impulse of 3300 seconds. Both theion
thruster and the MPD thruster are promising for use on a piloted mission to Mars.
Multimegawatt solar electric propulsion or nuclear electric propulsion using these
thrusters provide significant improvementsin trip time to Mars and initial massin low
earth orbit over the chemical systems|[5].

Several other missions can benefit from ion thrusters. For near Earth missions this
includes north-south station-keeping for geostationary satellites which could have lifetimes
up to 18 years[10, 11]. lon thrusters would also be useful for orbit transfers near Earth
[6, 10] and science missions such as mapping the Earth’ s magnetosphere[ 6], measuring

Earth’'s gravity field[12], and Earth observing missions where drag would need to be



compensated for[13]. Many missions for exploration of the solar system could aso profit
from the ion thruster as well as the piloted Mars mission. These include an Europa
Orbiter, Solar Probe, Comet Nucleus Sample Return, Jupiter multiprobe, Mercury orbiter,
and many otherd[7].

Several countries have been developing different versions of the ion thruster.
Some of the countries include the U.S.[14], the U.K.[11, 12], and Italy[13]. The U.S.
launched Deep Space 1 in October of 1998 with an ion thruster developed by the NASA
Solar Electric Propulsion Technology Application Readiness (NSTAR) program. This
mission isto validate the ion thruster and fly by an asteroid and comet in 1999[14].

Severd different propellants have been investigated for the thruster from
mercury[16] to noble gases such as xenon[14] and argon to fullerene vapor[15]. The
designs have varied from using cathodes to produce electrons to bombard neutral gases to
using radio frequency microwaves to create ions. The designs also vary in size, with grid

diameters ranging between 1.5 m to a proposed 6 cm [14, 16].

1.2 Operation of an lon Thruster

The electron bombardment ion thruster can be divided into 3 stages. Thefirst
stage involves the production of electrons. The second stage uses the electrons produced
to collide with neutral propellant molecules to createions. These ions are then accelerated
through an electric field to produce the thrust. Kaufman gave a substantial overview of
the technology behind the electron-bombardment ion thruster in 1974 [17]. The layout of
the most current electron-bombardment ion thruster being developed by NASA, the
NSTAR ring-cusp ion thruster, is shown in Figure 1.1 and largely retains much of the

features found on earlier engines.



PlasmaScreen  Surface

Grit-Blasted

(Perforated). |
Discharge Chamber 7
Wall (Anode)
lehrone
lectrons
|solator Box —a :‘* | _
Cathode | | ;‘L/Optlcs
" Magnets (Perforated)
VO | Mask
Feed LineS———=» _
""" [— o Neutralizer
I ]
Figure 1.1. NSTAR lon Thruster Layout
Radiation Shield
Heater.
Gas Flow
> \
D0 0000000080606 0)
Insert Orifice

Figure 1.2. Hollow Cathode L ayout

The electron source of past thrusters was awire filament cathode, but today

hollow cathodes are used. The layout of atypical hollow cathode is shown in Figure 1.2.

Hollow cathodes are ignited by heating the impregnated porous tungsten insert to around



1000 °C, alowing the gas to flow through the cathode, and then applying a discharge
voltage between the cathode and an external electrode. This causes thermionic emission
of electrons aong the insert. These electrons then interact with the gas flowing through
the cathode to form the plasma. Once the plasma has fully developed, the cathode can be
sdlf-sustaining and the heater is no longer needed. Theionsin the plasma will recombine
on the surface of the insert to deposit their energy and sustain the temperature necessary
for thermionic emission. The electrons are then drawn out through the orifice towards the
anode.

The discharge chamber of the ion thruster is the region in which ions are produced.
A 30-50 V potentia difference draws electrons from the cathode to the anode. I1n addition
to electric fields, magnetic fields are produced by permanent magnets located
circumferentially around the thruster. The arrangement of magnets as shown in Figure 1.1
produces a magnetic field referred to as a cusped magnetic field (Figure 1.3). Previous
thruster designs used a divergent magnetic field (Figure 1.4). Cusped fields were found to
improve the ionization efficiency in the discharge chamber.

When the electrons leave the cathode, they follow the magnetic field lines and
gpiral dueto their interaction with the electric and magnetic fields. This effectively
increases the path length they travel before being collected at the anode. The path length
that a primary electron would travel without an inelastic collision and then be collected at

the anode is referred to as the primary electron containment length.



Figure 1.3. Cusped Magnetic Field Figure 1.4. Divergent Magnetic Field

The critical field line is defined as the innermost magnetic field line that intercepts
the anode. Thisline isimportant because an energetic electron crossing this line will be
collected by the anode since the potentia drop in the anode sheath is not able to reflect
these electrons. (Note: Inion thrusters, the plasma assumes a potentia of afew volts
positive to the anode, resulting in a dightly electron retarding anode sheath [41].) The
region contained by the critical field lineis referred to as the primary electron region or the
ion production region. It is here that the collisions of interest take place.

In the discharge chamber, there are two types of electrons present: primary
electrons and Maxwellian electrons. Primary electrons are those produced by the cathode
which have not undergone inelastic collisions in the discharge chamber. As such, their
energy is determined by the potential difference between the cathode and the anode.
Maxwellian electrons have had inelastic collisions in the discharge chamber resulting in a
lower-energy Maxwellian velocity profile [41]. Generally, the ions are produced from
collisions between both types of electrons and neutral gas atoms, which are introduced

into the discharge chamber. The propellant gas used for the NSTAR thruster was xenon.



The ions created in the discharge chamber are then drawn towards the two
acceleration grids (the so-called ion optics). The screen grid is the discharge chamber side
of the optics and is kept at cathode potential. When the ions reach the screen grid, they
are accelerated out of the accelerating grid, which is spaced less than a millimeter from the
screen grid and about 1100 V below the screen grid potential. This givestheions avery
high exhaust velocity (~30 km/s). To obtain a screen grid with that high of a voltage, the
entire discharge chamber and cathode have a potentia difference of over 1000 V above
space ground (see Figure 2.3 below).

Once the ion beam leaves the thruster, it needs to be neutralized so that it doesn’t
reverse direction and impinge on the thruster and bias the thruster and spacecraft
negatively. This processis done by the neutralizer, which is a hollow cathode located on
the outside of the thruster close to the beam. Thus an electron is emitted parallel to the
beam for each ion. The accelerator grid is biased negatively with respect to space ground
afew hundred volts to keep neutralizer electrons from backstreaming into the discharge

chamber.

1.3 Motivation

Despite its many advantages, the application of ion propulsion to scientific,
military, and commercia spacecraft was hampered in the past by perceived high engine
development costs and the inability of spacecraft manufacturers to reliably identify
potential integration and thruster lifetime issues. The primary concerns that spacecraft
manufacturers had in regard to using ion propulsion included the likely impact of thruster
operation on spacecraft design and operations, electromagnetic compatibility, spacecraft
contamination from thruster efflux, spacecraft damage from the plume, thruster reliability,

and thermal loading of the spacecraft from the thruster. lon propulsion will continue to



become more attractive as more tools are developed (e.g., plume PIC codeq 18]) to help
gpacecraft manufacturers identify potential spacecraft integration issues associated with
this technology.

Given the wide range of thermal environments an ion thruster on a deep-space
mission or in geostationary orbit will likely encounter, it is essentia that computer tools be
developed to predict the temperatures of thruster components over the expected range of
operating and thermal conditions. Some critical areas of concern include the degaussing
of permanent magnets from excess heating, freezing of xenon in propellant lineg[19],
distortion of the ion optics from thermal gradients[20], and spacecraft integration issues
in genera (e.g., thermal soakback).

Tied very closdly with thermal analysisis efficiency. Generally, the excessive
deposition of energy and the corresponding increase in temperature represents a loss.
Idedlly, al of the power added to the system is desired for use in creating and accel erating
theions. One of the few cases where power deposition is beneficia is with the cathode.
This power deposition is used to maintain atemperature sufficient for thermionic emission.
However, some of this power deposited is lost because imperfect insulation of the insert
allows some energy to escape and not be used for electron emission.

The work presented here was motivated by the need to develop atool which could
be used for both thruster design and spacecraft integration activities. The model presented
here will be useful in evaluating different thruster throttling levels, different size thrusters,
different propellants and many other parameters. If an accurate means of predicting
internal power deposition, power expelled from the thruster and thruster temperatures can

be attained, the thruster and its integration into a spacecraft can be improved.



1.4 Prior Work

Although work has been done in the past to predict the temperatures of 20-cm-
diameter [21] and 30-cm-diameter [22] divergent-field ion thrusters utilizing mercury
propellant, no such model has been developed to predict temperatures for modern ring-
cusp xenon thrusters like the NSTAR engine. Wen et al. [21] started by predicting
electron and ion fluxes to various thruster surfaces to determine a priori estimates of the
power deposited on a 20-cm-diameter thruster. They then adjusted these numbers after
statistically fitting the temperatures of their therma model to experimental results.
Oglebay then scaled the values he used from Wen et al. to fit the 30-cm thruster and
proceeded to adjust those values to obtain a temperature fit between his model and
experimental data[22]. The same approach as Oglebay was used initially to determine the
self-heating terms on the NSTAR thruster [23]. The starting values used with the NSTAR
thruster were derived from Wen et al. and Oglebay’ s power deposition model. The tests
used for calibrating this model were based on experiments performed at NASA Lewis
Research Center (now the John Glenn Research Center) in June and July of 1996[24].

Once adjusted to match experiments, these models can be used to investigate other
operating conditions. The NSTAR model has already been used to alert of the possible
dangers of overheating the magnets at certain thruster settings. Other issues investigated
with the NSTAR model but not presented here include enclosing the thruster in an
adiabatic surface, changing materials on the thruster, and the influence of ambient
conditions in space on the thruster.

A more direct method of determining the temperatures that the ion thruster will be

experiencing is by testing the thruster in an experimental environment. This has been done
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for many designs of theion thruster. Mirtich ssmulated the coldness of space on a 30-cm
mercury ion thruster (Hughes 400 series thruster) using liquid nitrogen cooled shielding
and he simulated the radiation from 2.5 sunsintensity using carbon arc lamps [25].
Mirtich then performed several similar tests on the Hughes 700 seriesion thruster [26].
This thruster differed from the 400 series thruster because some of the materia that was
aluminum and stainless stedl on the 400 series engine was changed to titanium.

The next generation ion thruster, the J seriesion thruster, was again tested under
severa conditions [27]. The J seriesthruster had significant changes in the optics from the
700 series. The open area of the accelerator grid went from 43 percent for the 700 series
to only 23 percent for the J series. This decrease in open area increased the temperatures
in the thruster. The concern that the increase in temperature might result in outgassing of
organic materials such as the wire insulation was the reason additional thermal testing was
done on this thruster.

The most recent version of the ion thruster tested at NASA isthe NSTAR ion
thruster [24]. Thisthruster also has significant changes from the previous thrusters. The
previous thrusters were divergent-field thrusters instead of cusped-field design of the
NSTAR thruster. Thisalso resulted in a change in the shape of the thruster. The previous
thrusters were mainly cylindrical in shape, while the NSTAR thruster is conica on the rear
half of the thruster (see Figure 1.1).

An important point to modeling the thermal response of the thruster isto
understand the power deposited from the plasma. The ion thruster has four predominant

areas where the plasma generated in a thruster interacts with various surfaces. They are
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the main cathode, the neutralizer cathode, the anode, and the ion optics. The plasma
deposits its energy on these components resulting in a heat flux.

The hollow cathode is among the most complex of the components to determine
its heat flux since the amount of net heating is a balance between cooling from thermionic
emission and heating due to the ions depositing their energy onto the cathode. In order to
predict the net heat flux into the cathode, it is necessary that a model simultaneously
predict the cathode temperatures, net heat flux, and the thermionic emission current level,
which is highly dependent on the temperature of the cathode.

Severa studies have examined the hollow cathode discharges by both experimental
and analytical means[28, 29, 30, 31, 32]. Many of these investigations yield the
temperature profiles of the cathode [28, 29, 30, 32]. Salhi reported these profiles along
with measured plasmatraitsin the cathode [29]. A comprehensive model has not
previously been presented in literature that incorporates many of the plasma and heat
transfer characteristics in the cathode.

Siegfried summarizes severa of the key hollow cathode equations in the appendix
of a paper on ion thruster research by Wilbur [33]. However, thereis still a degree of
uncertainty as to the exact mechanics present. A significant factor of the uncertainty is
due to the difficulty in experimentally determining several plasma properties over asmall
section of the cathode. Siegfried [30] showed that up to 90% of the current emission
occursin the first 2 mm of theinsert. Capacci et al. [31] aso list several equations that
give the current to the cathode surface.

In order to determine the temperature profile and heat flux in the cathode, a model

handling both the plasma energy and the heat transfer along the cathode needed to be



12

developed. Siegel et al. derived an equation for the temperature profile in atube that
included forced convection, internal radiation exchange and axial wall heat conduction
[34, 35]. Siegel et al. aso determined how to include gray body radiation in the equation
[35, 36]. These equations were used as starting points to which the energy from the
plasma interaction and additional heat transfer considerations were included. Two
different numerical solution methods were examined for this equation. One was a Runge-
Kutta method [37], and the other was by another finite difference approach [34].

In order to predict the power deposited into the anode, a comprehensive
understanding of the plasma properties in the discharge chamber isrequired. Wellset al.
examined several of the losses to surfaces on a Culham thruster [38]. This thruster was
based on the SERT |1 thruster, the thruster version NASA was devel oping around 1970.
He measured the current to several of the surfaces and then used a Langmuir probe and
other probes to determine many of the plasma parameters such as the plasma potential, the
electron temperature, and plasmadensity. From the probe data, he then determined the
amount of current that was attributed to ions and electrons moving to the surfaces and the
amount of power they deposit into the surfaces.

Masek determined away of predicting ion and electron fluxes to various surfaces
based on the velocity of the particle, and its density [39, 40]. He showed that it isvalid to
determine the velocity of the particle to a surface using the Bohm sheath criterion. He
also presented plasma properties for a 15 and 20-cm-diameter mercury divergent-field
thruster.

Brophy then presented an ion thruster performance model for cusped magnetic

field thrusters [41]. Brophy’s model enables the prediction of primary electron density,
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Maxwellian electron density, and the Maxwellian electron temperature. These terms are
shown to be available from only four thruster configuration dependent parameters (the
primary electron utilization factor, the baseline plasmaion energy cost, the extracted ion
fraction, and the cathode potential surface ion fraction) and two operating parameters
(propellant flow rate and discharge voltage).

Understanding how the power is deposited into the opticsis critical for anion
thruster. The optics are generally the limiting factor on the life of an ion thruster. The
impingement of ions gradually degrades the grids to the point of structural failure [42].
The distortion of grids is aso another concern. Misalignment of grids at a minimum
causes alossin thrust and life due to increased ion impingement. A severe distortion of
the grids could result in contact between the screen and accelerating grids that would lead
to an electrical breakdown [17]. These concerns have been addressed by using dished
grids [43] and investigating the use of composite materia grids [44, 45].

Monheiser developed a model to predict the ion impingement on the accelerator
grids [46]. He determined that a mgority of the ionsimpinging on the accelerator grid are
charge-exchange ions produced in the immediate vicinity of the grid on both sides. He
also measured the plasma potential through the openingsin the grid.

MacRae et al. outfitted the 900 and J-series thruster optics with severa
thermocouples to measure temperatures at various discharge powers [20]. The
displacements of the grids were also measured. However, no beam was extracted, so it is
uncertain how well the results on the accelerator grid can be extrapolated to the case when

the beam is extracted.
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Thrusters prior to the NSTAR thruster have had a considerable amount of
experimentation performed on them. Thereis aneed for modeling thrusters while
minimizing the amount of experimentation necessary. One useful model would be to
predict the power deposited into the thruster. Thiswill be useful for predicting the

thruster temperatures for various conditions and showing where losses occur.

1.5 Thesis Outline

There has been a substantial amount of research on the ion thruster, so much so
that this technology has advanced enough to currently be used in spaceflight. However,
improvements continue to be made to these thrusters and there are many mechanisms not
fully understood yet. This dissertation intends to:

1. Develop amodel to predict the temperatures of the NSTAR thruster.

2. Produce a method for predicting the power deposited to the ion thruster for

different operating levels and design changes.

Chapter Il of the dissertation will develop the equations used to determine the
power deposited into the anode, optics (screen and accelerator grids), and cathode. The
power deposition in the discharge chamber will be based on Brophy’s model to determine
the plasma characteristics. The power deposition into the cathode will involve solving a
heat transfer problem since the rate at which electrons are emitted is temperature
dependent.

Chapter 111 will then compare results of the derived equations to previous models
and experiments. The plasma properties of the discharge chamber will be evaluated.
Temperature and previously reported energy fluxes will also be used for comparison.

Chapter 1V will contain the model of the NSTAR ion thruster created using the
thermal code SINDA. This model will be compared to experimental data. The operating

conditions include cold-soaking a non-operating thruster in aliquid nitrogen cooled
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shroud, and operating the thruster at three throttling points within the shroud (0.5 kW, 1.3
kW, and 2.3 kW). Valuesfor the power deposited on the surface based on the thruster
temperatures will be presented for each of the throttling points.

Chapter V will compare the power deposition rates using the SINDA model and
the analytically determined ones for the same three throttling point cases used in Chapter
V. It will dsoinclude using the analytical valuesin the SINDA model to compare
predicted temperature results to the Chapter IV SINDA model and experiments.

Chapter VI will present the summary, conclusions, and recommendations for
future research.

Appendix A shows the derivation of the radiation shape functions used to develop
the solution for the cathode heat transfer problem. Appendix B contains the solution
routines used for solving the analytical equations. Appendix C presents the FORTRAN
code written to solve the analytical equations along with a description of the program and
sample input and output files. Appendix D contains the nomenclature used in the main

body of this dissertation.



CHAPTER I
DERIVATION OF PLASMA Deposltion Power Equations

In order to understand the thermal characteristics of an ion thruster it is important
to model the power deposition into the thruster from the plasma. There are two primary
regions of plasma deposition in an ion thruster: the cathode (main or neutralizer) and the
discharge chamber region. To model the plasma interaction on the cathode, a heat
transfer equation will have to be developed. Thistype of equation is necessary since the
thermionic emission of eectrons, which is a cooling factor, is temperature dependent.

The discharge chamber region will require modeling the plasma in the chamber.
Thismodel can then be used to determine the ion and electron currents to various surfaces
and other plasma parameters that are necessary to determine the power, like the electron

temperature.

2.1 Cathode

To determine a comprehensive thermal model of the hollow cathode, severa heat
transfer and plasma characteristics need to be examined. There are seven major energy
exchange components present in the hollow cathode: 1) Radiation, 2) Conduction, 3)
Convection, 4) Ohmic Heating of the Cathode, 5) Thermionic Emission, 6) lonic
Recombination, and 7) Electron Backstreaming. Each of these terms will be detailed in
the following section. The electron backstreaming and ohmic heating of the cathode will
be shown to have minimal impact on the cathode. Figure 2.1 depicts these on the hollow
cathode and provides a picture of the cathode assembly.

Siegd et al. derived an equation that includes internal radiation, axia wall

conduction, convection, and aterm for ohmic heating [34]. His equation was used as a

16
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starting point of the equation derived here. Several terms are added to his equation to
account for processes such as externa radiation, gray body radiation internally and
externaly, parameters such as inner diameter, emissivity, and conductivity varying along
the length of the cathode, boundary conditions besides the insulated ones, and the plasma
interaction. The equation is derived in adimensiona form since its specific application

does not lend itself to nondimensionalization.

Specify Base Temperature Insulated - No Radiation Specify Tip Temperature
or Flux (dT/dx) to Surroundings or Flux (dT/dx)

Ohmic Heating along Cathode

\
T Thermionic Electrons
Specify Inlet Gas Convection
Temperature Gray Body Wi Tube @ Plasma lons
Ragiation Gray ol High-Energy
= . Body «if\/‘ Plasma Electrons
End Modeled as Radiation ‘
Black Body Disk at Conduction along to surrounding )
Inlet Gas Temperature Cathode Insert Region Qg d';/A(IJD?sell(e:t ?I_sipBIaCk
rrrrrrrrrrrrrrrrr » Direction of Net Heat Flux Modeled Temperature
Model allows Inner Diameter, Emissivity, and
Conduction Coefficient to vary along the Length Radlatlon Shield

Heater
2 54 cm Actual Current
Emission Zone

Insert

Figure 2.1. Hollow Cathode Heat Transfer Mechanisms

The derivation is accomplished by examining the heat flux present in a differentia
ring element of length dx. Figure 2.2 shows this differential element within the hollow
cathode setup. Thefinal step in deriving the equation describing the energy exchange
divides out pD, dx (differentia ring surface area) on each term to get an overall equation.

The following section details each of the energy exchange components and how

they fit into the overall energy equation.
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Figure 2.2. Differential Elementsalong the Tube (Cathode)

2.1.1 Energy Exchange Components

2.1.1.1 Radiation

The term for the heat flux from the radiation coming from all the differential dz
elements shown in Figure 2.2 at atemperature of T(z) to differential element dx and

summed up is given by:

C\F T\:(Z) dFdz— dx(l Z- Xl)p Dde . (21)

z=0

where s is Stephan-Boltzmann’ s constant and dF is the differential shape function from
differential element dzto dx. When reciprocity is used, Equation 2.1 can be written with p

D, dx to be:

& Tu (29 dF, (1~ z|)p D,dx (2.2)

z=0
where for a constant inner diameter D and X=|x-z|, the differentia view factor is
€1  2X°*+3XD? U

dF X) = - Az 2.3
dX-dZ( ) eD 2D(X2+D2)3/2ll’j{j ( )
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or for differing inner diameters at dx (D,) and dz (D,) the differential shape function is
givenin Equation 2.4.

€A(C+8)- 32C(C+ B)x2 1U
dF yD,dz. 2.4
dx- dz( ) g 16B(CZ +CB)3/2 Bl"‘l ( )

In Equation 2.4, A=2B2 - D,4- D, + 16X* and B=D,D, and C=(D,2+D,?)/4 -B/2 + X2
(derivation shown in Appendix A).
The term for the heat flux due to the radiation coming from the ends of the

cathode to the differential element dx is given as:

D} D?

S TAOTR, 002+ T (90, (1 - 9P (25)
where T, ; is the temperature at the entrance region of the cathode and T, ;isthe
temperature at the tip region. Equation 2.5 with reciprocity then gives:

ST () Fy 1 (X)PDAX +S T () Fy (1 - X)pD,Ax (2.6)
The view factor in Equation 2.6 for constant inner diameter D and X=|zyrp)-X| IS:

X?+5°
2 X (2.7)

F X)=——2—-—
dx—l(2)( ) Dm D

or for different diameters between the end (D, 4, ,)) and dx (D,),

D2 +D?

& 0
. where A =X?+ % (2.8)

A
-1
Dl(z) D2

= X
dx 1(2)(x) g E
GYA- 5 "

(derivation shown in Appendix A).
The final terms for the radiation heat flux from the sections dx emitting into the

tube and outside to the environment are given in Equation 2.9.

s T)(X)p D,dx+s %(ij‘(x)- T, )p D, dx . (2.9)

Emissivity will be added to the over-all equation later in the derivation.
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Radiation can come not only from the walls of the cathode, but also from the
plasmawithin the cathode. Krall et al. [47] give the minimum radius necessary to contain

enough plasma such that the black body radiation will be significant in the equation:

1023T 712
I:ebb = Z 2
ni ne

cm. (2.10)

The temperature in Equation 2.10 isin degrees Kelvin, Z is the integer charge state, and
theion and electron densities are per cubic centimeter. |If the calculated radius is much
larger than the actual dimensions containing the plasma, the plasmais considered to emit
minimal black body radiation. That is, in order for black body radiation from the plasma
to be a factor, the plasma must occupy a volume with its radius on the order of the
minimum radius calculated. For the cathode examined the plasmatemperature T is around
17400 °K, and the densities are around 10 /cm3, which resultsin R, to be around
6.95x107 cm, much larger than any dimension of the cathode.

Since black body radiation isinsignificant, Bremsstrahlung radiation must now be

considered. Thisradiation is emitted from particle collisions. Itisgiven as:

P =1.69X10 #n.TY2§ 2°n(Z) W/, (2.11)

where Z refers to the ion charge state present [48]. Singly and doubly ionized atoms were
assumed present in order to determine the maximum amount of radiation present. Each

set of ionized atoms was then given a percent of the maximum reported density from Salhi

total

at 1015 /cm3 (n,"/n? for percent of singly ionized atoms and n**/n'® or 1- n*/n'™@ for

percent of doubly ionized atoms). This then gives the power as.

+ +
i i

2.0698x10 ¥ (X0 (1) + 4x10°(1- (1)) = 0.0828- 0.0621(1) W/ . . (2.12)

ny i

The maximum value would be if the plasma contained no singly ionized xenon
atoms and all doubly ionized atoms. The power density would be 0.0828 W/cm3. The

first centimeter of the cathode more than contains the region where the plasmais located
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and resultsin avolume of 0.114 cm3. This gives the power emitted from the plasma
through Bremsstrahlung radiation to be 0.009 W. This value isinsignificant in comparison
with the total amount of power deposited into the cathode wall so the effect can be

ignored.

2.1.1.2 Conduction

The heat transfer along the cathode wall due to conduction was taken from Siegel,

who derived the expression for atube of constant diameter [35]:

D - D7 d°T,
©__—xX = _¥nD,.dx 2.13
v b ae PP (213)

X

K

where K, is the conduction coefficient and D, is the outer diameter of the tube.
If acathode does not have a constant inner diameter, the diameter is assumed
locally constant. Interface el ements are derived where the diameters change. Thisis

described in Appendix B.

2.1.1.3 Convection

The term given for the heat flux leaving the ring e ement from convection (see

Figure 2.2) is given by standard heat transfer analysis:

h[T,(%) - T,(x)]p D,dx (2.14)

where h is the convection coefficient.
The function to determine the temperature of the neutral gas with afully developed

laminar flow in atubeis given by:

T, =S e ™ T, (dz+e T, (2.15)
z=0

where St is the Stanton Number for the gas, and Tg; is the inlet gas temperature. Equation

2.15 isderived from:
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dT
—4 = (T, - T,) (2.16)
dx

which relates the mean temperature of a gasin atube with its wall temperature [49].

2.1.1.4 Ohmic Heating of Cathode Wall

Another source of heating is from the current running through the cathode wall. In
order to determine Ohmic heating, itstotal heat flux must be related to the differential
surface area. Thisisthe form of the equation needed in order to divide out pD, dx, which
is necessary in the final step of deriving the overall heat flux equation. The Ohmic heating
isgiven as.
length _j2_ T dx

cross sectional area _D?- D2
4

Qutar /o = AP D, AX =i’R=ir (2.17)

The term q will be the part that is left in the final equation after the internal surface
areaisdivided out. To get the correct form to divide out the pD, dx term, Q,y./ax IS

multiplied by (pD, dx)/(pD, dx) to give:

_ | el
Qtotal/dx - 5 D2 _ D7
p Dx X 4

wherer istheresstivity and Ice is the emission current.

p D, dx (2.18)

2.1.1.5 Thermionic Emission

The primary source of electrons for the hollow cathode is through thermionic
emission [30,50]. Thermionic emission of eectronsis the result of the cathode being
sufficiently heated so that electrons can be “boiled” off. The electron emission has a
cooling effect on the cathode from arelease of energy. To accurately predict the current
that is emitted from the cathode, the effect of the electric field must also be taken into
account (so-called field-enhanced thermionic emission). This affects the work function of

the insert by effectively lowering it. The emission current is determined mainly by the
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temperature of the cathode, the work function of the insert, and the electric field present.

The thermionic current density is given by the Richardson-Dushman [29] equation:

é ef 4 u
Jpp = AT? expg k—T‘*“(,. (2.19)
e u

Where in Equation 2.19, the Richardson coefficient, Ag=60 A/cm? K2, is based on
empirica data presented in Fomenko's "Handbook of Thermionic Properties’ [51] and
used by Goodfellow in his thesis on cathode processes [52]. Many have used A, = 120
Alcm?z K2 which is based on smplifying assumptions [29, 30, and 53]. It isimportant to
use accurate terms for the work function, f, and the Richardson coefficient since the
thermionic emission is very sengitive to these terms [52]. Since the work function isin the
exponential term, the thermionic current can vary dramatically with small changesin the
value of the work function. Therefore, it will be important to include factors that could
affect the work function, like the electric field.

Aswill be shown later, the work function can change around 0.1 eV because of the
eectric field. This can be compared to a temperature change in the wall of 300 °C, which
only resultsin a0.03 eV change of the temperature term in the exponent of Equation 2.19.
The change in the work function from the electric field will have a significant effect in
determining the current. A 0.1 eV change in the effective work function will have about
the same effect as a 1000 °C change in cathode temperature.

The electric field effect, known as the Schottky effect, is then important to account
for since it can lower the work function by tenth's of an electron volt. The effective

work function is then given by [33]:

f=f.- 9| (2.20)
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The éectric field in the hollow cathode is aresult of the plasma and sheath near the

surface. The electric field at the cathode surface, E., can then be estimated by double

sheath analysis to be [33]:
1/2 ‘1/2
i'éxe eV o u
E » eﬁu &CI+2— 0% - 40 (2.21)
el, 0 g KT, o g

where V,, is the plasma potential and T , is the permittivity constant, 8.85x10™ C*/N m?,

The net heat flux lost from the cathode is determined by the energy it takesto free
an electron and itsinitial kinetic energy [54, 55, 56]. For the differentia ring element of
the cathode where emission takes place on the inside, this energy loss is given by the

Equation 2.22.

5KT,, 0
2 o

Jth?eﬁ

(2.22)

In Equation 2.22 the energy loss that takes place when an electron is freed from
the wall surface is afunction of its effective work function, f «, and the kinetic energy

present in the electron, 5kT, /2e [57].

2.1.1.6 lonic Recombination

The primary source of input cathode power is from the ions, created in the plasma,
contacting the cathode surface [58]. Theion current can be determined from the plasma
characteristics within the cathode. The ions are assumed to contact the surface of the
cathode at arate equal to the Bohm current. Thisis consistent with a Maxwellian plasma

and a negatively charged surface. The Bohm current density is given by [59]:

J, » 0.6ne fkTe : (2.23)
mi

Each ion pulls an electron off the insert in the cathode and deposits its kinetic and

neutralization energy [29, 50, 54, 55]. This heat flux for aring element is represented in
Equation 2.24.
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Ji?é?/m +g‘% +U, - f gp D, dx (2.24)

The different terms in Equation 2.24 account for the kinetic and potential energies
that are deposited on the cathode wall when recombination occurs. The term Vi, isthe
energy from the ion accelerating through the sheath near the wall. V,,, is the voltage
potential between the edge of the sheath and the wall. The 5kT,/2e term is the plasmaion
kinetic energy at the sheath edge. U, istheionization energy that is given up when theion
takes an electron from the wall surface and becomes a neutral atom. In the process of an
ion becoming neutra, it frees an electron from thewall. Thisisacooling term and is

determined by the work function, f .

2.1.1.7 Electron Backstreaming

Another possible power source could be from the energetic electrons at the tail of
the Maxwellian curve coming back to the insert and depositing their energy. This appears
to be asmall fraction of the energy deposited, but rather than neglect it, it will be included
and its impact can be evaluated later. The current density, which isaresult of these

electrons, is expressed by:

1/2
& o) e eV, 0o
Je=ene§ Kle 0 opf S Q| (2.25)
2p m, g KT, &

The energy from these electrons is due to the electrons being incorporated back
into the surface given by the work function, f, and the thermal energy present in the free

electron, 5kT/2e. This heat flux can be given for aring element as:

Je?é@ Kle 1+ 95 D_ox. (2.26)
2 e

2
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2.1.2 Energy Balance Equation

2.1.2.1 Black Body Radiation

To derive the fina equation based on energy, Equations 2.2, 2.6, 2.9, 2.13, 2.14,
2.18, 2.22, 2.24, and 2.26 are added together with the power in on the left-hand side and
the power out on the right hand side. Then the equation is divided by pD, dx to give
Equation 2.27. This equation gives a second order integral-differential temperature
equation for atube (hollow cathode) which includes plasma interaction, black body
radiation inside and outside of the tube, conduction, convection and ohmic heating along
the tube wall from an electric current.

DZ- D? d°T,

|
P Tu(DdFy i, (X- 2) +8 TN Fye () +5 TH(X) Fy (1 - X) + K, —2—2~
z=0 Y ' 4Dx dXZ
+Ji§/fajl +EE+U+ - F 9+ Jea“§ KT +g9 =
2 e [4] 82 e [7]

N | &
2 (D2 - ny
p Dx 4

; u

sT,(¥) +S%(va(x) -TY)+ héfrw(x) - e (‘FSZTW(Z)dZ’Le'SXTg,iH

X z=0

(2.27)

# 3,0 g+
220

2.1.2.2 Gray Body Radiation

Since the cathode surface varies from being a black body, it is important to
determine aform of Equation 2.27 that accounts for the emissive terms corresponding to
the inside and outside of the hollow cathode. For the term involving radiation on the
exterior of the cathode with the environment, the black body radiation term will ssmply
need to be multiplied by the outer emissivity to change the form in Equation 2.27 as
shown in 2.28.

s %(ij‘(x)- ) P es %(ij‘(x)- e, 1)) (2.28)

X X
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where g, is the emissivity on the outside of the cathode and e, and Ty are the emissivity
and temperature of the environment.

For simplicity sake, the ends will still be assumed to be black bodies. A procedure
outlined by Siegel is used to determine the radiation between finite diffuse gray areas[35].
Thiswill give the influence of the gray surfaces on the inside of the cathode.

Equation 2.27 will now be represented in the form that states that the heat flux
without the internal radiation terms equals the difference in radiation heat flux leaving the

surface and impacting the interna surface. Thisis shown by:

0P D, dX = (Uog = Uini )P Dy OX . (2.29)

In Equation 2.29 the subscript k refers to the kth surface (differential ring element). Note
that pD, dx can be divided out. The terms that correspond to the heat flux without the

internal radiation, q,, are given as.

q.(x) =K

dx? fall+__|+U 'fO+Jea5kTe+fo

D u 5KT,,
-es—2(THX) - eT, heT X)- Se 3x ppdr zdz+eS‘XT J % +——0
S o (1000 - & T)- hel, (- S *T,(2) o4 o +502

D2- D d7T, , |2 1&,, +5KT
g
|

X z=0 u

Siegel then goes on to show that the radiation leaving the surfaceis:
1- ein (X)

e (%) i (X) (2.31)

Qo (X) =S Tv:k(x) -

which then makes the incoming radiation for the problem with the tube to be:

Qinc (x) = IC\ﬂex,k (2)dF,,. 4, (|X' ZI) +s Tré,ll(x) Foc1(X) +s Tré,lz (NFy (- (232

z=0

where the terms represent the radiation from the rest of the tube and the ends.
So substituting Equation 2.31 and 2.32 into Equation 2.29 gives the energy
balance for a gray body tube and is given in Equation 2.33.
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6.9 +e. () O g (AR, (1x- 2) =, (05 T2 ()

oo €in(2) . (2.33)
- ein(x) G ij,k(z)dFdx- dz(|x_ ZI) - ein(x)S Tr‘,ll(x) Fdx-l(x) - ein(x)S Tr‘,lZ (X)Fdx-z(l - X)

The method for solving Equation 2.33 is described in Appendix B.

2.2 Discharge Chamber

Once the cathode produces the electrons, they are gected into the discharge
chamber after interaction with plasmain the orifice of the cathode. A number of hollow
cathodes use keepers. The keeper is generaly a number of volts above the cathode and
millimeters from the cathode tip. In the discharge chamber, one of its primary purposesis
to protect the cathode from particles streaming back to the cathode. However, for the
neutralizer it is used to extract current necessary to sustain emission. In order to
determine the power from the charged particles on the different thruster surfaces, it is
important to know what potential the various surfaces are. Figure 2.3 shows the typical

potentials of an ion thruster.

Plasma |  No . N
. Grid
~0V Iﬁ ) i
. (floating)|| =l
| T4 .
‘. l Neutralizer Keeper
N Cathode ~(-10V)-(-15V)
Caeel|
,_, Neutralizer
| Ceathode
Note: All Voltages P | -0V

Referenced To The
Neutraizer Cathode

Figure 2.3. Potentialson an lon Thruster
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The main keeper receives energy from the ions that are born in the discharge
chamber and from cathode electrons, which balance the current from the ions and some
additional electrons that are lost through the keeper current. The neutralizer keeper does
not have any significant ion heating, but the electron heating is significant since the keeper
must draw a much higher current to sustain emission.

Once the electrons in the discharge chamber pass by the keeper, they either are
involved in collisions or are collected directly by the anode. The primary electrons are
collisonless and deposit all of the energy on the anode that results from passing through
the potential difference between the cathode region and the anode. The electrons involved
in the collisons form a Maxwellian distribution. The Maxwellian electrons are in the
plasma, which is afew volts positive of the anode [41].

Theions created in the plasmawill be drawn out in the beam or will deposit their
energy into the various surfaces. Theions not drawn out in the beam will migrate more to
the lower potential surfaces of the screen grid or the main cathode keeper. However,
some will also travel to the anode. Theions that interact with the accelerator grid are
created in the immediate vicinity of the grid from charge exchange or acceleration of some
downstream electrons towards the grids [46]. The ions from the discharge chamber have
significant energy and tend to be accelerated out of the thruster and not to the accelerator
grid.

The effect of radiation from the plasma can be determined in the same manner asiit
was for the cathode. The temperature of the plasmain the discharge chamber is 2-5 eV
(23,000-58,000 K) [60]. Theion and electron density is around 1x10"" per cubic
centimeter [60]. Using Equation 2.10 the minimum radius for black body radiation to be
considered is 1.9x10" cm. Since the diameter of these thrustersis around 30 cm, there
clearly will be minimal effect from black body radiation. Equation 2.11 is used to find the
power from Bremsstrahlung radiation. Assuming singly and doubly ionized plasma, the

maximum radiation occurs when the plasmais entirely doubly ionized. Thiswould result
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in a power of about 9.6x10™° W/cm?®. A discharge chamber having a volume of
approximately 4000 cm® resultsin a power of 3.8x10° W deposited to the walls. Thisis
also an insignificant amount of power to consider.

The power deposited into the different surfaces will then be found similarly to the
terms that handle the charged particle interaction in the cathode model. The power is
related to the current of the particles and the kinetic and potential energy they have. The
surfaces will be broken down as the anode, the keeper, the screen grid, and the accelerator

grid.

2.2.1 Power Deposition Equations

2.2.1.1 Anode

The power deposited into the anode comes from the primary electrons,
Maxwellian electrons, and theions. The power from the primary electronsis determined
by the change in potential from where the electrons were born to the anode and the energy

absorbed onto the surface. This power is described in Equation 2.34.
IL(fA+[VD'Vc]) (234)

| isthe primary electron current to the anode. f 4 isthe work function of the anode. Vp
is the discharge voltage, which is the potential difference between the cathode and the
anode. V¢ isthe potentia relative to the cathode at which the primary electrons are
produced. Vaughn [61] suggests V¢ to be equal to the keeper potential, Vi, when it
would more accurately be described by subtracting off the keeper sheath potential as
shown in Equation 2.35.

V. =V, -V (2.35)

The electrons, which have undergone collisions, take a Maxwellian velocity

distribution. The power that these electrons deposit into the anode is determined by their
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kinetic energy. Thisisdepicted in Equation 2.36 with a Maxwellian electron current to

the anode (Iv).

KT, ¢
1, &, 420 (2.36)
e

The power from the ions comes from their initia kinetic energy, their acceleration
through the anode sheath, and the release of the ionization energy when they take an
electron off the surface. This power is accounted for in Equation 2.37 for an ion current

to the anode of 4.

(2.37)

2.2.1.2 Keeper

The power from the ions in the discharge chamber to the main keeper is going to
be of the same form as the ions to the anode. However, the ions are going to pass through
amuch larger potential. The plasma potentia is relatively constant throughout the
discharge chamber and is afew volts positive of the anode. Wells et al. describe the
potential of the sheath on cathode potential surfaces as the difference between the plasma
potential and cathode potential [38]. For anion current to the keeper of Ik, the power is
given by:

B 2Ky 0 (2.38)
2 e [}

where the fall the ions experience will be:

Voerk =Vp - Ve =V, +V, - V, . (2.39)

The electrons, which will intercept the keeper, are going to be accelerated from the
region close to the orifice. Most of the electrons leaving the cathode are not produced by
thermionic emission, but rather through secondary processes in the orifice region of the

cathode where the density of the gas and charged particles will be quite high. Therefore,
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the fall these electrons seeis not going to be from the cathode potential, but from a

potential closer to the keeper. The equation depicting the power is given in 2.40.

| ex ?FK +§ kTe +f K 9 (2.40)
2 e 2

The electron temperature is going to be highly dependent on the operation of the
cathode. There are three operating modes of a hollow cathode: spot, plume and transition
mode. In spot mode operation, the portion of the plume is only luminous in the immediate
vicinity of the orifice and the electron temperatures are on the order of 0.5 €V. In plume
mode, there is aluminous plume extending further out from the cathode orifice and
electron temperatures are found to be 1.5-2.5 eV. The transition mode alternates between
dark and luminous plumes[17]. The modes will have a significant effect on the energy
deposited into the keeper since the electron temperature can vary so much. The
neutralizer cathode tends to operate in spot mode and the main cathode operates in plume

mode.

2.2.1.3 Screen Grid
The power deposited on the screen grid is primarily from the ions that are
accelerated with the beam ions, but impact the grid instead of being extracted. The power

follows that same form as the other surfaces and is given in Equation 2.41.

5 KT, o)
| o Vog +o U, - 2 ,
seg Fss T T g SGg (2.41)

where I istheion current to the screen grid.
The fall to the screen grid is similar to the fal to the keeper. It will be the

difference between the plasma potential and the screen grid potential.

Ve =V, - Vi (2.42)
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2.2.1.4 Accelerator Grid

The power to the accelerator grid is of the same type as the screen grid. Hence,
the power equation looks the same as it does in Equation 2.43 for an ion current to the

accelerator grid of I ac.

5 KT, "
IAG?FAG +t tU, - f AG9 (2.43)
2 e 2

The major difference in the power deposited to the accelerator grid is based on
wheretheions are created. Since most of the ions are created in the immediate vicinity of
the accelerator grid, they cannot be characterized by the ions in the discharge chamber.
Monheiser showed that there is a potential hill downstream of the grids at a couple

hundred volts[46]. Thus, it can be assumed that the fall is around this value.

2.2.2 Currents

In order to determine the power to various thruster surfaces, it isimportant to
predict the amount of charged particles that are traveling to each surface. Severa of these
currents can be calculated through continuity. The discharge current, |p, isthe current
that goes through the anode of the discharge chamber. Itisequal to Ig, which isthe
amount of electrons being emitted from the cathode, but not collected by the keeper, plus
the electrons knocked off for each ion produced, 1, minus each eectron lost from anion

recombining on the anode surface, I». Thisissummed up in Equation 2.44.
o =lg+lo-1, (2.44)
Each ion that is produced, Ip, will either go out in the beam, I, recombine on a

cathode potentia surface in the thruster, Ic, or recombine on an anode potential surface,

Ia. So theion production current can be described by Equation 2.45.

=l g+l +1, (2.45)



Substituting Equation 2.45 into 2.44 gives the ion current to the cathode in terms
of the discharge current and beam current, which are readily available for most operating

thrusters. Theion current to the cathode is then given in Equation 2.46.
lo=1,-(Ic+1g) (2.46)

Theion current to cathode potential surfacesis defined as the ion current to the
screen grid and the cathode keeper. Although the cathode keeper is not at the same
potential as the cathode, it is significantly negative with respect to the plasma and as such

isincluded in the cathode potential surfaces.

=1+l (2.47)

I C

Theion current to the screen grid can be found by biasing the grids sufficiently negative to
repel electrons and then can be measured directly. The relationship between the ion
current to the screen grid and the beam current is usually summed up by the ratio of beam

current over the beam current plus the screen grid ion current as shown in Equation 2.48.

a= s (2.48)

IB+|33

The accelerating grid current, lac, is aso determined directly from measurements.

The electron current to the keeper from the cathode, e« isasum of the current
from the ions collecting an electron from the surface and the current leaving the keeper
through aresistor. If the current through the resistor isn’t directly available it can be
determined using the voltage/resistance relation. The net electron current to the keeper

would be:

N V, (across resistor)

_ (2.49)
R(resitance)

IEK IK

Theion current to anode potential surfaces can be found by rearranging Equations
2.44 or 2.45. Theion production current is derived from a definition given by Brophy

[41]. He definesthe ratio of the beam current to the ion production current as the
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extracted ion fraction, fg. The extracted ion fraction is considered constant for a thruster
design and shows the performance of athruster. Theion production current isgivenin

terms of the beam current in Equation 2.50.

le (2.50)

fo

s

In order to predict the various currents, the primary electron current emitted from
the cathode into the discharge chamber, |, must be derived. Each primary electron that is
emitted from the cathode and continues beyond the keeper will either be collected directly
by the anode, 1, ionize a neutral atom, 1§, or excite aneutral atom, 1¢,. Thisbaanceis

shown in Equation 2.51.

le=1, +18+1¢ (2.51)

The fraction of primary electrons which are emitted and make it to the anode

without a collision can be given by the survival equation [62] and written in the form:

|, = exp sl (2.52)

where s ¢ isthe total inelastic cross section for primary electron-neutral atom collisions, n,
isthe neutral atom density, and | is the average length a primary electron would travel in
the discharge chamber before it would be collected by the anode with the assumption of
no inelastic collisions.

Theion current produced from primary electrons is given by:
s¢ (2.53)

|¢=n,nev V,,

where n, is the primary electron density, e isthe charge of an electron, s¢ isthe
ionization cross section at the primary electron energy, Viy iS the volume of theion
production region, and v, is the primary electron velocity [41].

Likewise, the rate of production of excited state atoms produced by primary

electronsis given in Equation 2.54.
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1§ =n,nev V., qs¢ (2.54)
j

with s ¢ being the collision cross section for thej™ excited state at the primary electron
energy [41].
The emission current is then found by substituting Equations 2.52-2.54 into
Equation 2.51. The emission current can then be written as.
5

| (1- exp s )= nonpevpvipées@+é s¢ (2.55)
j

2

Since s¢+as¢isthe total inelastic cross section for primary electron-neutral atom

collisions, Equation 2.55 can be rewritten to give the emission current in Equation 2.56.

n,n.ev Vs
= o pTpin>0 'pflg (2.56)
1_ e)(p'Sgnoe

The discharge current, Ip, is made up of three components. One component is the
current from the primary electrons collecting on the anode, 1., which can be found using
Equations 2.52 and 2.56. Another component is the current from the ions taking electrons
from the anode, 14, and can be determined using Equations 2.44, 2.50, and 2.56. The final
component is the current from the Maxwellian electrons, . This current can be
calculated from a balance of the currents to the anode. It can be written to solve for Iy to

be:

+1,- 1, (2.57)

2.2.3 Discharge Chamber and Plasma Parameters

To predict the power deposited in the discharge chamber of the ion thruster, it will
be important to predict the plasma characteristics from set thruster parameters. The
equations for the charged particle currents in the thruster have been derived from several

of these plasma and thruster parameters. Another important parameter to predict will be
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the temperature of the Maxwellian electrons. These electrons account for significant

power loss to the anode.

2.2.3.1 Neutral, lon, and Electron Densities

Severa of the currents are dependent on knowing the densities present in the
discharge chamber. The propellant and electrons are present in four different total
dengities: neutral density, ion density, primary electron density, and Maxwellian electron
density. The densities can be derived using Brophy’ sion thruster performance model
[41]. The averageion density (n) related to the beam current (Ig), the Bohm velocity (vy),
the area of the grids from which ions are extracted (A), and the transparency of the screen

gridtoions (F,). Thisrelationisgiven as.

n = W:\QF. : (2.58)
The ratio of the primary electron density (ny) to the Maxwellian electron density (ny) is
related to the Maxwellian electron rate factor for the ionization of neutral atoms (Q,"), the
primary electron velocity (v,), and the basdline plasmaion energy costs (g, ). Thisis
described in Equation 2.59.
Q

v,V,s¢ ]

np
M (2.59)
nM

stv,

€

The Maxwellian electron density can be found from the assumption of quasi-

neutraity (ni=ny+ny). This can be rearranged to give the Maxwellian electron density:

n,=— " (2.60)

With the ion density and Maxwellian electron density derived, the primary electron density

can be determined directly from the quasi-neutrality assumption.
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Brophy derives the neutral density using the theory of free molecular flow through

a sharp-edged orifice to be:
4(m- 1)

- ) 2.6
e AF, (2.61)

(0]

where misthe massflow rate, v, is the neutral atom velocity, and F , is the effective

transparency of grids to neutrals.

2.2.3.2 Maxwellian Electron Rate Factor For |onization of Neutral Atoms

Predicting the Maxwellian electron temperature will have to be through an iterative
method. This iteration will be accomplished using the Maxwellian electron rate factor for

ionization of neutral atoms, Q,", that Brophy defines as [41]:

Q, =<s.,V, >, (2.62)

The symbol < >y represents the enclosed product averaged over the Maxwellian energy

distribution function which for a given collision cross section is given by Equation 2.63.

¥
05 ey Ve F(Ve)dve
<S.orex)Ve ”M = . ¥ (2.63)
OF(ve)dve
0

Where in Equation 2.63, Ve is the electron speed and F(ve) is the Maxwell-Boltzmann

distribution, which is given by:

é m l:13/2 mev2
e ep ™ (2.64)
e2kaM u

F(v.) =4pv

This establishes arelation for Q," that is based solely on a particular gas and the

Maxwellian electron temperature. This relationship is shown for xenon in Figure 2.4.
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Figure 2.4. Maxwellian Electron Rate Factor for Xenon

Brophy also determines Q," in terms of the thruster and plasma parameters. The

rate factor in these terms is shown in Equation 2.65.

&
VpS g:a/*Dsg_ 1:
+ est 5
L =~ YIURY - (2.65)
e \" S - u
é p* D gB ipr l]n(l' IF)_ 1
80.15e v v, A’F ;F .

Equation 2.65 has the Maxwellian el ectron temperature included when deriving the
thruster efficiency term, the baseline plasmaion energy cost - &, , and will be shown in

Section 2.2.3.4.
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2.2.3.3 Particle Velocities

The primary electron velocity, vy, is determined by the primary electron energy,
Ve, attained by an electron accelerated from the cathode. Thisis given by the relation
shown in Equation 2.66 where the temperature, T, isin degrees Kelvin and is related to
the electron temperature, which for primary electronsis equal to the primary electron

energy (Vee), by therelation of 1eV=11,600°K.

V.= | (2.66)

The primary electron energy is determined by the difference in potential between
the plasma from where the electron is born near the cathode to the plasmain the discharge
chamber. The plasmain the discharge chamber is a few volts above the discharge voltage.
The plasma near the cathode is going to be afew volts below the keeper. The respective
sheath potentials are used for the differences in the plasma from the anode potential. The

primary electron energy can then be described as:
Voe =V, +V, - V. +V (2.67)
The Bohm and neutral velocity can also be found by using Equation 2.66 except
the neutral velocity uses the mass of a neutral atom. The temperature used for the Bohm

velocity is equal to the Maxwellian electron temperature. 1ons must enter the sheath with

this speed [59]. The neutral temperature is determined by the anode wall temperature.

2.2.3.4 Badine Plasma lon Enerqy Cost

In order to calculate the Maxwellian electron rate factor it is necessary to know the
baseline plasmaion energy cost, &, . Brophy derives two equations for computing this
cost [41]. Thefirst equation for the baseline plasmaion energy cost is given by Equation
2.68.
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’ 1- (VK'VFK +e|v|)
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For a particular thruster the main unknowns in Equation 2.68 are the ratio of

(2.68)

primary to Maxwellian electron density, ny/nm,, and the average energy of Maxwellian

electrons leaving the plasma at the anode, ey. Brophy givesey as:
4

e, = 5TM +V, (2.69)
The electron density ratio is handled by deriving another form of g, . Thisis now

given in the form of Equation 2.70.

V. 3¢
D st (2.70)

P 1+ Nm<S.Ve>um
nesév,

Equation 2.70 is then rearranged and substituted into Equation 2.68 to give the
baseline plasmaion energy cost in Equation 2.71 without a dependence on the electron

density ratios.

<S .V, >M
e* _ U+ +eM + <STV:>M Uex
P 1- Vi-Vextew 4 SE<S o Ve>wm sk JUex

(2.71)

Vp LVps §<s ., Ve>y Vps§

2.2.3.5 Maxwdllian Electron Temperature

The Maxwellian electron temperature can be found by an iterative method. An
estimate of the electron temperature can be used to find ey in Equation 2.69. ey can then
be substituted into e, in Equation 2.71. &, next will be used to find the Maxwellian
electron rate factor in Equation 2.65. That value of Q," can then be used in the
relationship in Equation 2.62, which is shown in Figure 2.4, to determine a new

Maxwellian electron temperature. The new Ty can be used to find a new ey and repeat
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the process. After afew iterations, the Maxwellian electron temperature will settle on the

appropriate value.

2.3 Power Deposition Equation Derivation Conclusion

The equations have now been derived to predict the plasma power deposition in
the cathode and anode from minimal experimental input. The cathode model consists of
an integral-differential equation that is solved through a numerical method outlined in
Appendix B. The discharge chamber model uses currents that are measured during a
typical operation to predict the power deposited to the anode, keeper, and grids. The

results from these equations can now be compared to previous work.



CHAPTER I11
COMPARISON OF ANAL YTical resultsto previous work

Before the model derived in Chapter |1 can be applied to new cases, it isimportant
first to apply it to previousy obtained data. The cathode and the rest of the thruster have
frequently been examined separately. The cathode will be compared to dissertation work
done by Salhi [29]. While thereis minimal power deposition data for comparison, there
are cathode temperature profiles available. The effect of changing several model
parameters will be examined to see their effect on the predicted temperature profiles
compared to the experimentally determined profiles.

For the rest of the thruster, there is also a significant amount of temperature data
available for various thrusters. However, there is much less work done on power
deposition and particle interaction with surfaces. Wells et al. have done such work in
determining the losses due to the charged particles interacting with the surfaces [38]. This
thruster was a 15-cm diameter, mercury, divergent-field ion thruster. This thruster is
dightly different from what the model was designed for, but will demonstrate the model’s

versatility while verifying its results.

3.1 Cathode

3.1.1 Solution Method

For validating the results of solving Equation 2.33, experimental results were
examined as reported by Salhi [29]. Salhi measured several of the plasma characteristics
in the hollow cathode that are needed for evaluation of Equation 2.33. These include the

electron number density, plasma potential, electron temperature, cathode wall

43



temperature, and cathode setup. The plasma characteristics measured were aong the
centerline of the cathode. This may cause some variation with the values to be used in
Equation 2.33 since the sheath region is where the values of concern are. However, these
differences can be examined in the following section.

To determine the best correlation of the emission current, ion current, electron
current and the heat flux to the cathode, several parameters, which have a degree of
uncertainty, will be varied to determine which are the most sensitive in the analysis and
which give the best fit to experiments. The parameters that will be varied will be the
plasma density, the work function of the material, the ohmic heating along the cathode
wall from the current, the convection, the conductivity and the emissivity. Then the
resulting temperature profiles and emission currents will be compared to experimental
data.

It should be noted that the temperatures are expected to be slightly different from
the experimental data. Salhi reports the outer wall temperatures and Equation 2.33
predicts the inner wall temperatures, which include the insert. Salhi did test the internal
temperatures of the cathode using a pyrometer along with external thermocouples. He
surmised that there was not much difference between these two temperatures and his data
show the internal temperatures being a maximum of 50° C warmer than the exterior.
However, the temperature difference could easily be larger. It can be difficult to calibrate
an optical temperature-measuring device since it is dependent on knowing the surface
characteristics accurately.

Theinsert is dightly smaller than the inner wall of the cathode tube. Thisresultsin
adlightly loosefit. The contact resistance will then be very high and radiation will be a
predominant mechanism for transferring heat from the insert to the outer cathode wall.
The approximate radiation heat transfer between two closely spaced cylindersis given in
Equation 3.1.
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gq=s Tl:sert -S To?lterwajl (31)

Aswill be seen the heat flux is around 20 W, which needs to be transferred from
theinsert. Theinsert surface areais approximately 3.51x104 m2. The value for Stephan-
Boltzman's constant is 5.669x108 W/m2K4. Thiswould result in arelation of the

temperatures to be:
Tinsert = (1X1012 +To?1ter wall )1/4 (32)

For an outer wall temperature of 1050°C (1323 °K) this would predict the insert
temperature to be 1147 °C, a net change of about 100 °C. If the outer wall was measured
to be 848 °C and the heat flux was around 18 W the insert temperature would be 982 °C,
anet difference of 130 °C. Thisis supported by Mirtich et al. [32] who reported that with
atip temperature of 940 °C the insert was measured to be 1060°C, a difference of 120 °C.

The temperature of the insert would then be expected to be 100-130 °C warmer
than the thermocoupl e values on the outer wall with a greater difference at the lower
emission currents (cooler tip). Theinsert region extends 2.54 cm from the tip. The region
outside of the insert region will have temperatures close to the outer surface thermocouple
temperatures since the cathode wall is thin and does not have any other object between it

and the plasma.

3.1.2 Varying Cathode Parameters

3.1.2.1 Plasma Density

In the evaluation of the plasma, the number density is the most influentia value
determining the resulting currents and heat fluxes. Salhi showed the number density for an
emission current of 5 A to be about half of the density present for the 10 A emission
current. The other major variables for determining the currents and fluxes from the

plasma, which Salhi measured, were the el ectron temperature and the plasma potential .
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These vary such that for an emission current of 4 A the electron temperatureis 1.5 eV and
the plasma potential is 14 V. Then for an emission current of 15 A the electron
temperature is 1.2 eV and the plasma potential is8 V in the first few millimeters of the
cathode tip.

For the current from the ionic recombination, the square root of the electron
temperature is used, but the full value of density is used (Equation 2.23). Therefore, with
changes of each for different emission currents, the density variation results in the most
significant changes. The electron backstreaming will be shown to be insignificant for
determining the emission current and heat flux. The thermionic current is most affected by
wall temperatures, but a change in most of the plasma characteristics will have a small
effect on changing the electric field present and hence the temperature. However, the
change in plasma density plays the mgor role in changing the electric field.

The approach for evaluating the emission current was developed to vary only the
plasma density present. This approach was used because of the uncertainty of the actual
values. Thereis about a 50% degree of uncertainty in measuring the density. Also, the
values from the experiment are centerline values and not sheath values.

A comparison was done for two cases which predicted 5 A emission currents. The
first case used the plasma characteristics from the 12 A experiments and then scaled the
density until a5 A emission current was attained (resulting density was 42% of 12 A
reported values). The second case used the 5 A experimental data and scaled the density
until an emission current of 5 A was predicted. The 5 A case was “scaled” because the
emission current predicted was dightly higher than 5 A and there is a high degree of
uncertainty in the density values as previously mentioned (resulting density was 94% of 5
A reported values). Table 3-1 shows the result of this.

The difference in the energetic electron current between the two casesin Table 3-1
isaresult of only the density being scaled and not the voltage fall. This has a dramatic

effect on the energetic electron current since it is dependent on the exponential of the
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voltage fall. However, since in either case the energetic electron current (and power) isa
couple of orders of magnitude less than the ion current (and power), the energetic electron
current isinsignificant. This lack of scaling has alesser effect on the rest of the

plasma/wall interaction terms and the resulting heat fluxes are within 0.5% of each other.

Table 3-1 Comparison of Two Ice=5 A Predicted Cases by Varying Different Plasma

Properties
Plasma Initially 12 A Case Plasma Initidly 5 A Case
Percent Density Scaled 42% 94%
Final Density Used a 1 mm 6.3x10%° /m3 4.7x10% /m3
lon Current 137A 1.23A
Energetic Electron Current 0.043A 0.004 A
Thermionic Current 3.68 A 3.77A
Emission Current 50A 50A
Heating from lons and Energetic 28.7W 288 W
Electrons

Thermionic Electrons Cooling 82W 84W
Net Heat Flux 205W 204 W

In order to evaluate the whole cathode, an assumption about the plasma density in
the first millimeter had to be made. Salhi reports all the values up until this region.
However, as will be shown, most of the heating and cooling from the plasmais occurring
in the first few millimeters. To fit with temperature data reported by Salhi (and also
Siegfried[30] and others) the plasma density was assumed to decrease in this front region
from the 1 millimeter value to approximately the values between the 2nd and 3rd
millimeter.

Figure 3.1 shows the temperature profiles for various plasma densities with awork
function of 1.9 V. The plasma properties were based on the experimental case where the
emission current was 12 A. The properties used for each case represented in Figure 3.1
aregivenin Table 3-2. Figure 3.1 demonstrates that increasing the density increases the

amount of energy deposited into the cathode, which increases the temperature and the
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amount of thermionic current. The "kink" in the curve around the 2.5-cm mark is due to
the change in wall area from the region with the insert to the region without it. The values
from 0 to 2.6 cm include the thickness of the insert while from 2.6 to 3.8 they only include
the thickness of the cathode wall outside of the insert region.

With awork function of 1.9 eV, the 47% density value returns an emission current
of 10.1 A. This appears reasonable; however, the actual temperature most likely will be
higher than Salhi’ s data corresponding to the emission current of 10 A, as mentioned

previously. Thiswill be examined as many of the parameters are varied.

3.1.2.2 Work Function

The work function of a cathode is given by Salhi [29] to be 1.8-2.0 eV for a
tungsten insert impregnated with barium. The work function can change with temperature
and time. Thisisthe range reported by others also [30]. Thermionic currents are quite
sensitive to small changes in the work function. Figure 3.2 shows cases where the work
function was varied and the plasma density was adjusted to obtain a predicted emission
current of 10 A. Table 3-3 gives the corresponding properties used in Figure 3.2.

As expected, with an increase in the work function, the necessary temperature
needed to produce an emission current of 10 A increases. Figure 3.2 shows the sensitivity
of the temperature to just a dight change in the work function. A one-tenth of an eV
change in the work function affects the peak temperature by about 50°C. The work
function of 1.9 eV fits Salhi's data the closest, but as discussed earlier, the insert
temperature could be 100-130 °C warmer than the reported data. With that taken into
consideration, awork function of 2.0 €V would be a more appropriate choice to represent
theinsert. A differencein one-tenth eV for the work function aso changes the heat flux
to the cathode by about 2 W. For the lower work function material, more of the current

is derived from thermionic emission and less from the ionic recombination.
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3.1.2.3 Ohmic Heating of Cathode

Figure 3.3 and Table 3-4 give the temperature profile and cathode datafor casesin
which the amount of Ohmic heating of the cathode wall isvaried. There are multiple
values given to show the effect the error in estimating the Ohmic heating might have on
the temperatures of the cathode and the heat fluxes present. These values correspond to
Equation 2.18. Using aresigtitivy of 8x10-8 W- m for Molybdenum, an emission current of
11.5 A and the dimensions of the cathode, the amount of heat generated per surface area
of the cathode wall is 74 W/m?.

Figure 3.3 shows that for heat fluxes from 1 to 1000 W/m? the temperature barely

changes. This shows that the effect of the Ohmic heating at the stated currents is minimal.
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Table 3-2 Cathode Properties Corresponding to Figure 3

Casel Case 2 Case 3 Case 4 Case5
IConductance, Ky, (W/m °C) 64 64 64 64 64
finlet Gas Temp, T,,;, (°C) 427 427 427 427 427
[Convection Coefficient, h, (W/m? °C) 21.8 21.8 21.8 21.8 21.8
Stanton Number, St 1.56 1.56 1.56 1.56 1.56
[ohmic Heating, g, (W/m?) 100 100 100 100 100
\Work Function, f, (eV) 19 19 19 19 19
[Outer Emissivity, &, 0.2 0.2 0.2 0.2 0.2
finner Emissivity, e, 0.3 0.3 0.3 0.3 0.3
|Percent of Nefor d=12A 70 60 50 47 40
|Ion Current, @} dA, (A) 2.45 1.98 1.65 155 1.32
|Energetic Electron Current, @k dA, (A) 0.08 0.06 0.05 0.05 0.04
Thermionic Current, @}, dA, (A) 17.23 12.64 9.54 8.63 6.53
Total Current (Emission), | cg, (A) 19.60 14.56 11.14 10.13 7.81
[Energy from lons and Electrons (W) 51.91 41.92 34.93 32.83 27.93
Thermionic Cooling (W) 36.39 26.69 20.14 18.22 13.79
INet Power Deposited (W) 15.52 15.23 14.79 14.61 14.14
Surrounding Temperature, Ty, (°C) 27 27 27 27 27
Tip Boundary Condition insulated | insulated | insulated | insulated | insulated
IBase Boundary Condition (°C) 625 625 625 625 625
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Table 3-3 Cathode Properties Corresponding to Figure 3.2

Casel Case 2 Case 3 Case 4
IConductivity, Ky, (W/m °C) 64 64 64 64
[inlet Gas Temperature, T,;, (°C) 427 427 427 427
[convection Coefficient, h, (W/m? °C) 21.8 21.8 21.8 21.8
Stanton Number, St 1.56 1.56 1.56 1.56
IOhmic Heating, q, (W/ m2) 100 100 100 100
\Work Function, f, (eV) 2.1 2 1.9 1.8
[Outer Emissivity, &, 0.2 0.2 0.2 0.2
finner Emissivity, e, 0.3 0.3 0.3 0.3
[Percent of Ne for 1d=12A 55 51 47 43
|Ion Current, &} dA, (A) 1.82 1.69 155 142
|Energetic Electron Current, @k dA, (A) 0.06 0.05 0.05 0.04
Thermionic Current, @k, dA, (A) 8.38 8.50 8.63 8.75
Total Current (Emission), Ice, (A) 10.14 10.14 10.13 10.13
[Energy from lons and Electrons (W) 38.11 35.48 32.83 30.15
[Thermionic Cooling (W) 19.57 18.91 18.22 17.50
INet Power Deposited (W) 18.54 16.57 14.61 12.65
Surrounding Temperature, Ty, (°C) 27 27 27 27
Tip Boundary Condition insulated | insulated | insulated | insulated
IBase Boundary Condition (°C) 625 625 625 625
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Table 3-4 Cathode Properties Corresponding to Figure 3.3

Casel Case 2 Case 3
Conductivity, K, (W/m °C) 64 64 64
Inlet Gas Temperature, Ty, (°C) 427 427 427
Convection Coefficient, h, (W/m2 °C) 21.8 21.8 21.8
Stanton Number, St 1.56 1.56 1.56
Ohmic Heating, g, (W/ m2) 1000 100 1
Work Function, f, (eV) 1.9 1.9 19
Outer Emissivity, &, 0.2 0.2 0.2
Inner Emissivity, e, 0.3 0.3 0.3
Percent of Ne for 1d=12A 47 47 47
lon Current, & dA, (A) 1.55 1.55 155
Energetic Electron Current, @k dA, (A) 0.05 0.05 0.05
Thermionic Current, @k, dA, (A) 8.73 8.63 8.61
Total Current (Emission), | ce, (A) 10.23 10.13 10.11
Energy from lons and Electrons (W) 32.83 32.83 32.83
Thermionic Cooling (W) 18.45 18.22 18.19
Net Power Deposited (W) 14.38 14.61 14.64
Surrounding Temperature, Ty, (°C) 27 27 27
Tip Boundary Condition insulated | insulated | insulated
Base Boundary Condition (°C) 625 625 625

3.1.2.4 Convection

In order to determine the convection terms, the xenon gas was assumed to be a

10.4x10 W/ mK

fully developed laminar flow. Because the mass flow rate is so low (1.27x103 g/sec in this
case), the Reynold's number will be quite low also (~5) which iswell in the laminar flow
region. By using the conductivity of xenon gas and the diameter of the insert region, the
convection coefficient for a cylinder is given for a uniform surface heat flux in acircular

tube with laminar, fully developed conditions as [49]:

=5.95W/m? K

K
h=436—2 » 4.36
D

7.62x10 °m

The Stanton Number can then be calculated using the relation:

5.95W/m? K

St_h

- »
ryuc, (0111

5 =0.427
kg/m°s)(125.5 J/ kg K)
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Figure 3.4 shows the case where these values are used and cases with higher and
lower values of the convection coefficient. For the case where h=5.95 was used and the
inlet gas was estimated at 27 °C, the outlet gas was calculated to be 42 °C, whichis 15 °C
warmer than the inlet temperature. Thiswould support using the inlet gas temperature
close to the value it would be at in storage (room temperature) since not much heating of
the gas occurs.

When Case 4 on Table 3-5 (h=5.95) is compared to Case 3 (h=0.39) about 1.4 W
more heat is required for the higher convection coefficient and the thermionic current is
reduced by 0.6 A. Thisisaresult of more energy being removed by convection and less
available for thermionic emission. If the convection coefficient is dramatically higher asin

Case 2 (h=21.8) it could have dramatic effects on the efficiency of the cathode.

3.1.2.5 Conduction

The conductivity reported for the molybdenum/rhenium alloy is 64 W/m °C at
1000 °C and 66 W/m °C at 1200 °C [63]. Figure 3.5 contains the temperature profiles of
the cathode with conductivities from 32-128 W/m °C. The other parameters of the
cathode can be found in Table 3-6. Other than conductivities, the other initial parameters
were kept constant.

With lower conductivity, the insert temperatures increase along with the emission
current. However, the amount of energy deposited into the insert decreases. The cooling
from the thermionic electrons decreases with greater conductivity since more energy is
lost through conduction and less is available to expel electrons. The peak temperature is
also lower for this very reason. For the conductivity to decrease from 64 to 32 W/m °C

with the same plasma conditions, the emission current increases by over 2 A and the heat



flux decreases by 5W. The most efficient cathode would minimize the amount of heat
lost if constructed from alow thermal conductive material.

In Figure 3.5 the curve corresponding to the lowest conductivity of 32 W/m °C
has a profile different than the other curves. Thisisaresult of radiation becoming a more
dominant mechanism for heat transfer. As mentioned previoudly, the "kink" in the curves

around the 2.6-cm location is aresult of the change in cathode wall thickness.
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Figure 3.4. Cathode Temperature with Different Convection Terms
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Table 3-5 Cathode Properties Corresponding to Figure 3.4
Case 1l Case 2 Case 3 Case 4
IConductivity, Ky, (W/m °C) 64 64 64 64
|I nlet Gas Temperature, Ty, (°C) 427 27 427 27
[convection Coefficient, h, (W/m? °C) 21.8 21.8 0.39 5.95
Stanton Number, St 1.56 1.56 0.01 0.427
IOhmic Heating, q, (W/ m2) 100 100 100 100
\Work Function, f, (eV) 19 19 19 19
IOuter Emissivity, &, 0.2 0.2 0.2 0.2
finner Emissivity, e, 0.3 0.3 0.3 0.3
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[Percent of Nefor 1d=12A 47 47 47 47
lion Current, & dA, (A) 153 1.53 153 153
|Energetic Electron Current, @k dA, (A) 0.05 0.05 0.05 0.05
Thermionic Current, @}, dA, (A) 8.63 7.07 9.37 8.73
Total Current (Emission), Ice, (A) 10.11 8.55 10.85 10.21
[Energy from lons and Electrons (W) 32.83 32.25 32.26 32.26
[Thermionic Cooling (W) 18.22 14.91 19.81 18.43
INet Power Deposited (W) 14.61 17.34 12.45 13.83
Surrounding Temperature, Ty, (°C) 27 27 27 27
Tip Boundary Condition insulated insulated insulated insulated
IBase Boundary Condition (°C) 625 625 625 625
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Figure 3.5. Cathode Temperature Profile for Different Conductivities
(Salhi’sError £50°C)

Table 3-6 Cathode Properties Corresponding to Figure 3.5

Case 1l Case 2 Case 3 Case 4 Case 5

Conductivity, Ky, (W/m °C) 32 64 70 100 128
Inlet Gas Temperature, Ty, (°C) 27 27 27 27 27

Convection Coefficient, h, (W/m2 °C) 21.8 21.8 21.8 21.8 21.8
Stanton Number, St 1.56 1.56 1.56 1.56 1.56
Ohmic Heating, g, (W/ m?) 100 100 100 100 100
Work Function, f, (eV) 19 19 19 19 19
Outer Emissivity, &, 0.2 0.2 0.2 0.2 0.2
Inner Emissivity, e, 0.3 0.3 0.3 0.3 0.3
Percent of Ne for [d=12A 47 47 47 47 47
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lon Current, & dA, (A) 1.53 1.53 1.53 153 153
Energetic Electron Current, ak dA, (A) 0.05 0.05 0.05 0.05 0.05
Thermionic Current, @}, dA, (A) 9.39 7.07 6.69 4,99 3.68
Total Current (Emission), Ice, (A) 10.87 8.55 8.17 6.47 5.16
Energy from lons and Electrons (W) 32.26 32.25 32.25 32.24 32.24
Thermionic Cooling (W) 19.83 14.91 14.11 10.51 7.74
Net Power Deposited (W) 12.43 17.34 18.14 21.73 24.50
Surrounding Temperature, Ty, (°C) 27 27 27 27 27
Tip Boundary Condition insulated | insulated | insulated | insulated | insulated
Base Boundary Condition (°C) 625 625 625 625 625

3.1.2.6 Emissve Terms

The emissivity expected for molybdenum is between 0.1-0.3 [49]. Itisdifficult to
know the emissivity of the insert region since the material composition can change through
itslifetime, so for thisanalysis, it will just be assumed the same throughout the inner
region.

Figure 3.6 depicts severa cathode temperature profiles with varying emissivities
on the inside and outside. Table 3-7 has the corresponding cathode properties. The
cathode is much more sensitive to the emissivity values on the exterior of the cathode than
itisonitsinterior. The internal emissivity has a minimal impact on cathode temperatures
and can be considered black body for small diameter cathodes. Figure 3.6 shows an
interior emissivity varying from 0.05 to 1.0 and an exterior emissivity of 0.2 with only a
dightly noticeable difference on the temperature profile. 1t would be expected that with
an increase in the internal diameter of the cathode the interior emissivity would become
more of afactor.

By varying the exterior emissivity, a noticeable difference takes place as shown in
Figure 3.6. A black body analysis on the exterior of the cathode would be wrong as
demonstrated by the temperature profiles that vary considerably from experimental values.
A more efficient cathode will have the exterior surface polished to minimize heat loss. For
the same plasma conditions and in an environment of 27 °C the heat flux decreases by

closeto 5 W and the emission current increases by approximately 2.5 A.
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For the cathode Salhi was using, an exterior emissivity of 0.2 appears appropriate

and the interior emissivity isinsengtive to any value between 0.05 to 1.0.

3.1.2.7 Dischar ge Voltages

The analysisin previous sections used Salhi's data for an emission current of 10 A
to evaluate the variation of possible parameters for the cathode he used. These values can
now be used to predict temperature profiles and heat fluxes for different emission currents.
It isdifficult to know and measure the actual work function of the insert surface, so values
of 1.9 eV and 2.0 eV will be presented here. It is aso assumed, as mentioned before, that
temperatures in the insert region are 100-130 °C higher than Salhi's thermocouple
measurements for higher emission currents and up to 150°C higher for lower emission
currents.

Figure 3.7 shows the temperature profiles for awork function of 1.9 eV for
various emission currents. Table 3-8 contains the related information about the cathode
for Figure 3.7. Figure 3.8 contains the temperature profiles for the same emission currents
asin Figure 3.7 except for an insert work function of 2.0 eV. Table 3-9 contains the
cathode property information for Figure 3.8.

The temperatures corresponding to the 1.9 eV work function fit the thermocouple
data better, but the temperatures for the 2.0 eV work function better fit the temperature
discrepancy that would be expected between the insert and the cathode wall.

Figure 3.9 shows the relationship between the thermionic current, ion current and
the cathode emission current. For dlight changes in ion current, there is a dramatic change
in the current from thermionic emission. As the emission current increases, the amount of
thermionic emission current increases. Goldstein estimates the ion current to be 20-30%
of the emission current [50]. Thisis approximately the amount found here. However, for
emission currents of 2 A and lower this percentage is higher and for emission currents

larger than 8 A this percentage is smaller. It isimportant to note that Goldstein only
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examined the emission currents in the range of 5-9 A. The thermionic current is
insensitive to change in work function. For a particular cathode emission current, the
work function has a dramatic effect on the temperature, but the thermionic and ionic
current ratio remains about the same. Generally, for a higher work function, a larger
amount of ion flux is needed to provide the necessary energy.

Figure 3.10 reflects the relationship between the heat fluxes present from the
plasma and the emission current. Surprisingly, there is not much change predicted in the
amount of net heat flux present for varying emission currents. For amercury cathode,
Goldstein predicts a greater change in the heat flux as the emission current varies. He
predicts 15-41 W net power to the cathode with the emission currents varying from 5.4-9
A, respectively. However, the cathode he examined had significant differences, with the
use of mercury being a predominant one (changing the amount of energy an ion deposits).

Other discrepancies which make Goldstein's model difficult to compare to are
certain assumptions he made. One assumption he made was that the coolest part of the
cathode tip would have the most thermionic emission since it was a cooling mechanism.
However, thisis contrary to the fact that thermionic emission is highly dependent on the
temperature such that with higher temperatures there is greater emission. The
temperature curve he uses for calibration has its peak temperature approximately 3 mm
from the tip of the cathode. Then thereisa25-50°C drop in the first two millimeters.
This phenomenon has not been found in other literature.

He also concludes that the electrons are coming from low work function material
being deposited in the orifice region. Thistheory is not supported for the xenon cathodes
[64].

Further investigation would need to be done in the material properties of the
cathode, and more accurate testing of cathode temperatures would help resolve the
uncertainty in the heat flux to the cathode. Theinitial base temperatures have a significant

factor in determining the amount of heat flux that will be needed for a given emission
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current. Since roughly the same temperature is needed in the insert for a particular
emission current, the more the other heat osses can be minimized (ie. lower conductivity
and emissivities in cathode) the lession heat flux is needed to maintain a particular
temperature and current. The heat flux necessary for a particular emission current is going

to be highly dependent on al the energy loss mechanisms present.

3.1.2.8 Conclusion

A model has been developed which predicts the heat flux present for varying
emission currents. This heat flux is highly dependent on the loss characteristicsin a
cathode. These include conductive, radiative, and some convective losses. The heat flux
needed is also highly dependent on the work function of the insert material. For a certain
work function, the temperature the insert needs to reach is constant with some small
variations based on the electric field present. So minimizing the thermal losses should

increase cathode efficiency.
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Figure 3.6. Cathode Temperature Profilesfor Different Emissive Terms
(Salhi’sError £50°C)

Table 3-7 Cathode Properties Corresponding to Figure 3.6

Casel | Case?2 Case 3 Case4 | Case5
IConductivity, Ky, (W/m °C) 64 64 64 64 64
[inlet Gas Temperature, T, (°C) 427 427 427 427 427
[Convection Coefficient, h, (W/m? °C) 21.8 21.8 21.8 21.8 21.8
Stanton Number, St 1.56 1.56 1.56 1.56 1.56
[ohmic Heating, g, (W/ m?) 100 100 100 100 100
\Work Function, f, (eV) 1.9 1.9 1.9 19 19
[Outer Emissivity, e, 1 1 0.2 0.2 0.2
linner Emissivity, e, 1 0.3 1 0.3 0.05
[Percent of Ne for 1d=12A 47 47 47 47 47
|Ion Current, @} dA, (A) 1.55 1.55 155 1.55 1.55
|Energetic Electron Current, @k dA, (A) 0.05 0.05 0.05 0.05 0.05
Thermionic Current, @k, dA, (A) 6.04 6.06 8.52 8.63 8.78
Total Current (Emission), Ice, (A) 7.54 7.56 10.02 10.13 10.28
[Energy from lons and Electrons (W) 32.82 32.82 32.83 32.83 32.83
Thermionic Cooling (W) 12.72 12.76 17.98 18.22 18.54
INet Power Deposited (W) 20.10 20.06 14.85 14.61 14.29
Surrounding Temperature, Ty, (°C) 27 27 27 27 27
Tip Boundary Condition insulated | insulated | insulated | insulated | insulated
IBase Boundary Condition (°C) 625 625 625 625 625




61

1200

] lce=10.1 A
1100
1 Salhi
1 *
R lce=10 A
1000 ¥
] \ Salhi
~ 900
< ] 3 lce=8 A
() A <o
© 800
o] x \4
T e P
8 ]
700 =
Salhi
1 lce=5 A \'
600 cE o~ A -
Salhi \
] lce=2 A
s00 cE \ICE:Z.OA]
L=

400
0 0.5 1 1.5 2 2.5 3 3.5 4
Distance From Tip (cm)

Figure 3.7. Temperature Profiles of a Cathode with a 1.9 eV Work Function Insert
for Various Cathode Emission Currents (Salhi’sError £50°C)

Table 3-8 Cathode Properties Corresponding to Figure 3.7

Casel Case 2 Case3 | Case4
IConductivity, Ky, (W/m °C) 70 70 70 70
|I nlet Gas Temperature, T, (°C) 27 27 27 27
[Convection Coefficient, h, (W/m? °C) 5.95 5.95 5.95 5.95
Stanton Number, St 0.427 0.427 0.427 0.427
IOhmic Heating, q, (W/ m2) 100 100 100 100
\Work Function, f, (V) 1.9 1.9 1.9 1.9
[Outer Emissivity, &, 0.2 0.2 0.2 0.2
finner Emissivity, e, 0.3 0.3 0.3 0.3
[Percent of Ne for 1d=12A 48 42 34 24
|Ion Current, &} dA, (A) 1.56 1.37 111 0.78
|Energetic Electron Current, @k dA, (A) 0.05 0.04 0.03 0.02
Thermionic Current, @k, dA, (A) 8.62 6.62 3.94 1.22
Total Current (Emission), | cg, (A) 10.13 7.95 5.02 1.98
[Energy from lons and Electrons (W) 32.94 28.82 23.32 16.45
[Thermionic Cooling (W) 18.21 13.97 8.30 2.57
INet Power Deposited (W) 14.73 14.85 15.02 13.88
Surrounding Temperature, Ty, (°C) 27 27 27 27
Tip Boundary Condition Insulated | insulated | insulated | insulated
IBase Boundary Condition (°C) 625 595 538 492




62

1150

1050
] ¥ 1d=10 A

TR Y
ey e

©
o
>

©
a1
o

ﬁ\ ld=10.1A
_\ Salhi
o
X

15
T 850 s
2 [d=5.0A
o
§75o x
'_
° K
1 Salhi
650
1 1d=5 A R \\:
Salhi /
550
1 1d=2 A %
] l[d=2.0A
450 ;
0 0.5 1 1.5 2 2.5 3 3.5 4

Distance From Tip (cm)

Figure 3.8. Temperature Profiles of a Cathode with a 2.0 eV Work Function Insert
for Various Cathode Emission Currents (Salhi’s Error £50°C)

Table 3-9 Cathode Properties Corresponding to Figure 3.8

Casel Case 2 Case 3 Case 4
IConductivity, Ky, (W/m °C) 70 70 70 70
|I nlet Gas Temperature, T, (°C) 27 27 27 27
[Convection Coefficient, h, (W/m? °C) 5.95 5.95 5.95 5.95
Stanton Number, St 0.427 0.427 0.427 0.427
IOhmic Heating, q, (W/ m2) 100 100 100 100
\Work Function, f, (V) 2.0 2.0 2.0 2.0
[Outer Emissivity, &, 0.2 0.2 0.2 0.2
finner Emissivity, e, 0.3 0.3 0.3 0.3
[Percent of Ne for 1d=12A 52 46 37 26.5
|Ion Current, &} dA, (A) 1.69 1.50 1.20 0.86
|Energetic Electron Current, @k dA, (A) 0.05 0.05 0.04 0.03
Thermionic Current, @k, dA, (A) 8.48 6.59 3.81 1.16
Total Current (Emission), | cg, (A) 10.12 8.04 4.97 1.99
[Energy from lons and Electrons (W) 35.55 31.44 25.28 18.09
[Thermionic Cooling (W) 18.85 14.64 8.44 2.56
INet Power Deposited (W) 16.70 16.80 16.84 15.53
Surrounding Temperature, Ty, (°C) 27 27 27 27
Tip Boundary Condition insulated | insulated | insulated | insulated
IBase Boundary Condition (°C) 625 595 538 492
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3.2 Dischar ge Chamber

Much of the model for determining the plasma characteristics in the ion thruster is
based on the ion thruster performance model presented by Brophy, which is the prominent
model for high flux density, cusped magnetic field thrusters [41]. In order for a
comparison to his model and the model presented here to be accomplished, the values of
the baseline plasmaion energy costs, g, , will have be evaluated. Thiswill demonsirate the
compatibility between the models.

To compare the model to previous estimations of heat flux to surfaces, comparison
will be done to a SERT II-type thruster presented by Wells, et al. [38]. Most studies
previously reported have focused on temperatures of thrusters and very few on the heat

flux present.

3.2.1 Basdine Plasma lon Energy Cost, €,

The comparison between Brophy’s work and this model is based on Equation 2.71
(Equations 2.68 and 2.70 are the equations Brophy plotted). The thruster examined used
xenon propellant and did not have a keeper on the cathode. It was operated at a discharge
voltage, Vp, of 40 V and the keeper voltages would be zero since no keeper was present.
Brophy reports the anode sheath, V4, tobe 2 V. Theionization potential from published
dataistaken to be 12.13 eV for xenon [19]. The lowest excitation energy is calculated to
be 9.230 eV, but observed as 8.315 eV [65]. The collision cross section data for the
ionization [66] and total excitation [67] for xenon are taken from the same sources as
reported by Brophy. The enclosed product averaged over the Maxwellian energy
distribution function shown in Equation 2.63 was determined numerically using a 20—term
Gaussian integration scheme. Figure 3.11 shows this comparison between Brophy’s

model and the one presented here.
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The two models show a good correlation. However, the reason for the
discrepancy between the two modelsis uncertain. The values of Brophy were determined
graphically to within 1 eV. The discrepancy could be aresult of using differing data or
differing solution methods for the integration. Using a 40-term Gaussian integration
instead of a 20-term Gaussian integration for the <> term changes the value by less than

1%. The vaue predicted by the model here is consistent with Brophy’s model.

3.2.2 Variation of Uncertain Parameters

In order to determine the various currents present in the discharge chamber and the
associated heat fluxes, several terms are used which have a significant amount of
uncertainty associated with them. These terms are found in Equations 2.62-2.71. A
comparison will be done between the results of this model and what Wells et al. predicted
for their SERT II-type thruster [38]. In order to accomplish this severa of the more
uncertain terms will be varied to determine their effect on the results. These parameters

are the volume of the ion production region, the anode fall, the extracted ion fraction, the
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primary electron length, the transparency of the screen grids to ions, and the effective
transparency of the grids to neutral atoms.

The values used for the total ionization cross section of atomic mercury are given
in apaper by Kieffer and Dunn [68]. These values vary up to 35% between different
experiments. The total inelastic cross section for mercury is given by Walker [69]. The
total excitation cross section was then determined by subtracting the ionization cross

section from the total inelastic cross section.

3.2.2.1 Volume of the lon Production Region

The volume of the ion production region, Vi, is the volume in the thruster where
the ions are produced. It is defined by the magnetic field. Energetic electrons that cross
the critical field line are collected by the anode. The critical field line is defined to be the
innermost magnetic field line to intercept the anode [70]. Another form of the definition
of the Vi, isthat it is defined by the outermost contour that contains 95% of the total
ionization occurring inside the discharge chamber [71].

There are no magnetic field maps to determine this parameter for the mercury
thruster examined. An estimate of the volume in the discharge chamber of this 15-cm
diameter thruster would be 2.6x10° m®. This gives an upper bound on Vi, which will
likely be considerably smaller.

Figure 3.12 and Figure 3.13 show the plasma surface currents and power
deposition respectively for Vi’ s that vary from 9x10° to 7x10° m®. Table 3-10 contains
the other parameters held constant while Vi, was varied. It can be seen from the figures
that the current and power change drastically below the volume of 1x10° m®. Theion
current to the keeper cannot be negative so the expected current is going to lie between
the volumes of 1.5x10° and 2.1x10° m®. These values are a couple of order of
magnitudes smaller than the volume of the discharge chamber, but are in a reasonable

range.
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It is important to note that negative ion current and correspondingly negative
power to the keeper or anode are aresult of mathematical solutions that are not physically
obtainable conditions for athruster. The condition that gives these results specifies that
for every ion produced, each is accounted for by leaving the plasma via the beam, anode
potential surfaces or cathode potential surfaces. Thisrelation is shown in Equation 2.45.
In order for that relation to be valid, there cannot be any negative ion flow from a surface.
A negative ion flow would mean the surface contributed an ion to the plasmain order to
maintain ion continuity by balancing those ions that are produced with those that leave the
discharge plasma. Thisis not a mechanism present in impact ionization thrusters. Further,
in this situation, a negative ion flow is not the same thing as an electron being deposited
into asurface. If that were the case, there would be fewer ions produced than those that
left the plasma and continuity would not be maintained. The results that dictate a negative
ion flow from the keeper or anode then are not realistic conditions and can be neglected.
As such, the valid results lie in the region where ion current to the keeper and anode are

both positive.

Table 3-10 Parameters Held Constant while the Volume of the lon Production
Region was Varied

Parameters Held Constant Respective Values
Discharge Voltage 4V
Keeper Voltage 15V
Discharge Current 202A
Beam Current 0.256 A
lon Current to Accelerator Grid 0.001 A
Flow Rate 4.241 sccm
Effective Neutral Transparency to Grids 0.12
Screen Grid lon Transparency 0.6
Areaof Grid Beam is Extracted through 0.006642 m?
Anode Fal 2V
Accelerator Fall 150V
Extracted lon Fraction 0.45
Primary Electron Length 05m
Screen Grid lon Current 0.17A
Accelerator Grid lon Current 0.001 A

Power from lons to Accelerator Grid 0.16 W
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3.2.2.2 Extracted lon Fraction

The extracted ion fraction, fg, is the fraction of the total beam ions to the total ions
produced in the discharge chamber. Vaughn reports values of 0.15 to 0.35 for the thruster
he examined [61]. However, engines that are more efficient could have up to twice those
values. Beam currents are readily available for athruster so the amount of ions lost to
surfaces in the thruster can be easily determined from fg.

Figure 3.14 and Figure 3.15 show the plasma surface currents and power
deposition respectively for extracted ion fractions from 0.35to 0.6. Table 3-11 contains
the related parameters used to produce these figures.

Theion current to the keeper and anode are simultaneously positive in only a small

region of fg. For the parameters used, fg falsin the range of 0.44-0.47.

Table 3-11 Parameters Held Constant While the Extracted 1on Fraction was Varied

Parameters Held Constant Respective Values
Discharge Voltage 4V
Keeper Voltage 15V
Discharge Current 202A
Beam Current 0.256 A
lon Current to Accelerator Grid 0.001 A
Flow Rate 4.241 sccm
Effective Neutral Transparency to Grids 0.12
Screen Grid lon Transparency 0.6
Areaof Grid Beam is Extracted through 0.006642 m?
Anode Fal 2V
Accelerator Fall 150V
Volume of the lon Production Region 1.8x10° v’
Primary Electron Length 05m
Screen Grid lon Current 0.17 A

Power from lons to Accelerator Grid 0.16 W
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3.2.2.3 Primary Electron L ength

The primary electron length, I, is the average length a primary electron without an
inelastic collision would travel to the anode. Thisis determined for an electron by its
interaction with the magnetic and electric field, its velocity, and the thruster geometry.
This length can be used to determine the probability of primary electron loss to the anode
(thisisaloss of energy). A ruleof thumb for athruster isthat | is about 4 times the
diameter of the thruster [72]. A 15-cm diameter thruster would then be about 60 cm.

Figure 3.16 and Figure 3.17 show the plasma surface currents and power
deposition respectively for | from 0.3-1.0 m. Table 3-12 contains the values used to
determine the figures for the primary electron length. The ion current to the keeper and

the anode again determine that the reasonable range for I is from 0.48-0.56 m.

Table 3-12 Parameters Held Constant While the Primary Electron Length was

Varied

Parameters Held Constant Respective Vaues
Discharge Voltage 4V
Keeper Voltage 15V
Discharge Current 202A
Beam Current 0.256 A
lon Current to Accelerator Grid 0.001 A
Flow Rate 4.241 sccm
Effective Neutral Transparency to Grids 0.12
Screen Grid lon Transparency 0.6
Areaof Grid Beam is Extracted through 0.006642 m?
Anode Fal 2V
Accelerator Fall 150V
Volume of the lon Production Region 1.8x10° v’
Extracted lon Fraction 0.45
Screen Grid lon Current 0.17A

Power from lons to Accelerator Grid 0.16 W
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3.2.2.4 Anode Fall

The anode fall on athruster is determined by the potential present across the
shesath at the anode. This sheath usually is afew volts positive of the anode. Brophy
measured the sheath in his thruster to be 2 V [41].

Figure 3.18 and Figure 3.19 show the plasma surface currents and power
deposition respectively for anode fallsfrom 1 to 3 V. Table 3-13 contains the other values
used to create these figures.

The positive value of the ion current to the keeper determines the maximum
reasonable anode fall to be around 2.5 V. Theion current to the anode is still positive
below an anode fall of 1 V, but the sheath is not expected to be lower than that value. So
the anode fall lies between 1-2.5V.

Table 3-13 Parameters Held Constant while the Anode Fall was varied

Parameters Held Constant Respective Values
Discharge Voltage 4V
Keeper Voltage 15V
Discharge Current 202A
Beam Current 0.256 A
lon Current to Accelerator Grid 0.001 A
Flow Rate 4.241 sccm
Effective Neutral Transparency to Grids 0.12
Screen Grid lon Transparency 0.6
Areaof Grid Beam is Extracted through 0.006642 m?
Extracted lon Fraction 0.45
Accelerator Fall 150V
Volume of the lon Production Region 1.8x10° v’
Primary Electron Length 05m
Screen Grid lon Current 0.17 A

Power from lons to Accelerator Grid 0.16 W
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3.2.2.5 Transparency of Screen Grid to lons

The transparency of the screen grid to theions, F, isan indicator of how well the
ions accelerated in the beam direction are extracted. The ratio is the beam current over
the beam current plus the ion current to the screen grid. The ratio of the open area of the
screen grid to the total areais 0.59.

Figure 3.20 and Figure 3.21 show the plasma surface currents and power
deposition respectively for F | from 0.4-0.8. Table 3-14 contains the various parameters
used for these figures.

Theion current to the keeper is negative for F ' s lower than 0.57, so F's below
this value are not valid since they are not physically attainable for the thruster under these
conditions. The change in transparency has the most noticeable effect on the power
deposited on the screen grid. Thisisaresult of more ions impacting the screen grid as F |

decreases (the screen grid becomes less transparent to ions passing through).

Table 3-14 Parameters Held Constant While the Transparency of the Screen Grid to
lonswas Varied

Parameters Held Constant Respective Values
Discharge Voltage 4V
Keeper Voltage 15V
Discharge Current 202A
Beam Current 0.256 A
lon Current to Accelerator Grid 0.001 A
Flow Rate 4.241 sccm
Effective Neutral Transparency to Grids 0.12
Extracted lon Fraction 0.45
Areaof Grid Beam is Extracted through 0.006642 m?
Anode Fal 2V
Accelerator Fall 150V
Volume of the lon Production Region 1.8x10° v’
Primary Electron Length 05m
Screen Grid lon Current 0.17 A

Power from lons to Accelerator Grid 0.16 W
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3.2.2.6 Effective Transpar ency of the Gridsto Neutrals

The effective transparency of the grids to neutrals, F,, is determined by the

eguation:
—_ F SF a

F = s a
F.+F,

(o]

(3.3)

where F , is the modified transparency of the accelerator grid to neutrals and F sis the
modified transparency of the screen grid to neutrals. These transparencies are based on
the open areafraction.

With the open area fraction of the screen grid 0.59 and the open area fraction of
the accelerator grid of 0.376, an estimate of F ,is0.23. Brophy used values of 0.16 and
0.27 for the two different optics he had. Figure 3.22 and Figure 3.23 depict the plasma
surface currents and power deposition respectively for F, from 0.05to 0.25. Theion
current to the anode and to the keeper is concurrently positive for F , between 0.11-0.125,

so thisisthe region of physically attainable solutions for the thruster.

Table 3-15 Parameters Held Constant while the Transparency of the Screen Grid to
NeutralswasVaried

Parameters Held Constant Respective Values
Discharge Voltage 4V
Keeper Voltage 15V
Discharge Current 202A
Beam Current 0.256 A
lon Current to Accelerator Grid 0.001 A
Flow Rate 4.241 sccm
Extracted lon Fraction 0.45
Screen Grid lon Transparency 0.6
Areaof Grid Beam is Extracted through 0.006642 m*
Anode Fal 2V
Accelerator Fall 150V
Volume of the lon Production Region 1.8x10° v’
Primary Electron Length 05m
Screen Grid lon Current 0.17A

Power from lons to Accelerator Grid 0.16 W
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3.2.2.7 Maxwellian Electron Temperature

Figure 3.24 depicts how the Maxwellian el ectron temperature changes from a
variation in several parameters. The change in anode fall and primary electron length has
minimal effect on the Maxwellian temperature. The change in volume of theion
production region and the effective transparency of the grids to neutrals has the most
ggnificant effect on the Maxwellian temperature. However, it should be noted that a
change in athruster would not effect one parameter, but several smultaneously. Wells et

al. determined that the Maxwellian electron temperature near the anode was around 3 eV
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Figure 3.24. Variation of the Maxwellian Electron Temperature with the Changes
in Various Parameters
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3.2.2.8 Neutral, lon and Electron Densities

The neutral density is fairly remains constant at 4.44x10'® m*for all the parameters
except one. The change in the effective transparency of grids to neutrals (F ,), from 0.05
to 0.2, was the only parameter to vary the density from 1.06x10™ to 2.66x10" m®.

The Maxwellian electron density and the primary electron density determined for
various parameters are shown in Figure 3.25 and Figure 3.26. Figure 3.27 then shows the
average ion or total electron density. For the change in anode fall and primary e ectron
length, the densities change very little. Changing these variables affects the amount of
electrons that are necessary from the cathode. Fewer electrons are needed from the
cathode to provide the same Maxwellian electron density.

It should be noted again that the parameters are not going to vary independently as
shown here, but a change in one parameter will affect another. For example, changing the
volume of the ion production region will aso change the primary electron length and vice
versa since both are a factor of the magnetic field present and physical dimensions of the

discharge chamber.
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3.2.3 Comparison of Model Resultsto a SERT 11-Type (Culham) Mercury Thruster

In order to determine a comparison between the model predicted here and the
values used by Wells et al. [38], the parameters were varied as shown in the previous
section to attain the region of reasonable solutions. Two important parameters dictated
many of the results. These were the ion current to the keeper and the ion current to the
anode. If parameters were used that resulted in negative ion currents for the keeper and
anode, they were considered not acceptable for the solution. Negative ion currents would
require the “burning off” of ions from the surface, which is not a mechanism present in
impact ionization thrusters, as mentioned prior.

It isimportant to note that the model used was designed for the NSTAR ion
thruster which had a different configuration than the Culham thruster. Inthe NSTAR

thruster, the anode effectively covered the whole discharge chamber region except for the
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cathode and optics. The Culham thruster had the anode mounted on the body of the
thruster with a circular rear region called the backplate, which was not electrically
connected to the anode or cathode. The Culham thruster also had magnetic pole pieces
protruding into the thruster discharge chamber near the cathode and near the optics. The
NSTAR thruster has permanent magnets mounted outside of the discharge chamber. The
Culham thruster also has a baffle outside of the keeper on the main cathode. This baffle
consists of asmall circular plate in front of the cathode opening.

While not al of these differences are included in the model presented, the model
still can predict several of the values because of the thrusters' basic similarity. The model
can easily account for the fact that the Culham thruster is a divergent-field thruster using
mercury as a propellant, while the NSTAR thruster is a cusped-field thruster using xenon
propellant. Table 3-16 shows the values used in the model of the Culham thruster.

Table 3-16 Values Used in Model of the Culham Thruster

Parameters Held Constant Respective Values
Discharge Voltage YVAVA
K eeper Voltage 15V°
Discharge Current 202A
Beam Current 0.256 A
lon Current to Accelerator Grid 0.001 A
Flow Rate 4.241 sccm’
Extracted lon Fraction 0.45
Effective Neutral Transparency to Grids 0.12
Screen Grid lon Transparency 0.6
Areaof Grid Beam is Extracted through 0.006642 m*
Anode Fal 2V
Accelerator Fall 150V
Volume of the lon Production Region 1.8x10° v’
Primary Electron Length 05m
Screen Grid lon Current 0.17A
Power from lons to Accelerator Grid 0.16 W

"Values taken directly from data reported by Wells et al.[38]



3.2.3.1 Comparison of a SERT Il-type (Culham) Thruster Plasma-Surface Currents

Table 3-17 gives the ion and electron losses determined by experiment from Wells
et al. and the losses predicted by the model presented here. The model shows good
agreement with the experiment. The main discrepancies are with the electron currents to
the anode and the currents to the various components unique to the Culham thruster.

The electron current to the anode was assumed composed of all Maxwellian
electrons by Wells et al. [38]. However, the presented model accounts for the prediction
of primary electrons that make it to the anode with no inelastic collisions. Thisisan
important component to include in predictions since they deposit considerably higher
energy than Maxwellian electrons. Wells et al. did not have a method for distinguishing
between these two types of electronsin their experimentation. However, the total number
of electrons to the anode for the experiment of Wells et al. and the model is within 3% of

each other.

Table 3-17 Comparisons of lon and Electron Lossesin the Culham Thruster

Wedlset al. Van Noord

(A) (A)
Total lon Current Produced 0.60 0.57
Cathode Emission Current beyond K eeper 1.47 1.55
Primary Electronsto Anode 0.67
Maxwelian Electrons to Anode 2.074 £ 0.026 1.45
Total Electron Current to Anode 2.074 + 0.026 212
lon Current to Anode 0.089 + 0.009 0.10
lon Current to Screen Grid 0.166 + 0.003 0.17
lon Current to Keeper 0.04
Electron Current to Keeper 0.44
Net Current to Keeper 0.395 + 0.003 0.40
Screen Pole Electron Current 0.016 + 0.003
Screen Pole lon Current 0.013 + 0.003
Backplate lon Current 0.031 + 0.003
Cathode Pole lon Current 0.100 + 0.006
Baffle lon Current 0.052 = 0.006

" Determined indirectly from data



85

Theion current to the components not located on the NSTAR thruster (the baffle,
backplate, screen pole, and cathode pole) totals 0.2 A from Wells et al.’s data. In the
model presented here, these ions are accounted for in the ion current to the keeper, the ion
current to the anode, and that dlightly fewer ions are predicted to have been produced than
those determined indirectly from Wells et al.’ s data (fewer ions available to go to
components). Despite the differences, the model shows good correlation overall.

It was assumed that the reported cathode current from Wells et al. of 1.87 A
included the electron current to the keeper. So to determine the amount of electrons
entering the discharge chamber these had to be subtracted off. The net current to the
keeper isgiven as 0.395 A, so it is estimated that 0.4 A of electrons are drawn to the
keeper. Thisresultsin 1.47 A of the electrons entering the discharge chamber. This
compares to the 1.55 A predicted by the model.

To determine the total ions produced, one subtracts off the current of the electrons
entering the discharge chamber from the total number of electrons going to the anode.
Then each electron left represents one ion produced. Thisresultsin a 5% difference

between the experimental value and the model value.

3.2.3.2 Comparison of Culham Plasma-Surface Power Deposition

The method for determining the power deposition from the particle interactions
with the surfaces is similar between Wells et al. approach and the model described in this
thesis. The power was determined by currents, plasma potentials, electron temperatures
and other parameters outlined in Chapter 2. Wells et al. determined many of these
parameters experimentally.

Table 3-18 shows the results of the power deposition between the experimentally
determined values and the modeled values. The values of the two methods show fair

correlation. Most of the modeled values fall within the error bounds specified from the
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experimental values. Again the major difference arises with the type of electrons present.
If al the electrons are Maxwellian, Well’s et al. predict avalue of 23.3+3.5 W and the
model would predict 25.7 W. However, there are a number of primary electrons, which
make it to the anode, that are not accounted for with that assumption.

Other differences that arise are aresult of different assumptions about the thrusters
or the different thruster configurations. The model does not account for ion loss rearward
since more recent thrusters have the anode extending rearward. Some of this rearward
component is picked up in the model’ s prediction of ion loss to the keeper. The keeper is
more enclosed (by a baffle) in the experimenta version than in the type of thruster the
model was designed for. The model does not account for e ectron flux to the screen grid

since that is assumed to be minimal.

Table 3-18 Comparison of Experimentally Derived Plasma Power Deposition to

Modeled Values
Wédllset al. Van Noord

(W) (W)
Anode and Screen Pole lon Loss 1.1+0.1 0.90
Loss to Anode from Primary Electrons NA 25.21
Loss to Anode from Maxwellian Electrons 23.3+3.5* 17.58
Anode and Screen Pole Electron Loss 23.3+3.5* 42.79
Anode and Screen Pole Electron Loss 23.3+3.5* 25.70*
Screen Grid lon Loss 8.4+0.8 9.06
Screen Grid Electron Loss 1.1+0.1 NA
Accelerator Grid lon Loss NA 0.16
lon Loss Rearward 8.4+0.8 NA
Electron Loss Rearward <0.4 NA
lon Loss to Keeper <0.1 155
Electron Loss to Keeper 3.2£0.5 4.89
Total Wall Losses 46.0+6.1 59.35

* Assuming no primary electrons and only Maxwellian electrons



CHAPTER IV
COMPUTER THERMAL MODEL OF An NSTAR ION THRUSTER

In order to validate predictions of the power deposition from charged particles to
the surfaces of an ion thruster, it is necessary to develop athermal model that uses those
powers to predict temperatures, which are easier to acquire through experimentation. A
model that can predict the temperatures of athruster will also be very useful for studying
the thruster under various conditions and configurations.

In this chapter, amodel is developed using an industry program that can compute
radiation and conduction heat transfer. The power deposition is applied by user-specified
guantities to various nodes. These are estimated based on a priori knowledge and are
adjusted to fit temperatures with experimental data. Four experimental cases were used
for analysis. These included a cold-soak test where the thruster, while not running, isin a
liquid nitrogen cooled enclosure. The thruster running at three throttling points (0.5 kW,
1.3 kW, and 2.3 kW) while within the LN-cooled enclosure was also examined.

The program was used to demonstrate one way the model could be used for
engineering purposes. The program was used to determine the directional heat fluxes for

the NSTAR thruster in outer space.

4.1 Model Description

4.1.1 Thermal Modd
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There are two major modes of heat transfer that take place in the NSTAR thruster.
The dominant processis radiation heat transfer [22], but conduction still plays a mgjor role
in establishing thruster component temperatures. The interaction of the plasma with the
thruster will be discussed later. In order to handle amodel of significant size and to study
the thermal response of the thruster to various steady-state and periodic externa radiation
loads over its full range of operating conditions, a computer model was utilized using two
well-devel oped and popular codes.

SINDA (Systems Improved Numerica Differencing Anayzer) by COSMIC
analyzes thermal systems represented in electrical analogy, lumped parameter form [73].
The "conductors' based on the conductive and radiative properties of the system are
calculated between nodes and then included in a SINDA input file. The equation used for
steady-state analysisin SINDA is.

0=Q +& [6 (1~ 1) h, () - (ree]
i=1

) (4.1)
ca fo, - e ffr) - (]

where Q; is the heat source/sink for node i, G;i and H;; are the linear and radiation
conductors, and T is the temperature at node i or j, and iteration k or k+1. This equation
is solved by a"successive point” iterative method [73]. The transient equation used is

based on an implicit forward-backward differencing method shown in Equation 4.2.
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%(Tinﬂ -T")=2Q + ,-é: [Gji (rr-7)+ Hii{(TJ’n)4 ) (Tin)4}]

) 4.2)
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In Equation 4.2, the subscriptsi an j are the node numbers, and T" and T™" are the
temperatures at timet and t+Dt. C,isthe thermal capacitance. For Equations 4.1 and 4.2
the radiation terms are linearized before solution routines are initiated.

The second piece of software used is TRASY S (Therma Radiation Analyzer
SY Stem) by COSMIC [74]. TRASY S uses geometry and surface characteristics to
provide radiation conductors for SINDA. TRASY S computes the radiation view factors
using the Nusselt Sphere and double summation techniques [74]. Both of these
calculation methods are based on the equation:

. C0s(]; cosq;
I:ij = ( x , 2 : dAJdA (43)
A A p rij

which gives the view factor (F;) for two finite areas (A; and A|) where q is the angle
between the normal of the surface and the direction to the other surface.

Typicdly in therma anaysis, test-calibrated models are given an 11 0 C margin
wherein 95% of the temperatures are expected to fall [75]. SINDA has been shown to
match an analytical solution of avery smple, warm body radiatively cooled to a heat sink
to within 1 0 C (which was an absolute error of less than 0.5%) [76]. However, models
that are more complex will have a higher degree of uncertainty. Contact resistanceis a
common reason for the uncertainty. Meshed or perforated surfaces are also known to be
extremely difficult to analyze. Thisis due to the complex shadowing involved when one

surface interacts with another through the meshed surface and a so the complex radiation
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interchange between all these surfaces[75]. The ground screen (screen around the
thruster body, which NSTAR nomenclature lists as the plasma screen) temperatures on
Oglebay’s SINDA model differed by up to 33 U C from experimenta values [22]. Since
the accuracy of amode is dependent on its complexity, athermal model is often a balance
between being too complex, taking significant modeling and computing time and can
result in confusion when interpreting the results, to being too simple and not accurate.
The NSTAR model contains 104 thruster nodes with conductors connecting the
nodes for conduction and radiation heat transfer. The thruster is essentially broken up into
4 quadrants. Two of the quadrants are further subdivided in half to accommodate the
gimbal pads, which are structural mounting surfaces used to integrate the thruster into a
spacecraft. It isthe presence of gimbal pads and the neutralizer which prevent the thruster
from being modeled as a pure symmetrical body. If it were purely symmetrical, the
thruster would only vary in temperature along the axis and not circumferentially. Dividing
the thruster into four main quadrants with two of them subdivided for the gimbal padsis
the simplest form of modeling which uses the symmetrical nature it does have while
accounting for the unsymmetrical elements. Figure 4.1 shows the nodal layout of the
thruster. The noda numbering scheme in this figure for off-axis nodes starts with the
lowest number on the bottom (in the quadrant of the neutralizer) and then increases by one
for each quadrant in a counterclockwise manner when viewed from the optics end of the
thruster. This schemeistrue for al the nodes except those on the neutralizer (400's),
which are contained only in the one quadrant, and the discharge cathode (1-13), which is

divided in half. The discharge cathode and keeper nodes are shown in Figure 4.2.
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The tests, which were used to calibrate the NSTAR model, took place at the
NASA John Glenn Research Center (GRC) (then the Lewis Research Center) [24]. There
were two different types of experiments modeled. The first was a cold-soak experiment to
subject the thruster to the severe cold conditions of space without any heat source from its
operation and the second type was the same cold conditions, but with heat present from its
operation. The experimental setup at GRC included the thruster enclosed within a 116-
cm-diameter liquid-nitrogen-cooled shroud contained in a4.6-m-diameter by 19.5-m-long
vacuum chamber. Figure 4.3 depicts the setup of the shroud in the vacuum chamber. The
tubes carrying the liquid nitrogen snaked circumferentially around the outside of the
shroud. The open end of the shroud was closed off by a door that did not have any direct
contact with the liquid-nitrogen, but was painted black on the inside and cooled by the rest
of the shroud through radiation. In the experiment used for the steady-state analysis, the
rear of the shroud was cooled with liquid nitrogen, but not in the transient case. A ring
piece was located close to the front (optics end) of the thruster face and was cooled
through conduction with the cylindrical part of the shroud. It was used to minimize the
interaction between the thruster and the vacuum chamber wall. The shroud was made of
stainless steel and painted with a commercial, high-temperature, fireplace flat black paint

with ameasured emissivity of 0.9.
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Figure 4.3. Experimental Setup of Cooling Shroud in Vacuum Tank

The model used temperature measurements along the shroud and tank wallsto
establish boundary conditions. These boundary nodes consisted of 37 nodes making up
the shroud and experimental setup, and 6 nodes for the tank wall. There were several
thermocouples used to establish these boundary conditions. The vacuum tank had two
thermocouples placed on opposite sides of the wall’ s circumference and about half way
from each end. The main thermocouples used on the shroud are depicted in Figure 4.4,
which also shows the surfaces used in the TRASY S form factor analysis. The
thermocouples were mostly Type K with afew Type R for higher temperature regions.
Type K are rated with an accuracy of 2.2 °C or 0.75% and Type R are rated with an
accuracy of 1.5 °C or 0.25%. The larger value will determine the accuracy, so for most of
the thruster thermocouples the accuracy will be between 2 and 5 °C. The thermocouples,

which were on the outside of the discharge chamber, were attached magnetically while the
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rest were spot-welded. Tests were performed earlier on grounded thermocouples with
and without covers and revealed no temperature difference from the plasma. All of the
thermocouples except for the one on the cathode keeper were on the outside of the
discharge chamber and away from the dense plasma. Most were inside the plasma screen
and therefore away from the low density, low energy vacuum tank plasma. The thruster
was modeled as being isolated from the shroud and its test stand. The model does not
include feed lines, electrical lines, or the isolator box as those are predicted to have
minimal impact on the thermal characteristics of the thruster. Figure 4.5 shows these

components and others that make up the thruster.

Tubes Carry Liquid
Nitrogen on Outer
Cylindrical Wall and Back

Inline with Top
Thermocouple

Inner Surface
Painted Black
(Inside of Door
also Black)

© - Thermocouples

Figure4.4. Model Layout of Thruster in Cooling Shroud
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Figure4.5. NSTAR Thruster Layout

Since radiation is the major form of heat transfer within the thruster, accurate
surface property values are very important. Changing materials or surface properties
could modify the thermal characteristics of the thruster significantly. These properties
could aso change over the life of the thruster further complicating matters. For this
model the emissivities of materials were assumed constant throughout the temperature
range examined; a valid assumption for the conditions experienced by the thruster.
Emissivitiesin the infrared surface temperature regime were obtained from published
sources and also from experiments conducted with components of the NSTAR thruster
(Table 4-1) [19,49,77,78]. Emissivities that could not be determined were set to
Oglebay’svaue of 0.1[22]. Joint (contact) conductances were modeled with a constant

conductivity of 0.0057 W/cm2 °C based on experiments [22]. All other material
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properties used in the model are listed in Table 4-1. The grit-blasted surfaces referred to
in Table 4-1 are on the inside of the discharge chamber and are shown by the shaded
pattern in Figure 4.5. The meshed surface is a stainless steel mesh laid on top of the
discharge chamber surface near the optics end and is shown with a grid pattern in Figure

4.5.

Table 4-1 Assumed Physical Properties Of lon Thruster Materials

Material Density  Heat Capacity  Conductivity — Emissivity
glem3 callg °C W/cm °C
Aluminum 2.68 0.20 1.37 0.14
5052 0.302
Pure 443 0.15 0.2 0.23
Titanium 0.4a
Carbon Steel 7.81 0.13 0.60 Not
Needed
304 Stainless 7.92 0.125 0.20 0.11
0.272
0.5P
Molybdenum 10.19 0.20 1.20 0.2
Tantalum 16.16 0.035 0.60 0.1
Tungsten 19.38 0.035 1.50 0.1
Alumina 3.79 0.20 0.17 0.3
Kovar 8.36 0.105 0.15 0.1
6Al-4V 4.43 0.15 0.10 0.15
Titanium

aGrit blasted surface
b Meshed surface



97

- 9,00 0606 0 0 06 0 0 0
O OROROSOROSOSOSCOSOR0)
0 6 0 0 0 0 0 0 0 0 0
0 0 000 000 0 0 0

1.53cm [O OO0 0 0000000
OO0 000000000
O 0000000000
OO0 000000000
A YO 00000000

Accderator Grid

Screen Accelerator
Grid \‘ ‘ _~—Grid

2000000000
000000000
elel0/0/0/0/0000
000000000
00000000060
000000000
0000000000
000000000 |
0000000000

500000000 |

Plasma Screen Optics Alignment

................... >|Ons

057cm

Figure 4.6. Perforated Surfaceson lon Thruster

Another surface characteristic that had to be modeled was the perforated surface,
which TRASY S was not designed to model. These surfaces are shown in Figure 4.5 as
dashed lines. Figure 4.6 shows a sampling of these surfaces. The plasma screen is located
on the exterior of the thruster and the accelerator and screen grids are part of theion
optics, with the outermost grid being the accelerator grid. To approximate these surfaces,
transmissivity values were assigned to allow the appropriate percentage of incident energy
to pass through all perforated surfaces. The value used for the transmissivity
corresponded to the open area fraction of the perforated surface. However, it is not clear

how accurate this assumption is for modeling these surfaces. For example, transmissive
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surfaces in series will artificially block radiation that would normally travel through the
aligned open areas of two perforated surfaces.

Another approach in treating perforated surfacesis to model them as checkered
surfaces. In this approach, the amount of open area in the checkered surface
corresponded to the same amount of open area present in the perforated surface. Figure
4.7 shows the checkered surface approximation used to model the grids. The screen grid
is depicted as black such that the non-black area corresponds to the same amount of area
in the actual screen grid that is open. The accelerator grid is shown as gray, but also
includes the area shown by the black screen grid. This then leaves the white area to be the
open area that is the same as the actual accelerator grid. Thiswhite areais aso the
aligned open area that allows the appropriate amount of interior thruster radiation to pass
through the grids to the exterior without obstruction. The grids of the engine were
modeled here both as transmissive surfaces and as coarse checkered surfaces. (Here
“coarse” refersto the large checkered sections, “fine” would mean many small sections).

The accuracy of these various thermophysical properties in the model were
established using comparisons between the model and cold soak experiments with the non-

operating thruster in the shroud.
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I Screen Grid (67% Open Area)
T Accelerator Grid (24% Open Area)*
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Figure4.7. Modeling Approximation of lon Opticsused in TRASY S

4.1.2 Self-Heating due to Plasma I nteraction

One of the more complex aspects of the thruster model is ascertaining the amount
of thruster self-heating from the plasma interaction with surfaces. In order to determine
analytically the amount of heat that is produced by the plasma, several characteristics must
be well understood. One of these characteristicsis the precise location of the deposition
of charged particles on the various surfaces (i.e. what parts of the anode are receiving the

most electrons) . Other characteristics include the particle temperatures and the rate they
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are deposited into the surface in the discharge chamber. These were discussed at length in
the previous chapters.

The dternative use for the model in this chapter entailled using heat-flux data from
past work and then adjusting the values until the temperaturesin the model agreed with
the experimental data [21,22]. Thiswill enable comparison to the analytically predicted
values. However, the previous thrusters were somewhat different from the NSTAR
thruster in that they were not ring-cusp thrusters with xenon propellant, but were
divergent field thrusters using mercury propellant. This changes the thermal
characteristics in several ways.

First, since the magnetic field is aring cusp, the heating from the plasmawill bein
different locations. For example, Oglebay and Wen report the power deposited in the
front and back portion of the anode [21,22]. However, the electrons will most likely be
deposited differently since the two different types of thrusters have different magnetic field
lines that the electrons follow.

Second, changing propellants also has a significant effect. The mercury-based
thrusters had to have vaporizers to make sure the mercury entered as a vapor. Xenon also
has an ionization potential of 12.13 eV compared to Mercury’s 10.44 eV. This changes
the amount of energy deposited when an ion recombines at a surface.

Third, the physical layout of the thrusters are also different. The NSTAR thruster
has a conical rear portion and the anode consists of the entire discharge chamber wall,
while the other thrusters have an anode, which is not the entire wall, mounted to the

engine body with gaps which cause heating of the engine body.
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Although the comparison is useful, values used from Oglebay and Wen for the
power deposited on the thruster are only rough starting points and would not be expected
to give an accurate description of the NSTAR thruster power deposition since the
thrusters have the differences mentioned above.

Theinitia estimate for power deposited into the NSTAR thruster was determined
by considering only the components the previous thrusters had in common with the
current thruster; the rest were disregarded (most of which had power deposited from
processes unigue to using mercury). The values were then interpolated or extrapolated
from the previous thruster based on beam current, which is the current used by Oglebay to
scale[22]. Table 4-2 givesthe fina values used by Wen and Ogelbay [21,22]. Severa of
Wen'sfina heating values changed 20-67% from hisinitial estimates [21]. Table 4-3 then
containsthe a priori and fina heating power values used for the NSTAR thruster. The
final values were arrived at after adjusting the a priori values based on the temperature

discrepancies between the model and experiment.
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Table 4-2 Self-Heating Values used For Wen and Oglebay’slon Thrusters

Wen Oglebay
Beam Current: 05A 10A 10A 19A
Power Power Power Power
(W) (W) (W) (W)
Main Vaporizer 7.3 7.3
Cathode V aporizer 4.6 7.6
Neutralizer Vaporizer 3.0 49
Neutrailer Tip 20 34
Cathode Tip 12.6 154 134 25.6
Accelerator Grid 10.1 11.8 11.6 19.6
Screen Grid 5.9 11.6 11.6 19.6
Anode, rear 14.7 28.8 17.6 35.2
Anode, front 28.1 44.2 35.2 64.6
Engine Body, rear 42.8 70.4
Engine Body, front 9.2 15.6
Baseplate 16.1 36.7 36.8 46.8
Pole 9.9 18.2 14.4 24.0
Keeper Baffle 11.2 20.6
Pole Piece (side) 14.0 311
Housing 13.1 20.2
Total 135.7 238.6 209.5 344.6
Table4-3 A Priori Values Based on Wen and Oglebay’s Values and Final Adjusted
Values
A Priori Values Fina Vaues
Throttling Point: 0.5 kW 1.3kw 23kw 05kw 13kW 23kwW
Beam Current:  0.56 A 0.98 A 1.75A 0.56 A 0.98 A 175A
Nodes Description Power Power Power Power Power Power
(W) (W) (W) (W) (W) (W)
13 Cathode Tip 7.4 13.8 23.6 13.9 18.0 20.0
201-4 Discharge 20.0 36.0 45.1 20.0 33.0 42.0
Chamber , rear
205-8 Anode,rear 10.0 28.0 32.3 48.0 44.0 50.0
209-12 AnodeMiddle 25.0 25.0 59.7 18.0 38.0 72.0
221- Anode Front, 16.0 304 56.8 324 46.0 72.0
24 (near grids)
309 Screen Grid 8.0 115 18.3 55 8.7 16.4
310 Accelerator Grid 8.0 115 18.3 0.2 0.6 13
403 Neutralizer Tip 13 2.0 3.2 21.2 219 22.6
404 Neut. Keeper 19.0 15.0 13.7
501-4 Main Keeper 12.0 38.0 34.7 3.6 7.0 29.6
Totd 107.7 196.2 292.0 181.8 232.2 339.6
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4.2 Modd Results And Discussion

4.2.1 Cold-Soak Case

The computer model was first compared to the cold-soak test that was done at
GRC. The temperatures for the boundary conditions in the model consisted of monitored
shroud temperatures.

Figure 4.8 shows a cross sectional view of the NSTAR thruster with the
temperatures determined experimentally and by the SINDA computer model for the
steady-state case. Steady-state was defined as when the temperature of the thruster was
changing less than 3 U C per hour. Steady-state was reached after about 10 hours and then
reported values were taken at about 24 hours after the beginning of the test [24]. The two
temperatures derived from the computer model correspond to different approaches to
modeling the optics (checkered vs. transmissive). The SINDA model accurately predicted
all thermocouple values within 5 °C except at six nodes. The neutralizer tip iswithin 6 °C.
Three of the six on the optics support ring are within 8 °C. The last two, on the edge of
the mask and front edge of the thruster, are within 10 °C.

The application of the model to the cold-soak experiment is necessary to determine
the accuracy of the thermophysical properties of the thruster (radiative and conductive)
independent of the plasma self-heating. It is difficult to determine the discrepancy of the
temperatures in the mask area. This may reflect the difficulty in determining the contact

resistance between the mask and the rest of the thruster.
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Figure4.8. NSTAR Thruster Steady State Temperatures under Cold Soak
Conditions

The effect of changing the method of modeling the optics appears to be minimal in
thiscase. Most of the temperatures changed by only a degree or two Celsius. The most
drastic change in temperature was in the optics, (3 °C). Thiswould indicate that modeling
the surface as transmissive is sufficient for the conditions considered in the cold soak test
simulation. Using a checkered surface can improve the temperature data dightly, but it
comes at the cost of time to setup such surfaces. The transmissive surface can be used
and only the transmissivity needs to be declared for a large surface; however, the
checkered surfaces require the position and dimensions for each checker to be added
separately. Unless an automated setup was designed, alarge checkered area could require

significant time for a dlight improvement in temperatures.
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4.2.2 Transient Analysis

The NSTAR thruster has also been modeled in SINDA to predict its transient
behavior. The temperatures of the shroud that were used as boundary conditions are
shown in Figure 4.9. The experiment obtaining the transient values did not run to steady-
state and was performed prior to the experiment which was used for its steady-state
values. The transient experiment did not have a door on the shroud, nor was there liquid
nitrogen cooling the rear of the shroud, and it only used two thermocouples to measure
shroud temperatures. These thermocouples were located on opposite sides of the shroud
wall’ s circumference and about halfway from each end. Figure 4.10, Figure 4.11 and
Figure 4.12 show a comparison between experimentally determined data and the SINDA
model with the optics modeled as transmissive surfaces.

The predicted results from SINDA agree to within 10 °C for al of the nodes
except 112 (mask), 400 (neutralizer rear), 102 and 104 (plasma screen). A maor cause of
the differences with the neutralizer temperaturesis aresult of the ssimple neutralizer model
used at thetime. The areas of greatest discrepancy tend to be along the plasma screen and
mask. Again, this may represent the difficulty in determining some of the contact
resistances in the system and in modeling perforated surfaces. In Figure 4.10 the nodes
corresponding to the plasma screen (Nodes in the 100’ s) increase in temperature
unexpectedly during 300 to 400 minutes. Thisis due to an increase in the shroud
temperatures shown in Figure 4.9. The modeled plasma screen surfacesin SINDA are
more sensitive to the shroud temperatures than the actual plasma screen surfacesin the
experiment. This sensitivity could be due to a difference in thermal capacitance between
the modeled and the actual plasma screen surfaces and it could also be affected by the

method of modeling the perforated surface.
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Figure 4.11 shows that the agreement of temperatures in the discharge chamber
areaisvery good. The temperatures follow within 5 °C throughout the test. The
accuracy in the discharge chamber surface temperaturesis crucial since most of the
important components in the thruster are on or near this surface. The model also shows
that the discharge chamber is interacting with its surroundings (the shroud) asin the
experiment. The energy exchange between the plasma screen and the discharge chamber
is of less influence than between the shroud and the discharge chamber since the plasma
screen is perforated and hence only a portion of its surface interacts with the discharge
chamber, and because the emissivity of the screen (0.1) is considerably lower than that of
the shroud (0.9). Table 4-4 shows this interaction for the cold-soak case. The energy
exchange for both the plasma screen and the discharge chamber with the shroud is
approximately an order of magnitude more than it is with each other. Thus, although the
temperatures of some outer components such as the plasma screen may be less accurate,
as shown in Figure 4.10 and Figure 4.12, their impact on the discharge chamber is

minimal.
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Table 4-4 Energy I nterchange between Plasma Screen, Dischar ge Chamber and

Environment for the Cold-Soak Experiment

Transmissive Optics Checkered Optics
To To To % To To To To % To
Plasma Discharge  Shroud  Shroud Plasma Discharge  Shroud Shroud

From Screen  Chamber  and Tank Screen Chamber  and Tank
Node (W) (W) (W) (W) (W) (W)
101 0.011 0.267 96.0 0.011 0.268 96.1
102 0.051 0.234 821 0.055 0.235 81.0
104 0.011 0.200 94.8 0.012 0.201 94.4
108 0.008 0.283 97.3 0.009 0.285 96.9
112 0.0004 0.057 98.6 0.0005 0.058 99.1
203 0.003 0.042 93.3 0.003 0.047 94.0
207 0.005 0.088 94.6 0.006 0.099 94.3
211 0.004 0.039 90.7 0.004 0.049 92.5
215 0.004 0.035 89.7 0.004 0.036 90.0
219 0.005 0.030 85.7 0.005 0.030 85.7
223 0.001 0.022 95.7 0.001 0.030 96.8

4.2.3 Thruster Operating at Throttling Pointsof 0.5, 1.3 and 2.3 kW

The next step was to examine an operating thruster. Figure 4.13 - Figure 4.15

give the temperatures on the NSTAR thruster when it was operating at the levels of 2.3

kW, 1.3 kW, and 0.5 kW as well as the temperatures for the SINDA model for both types

of optic surface representations. A few of the thermocouples were not operating for some

of the experiments, so the figures will not have data for certain nodes.

As mentioned, a priori values of self-heating were used and then adjusted to

correspond to the experimental data (Table 4-3). The temperatures of the discharge

chamber were 30-40 u C cooler than the experiment using the a priori sdf-heating values

prior to adjusting. The self-heating values determined after adjusting are given in Table

4-3.
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The temperatures of the anode in the discharge chamber are within 5 °C of the
experimental datafor all the throttling points except for the node 211 in the 2.3 kW case,
which is8-10 °C different. The nodes on the support ring (215 and 219) are within 8 °C
for the 0.5 kW and 1.3 kW throttling points;, however, node 215 is 17 °C different for the
2.3 kW case. The optics support iswithin 19 °C for al throttling points. The base of the
main cathode assembly iswithin 8 °C for all cases. The plasma screen has some of the
worst temperature fits varying from the experimental data by afew degreesto 50 °C. The
mask is as much as 65 °C cooler than experimentally determined.

The discrepancy of the plasma screen, mask, and optics assembly again is likely
caused by the difficulty in modeling a finely perforated surface and modeling contact

resistances. The coupling between the discharge chamber and the plasma screen is
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through isolators that have a high number of contact points. It is aso important to note
that the thermocouple on the optics support ring where it connects with the dished optics
is on the ring connected to the accelerator grid. The SINDA model shows that the screen
grid is hotter than the accelerator grid by 30-60 °C. However, the SINDA model depicts
this node as a combination of the two support rings (one for each grid). This could
account for the SINDA model predicting this node 12-15 °C warmer than the experiment.
Similar to the cold-soak case, the interaction between the discharge chamber and
the environment is accurate. Table 4-5 shows the energy exchange between the plasma
screen, discharge chamber and shroud for the 2.3 kW case. The percentage of energy
exchange between the discharge chamber and the shroud is lower than the cold-soak case,
but still 67-85% of the energy exchange is with the shroud. The temperature of the
plasma screen has alarger influence than in the cold-soak case, but it is still the outer
environment that has the greatest impact on the discharge chamber. Therefore, this model
should give an accurate prediction of the temperatures of the discharge chamber and its

components under varying conditions.

4.2.4 Model Prediction for Directional Heat Dissipation

Once the model is calibrated, it can be used to predict various thruster-operating
scenarios. One of the major concerns is to know the direction hesat is flowing out of the
thruster and in particular, the amount of heat which will be directed toward a spacecraft.
To estimate the directional heat fluxes, the thruster was modeled in a box maintained at a
temperature of -273 °C and an emissivity of 1.0 (Figure 4.16). The thruster was then

given the heat distribution corresponding to the 2.3 kW throttle point.
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Table 4-5 Energy I nterchange Between Plasma Screen, Discharge Chamber and
Environment for the 2.3 kW Throttling L evel

Transmissive Optics Checkered Optics
To To To % To To To To % To
Plasma Discharge  Shroud Shroud Plasma Discharge Shroud — Shroud

From Screen Chamber and Tank Screen  Chamber and Tank
Node (W) (W) (W) (W) (W) (W)
101 3.72 7.07 65.5 3.71 7.12 65.7
102 4.06 6.68 62.2 4.04 6.73 62.5
104 4.00 5.00 55.6 4.01 5.06 55.8
108 3.27 413 55.8 3.60 4.25 54.1
112 0.19 0.51 72.9 0.24 0.53 68.8
203 0.99 5.58 84.9 1.03 5.94 85.2
207 1.83 10.00 84.5 1.95 11.00 84.9
211 1.67 455 73.2 1.78 5.47 75.4
215 1.36 423 75.7 1.36 422 75.6
219 1.58 3.20 66.9 1.57 3.19 67.0
223 0.58 3.03 83.9 0.73 412 84.9
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Figure4.16. Heat Flux from NSTAR Thruster to Box Sides with Space Conditions



114

It can be seen on Figure 4.16 that a majority of the heat is expelled through the
optics of the engine. It should be noted that the effect of the plasmais only included as
the heat applied to thruster components and the power through the grids does not include
the ion beam power. The sides of the thruster are uniform in power distribution with a
dight variation caused by the neutralizer with the rear having the lowest amount of power
lost thermally. However, these values would change if an object of finite temperature was
on any side of the thruster. If alarge spacecraft surface was behind the thruster at a much
higher temperature than absolute zero, the amount of heat flux in that direction would be
drastically reduced. So thermally, it appears that the thruster will have only a small impact
on the spacecraft located behind it.

Since amgjority of the heat transfer away from the thruster is through the optics,
the direction the optics face will have the most effect on the thruster temperatures. If the
thruster optics were facing the sun the thruster temperatures would be increased more
than when facing other directions (if the sun exposed areas were smilar in dimensions).
However, the thruster will be cooled the most when the optics are facing towards the cold
of space. What the thruster optics will be facing will determine what the emissivity should
be for the surface. If the thruster needs to be cooled and it’s optics are facing space,
increasing the emissivity of the discharge chamber surface through a process such as grit-
blasting would be desired. However, if the thruster was going to be positioned with the
optics towards the sun a mgority of the time, it would be desired to have the insde of the

discharge chamber as polished as possible to minimize solar heating.
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4.3 Computer Model Conclusions

The SINDA thermal model developed accurately models the NSTAR thruster
discharge chamber and components to within 10 °C for several different throttling levels
and conditions. Thereisalarger discrepancy with the temperatures on the plasma screen
and mask. However, it has been shown that this has minimal effect on the temperatures of
the discharge chamber and its components. Thereis still an accurate representation of the
interaction between the inner surfaces and the environment. Changing the discharge
chamber whether by a material change or a changein itslayout will have the greatest
effect on the thruster temperatures. The plasma screen and neutralizer were shown to be
of lesser importance to the thruster thermal environment.

Limitations of the model include approximating perforated surfaces and modeling
of contact resistance. There are no thermal tools currently available to model finely
perforated surfaces. Not only is the determination of radiation view factors more difficult,
calculating the conduction along the material is also more challenging. Some work has
been done to further approximate the perforated surface. The methods used here included
modeling the surface as having a transmissivity equal to the open area fraction, and
creating a coarse checkered pattern of appropriate open area. While the dominant form of
heat transfer is radiation, it was shown that contact resistance plays a significant role in the
connection of the discharge chamber to the plasma screen via conduction. Currently, the
best way to model contact resistance for a particular case isto estimate it using published
data and then adjust the model at those points to the temperatures found experimentally.

The sdlf-heating terms were devel oped from experimental temperature data. The

model is now capable of being integrated into various environments. It can be used to
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investigate spacecraft integration issues and evaluate proposed design changes from a

thermal impact point-of-view.



CHAPTER V
EVALUATING THE NSTAR lonthrUSTER WITh Various Models

The two types of models were presented in the previous chapters. One modeled
the power deposition into the thruster from the plasma. The other model predicted the
temperatures in the NSTAR thruster. Thismodel relied on using power deposition values
that would result in a good temperature fit.

This chapter presents how the power deposition determined for atemperature fit
compares to the power deposition predicted from the analytical model described in
Chapter 2. It will aso present the temperature results from using the thruster thermal
code and the predicted power deposition values. When used in tandem, the thermal code
and predicted power deposition values provide a method for analyzing existing thrusters

and the effect of changes to a thruster.

5.1 Independent Variables Used for Thruster Test Cases

Three throttling points were used to evaluate the model of power deposition on
the NSTAR ion thruster. These throttling points were at 0.5 kW, 1.3 kW, and 2.3 kW.
A discharge chamber analytical model was run for each of these throttling points. The
corresponding values used as inputs for the discharge chamber are shown in Table 5-1.
Since severa of these values have a degree of uncertainty, the same method used in
Chapter 3 was employed here. The values were estimated and then adjusted until the ion
flux to the main keeper and the anode were positive. Most of these parameters should
remain fairly constant for a particular ion thruster. However, as can be seen, the values
used for the 2.3 kW case varied dightly from the other two cases. It is uncertain why this

might be. One thought is that with the change in density and energy of the plasma, the

117
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other factors may also change. For example, with a greater plasma density and neutral
density, the volume of the ion production region may expand dightly in the outer regions.
The main and neutralizer cathodes were then modeled using an iterative method
and based on the discharge chamber model’ s prediction of the emission current from the
main cathode. For both cathodes, their emission current was determined by the current of
electrons flowing through the keeper orifice and the current of electrons impinging on the
keeper. The temperature at the base of each cathode was determined with the assistance
of the SINDA thermal code. The predicted power deposition was used from the analytical
modelsin SINDA and then SINDA gave the resulting base temperature. SINDA was
used since it gave a more complete picture of the thermal environment outside of the
cathode and since no temperatures were taken at the base location. Table 5-2 lists the

values used for the main and neutralizer cathodes.

Table 5-1 Discharge Chamber Independent Variables

0.5 kW 1.3 kW 2.3 kW
Discharge Voltage (V) 294 26.0 27.2
Keeper Voltage (V) 25 34 54
Discharge Current (A) 4.63 7.34 11.8
Beam Current (A) 0.56 0.984 1.75
Accelerator Grid Current (A) 0.0011 0.036 0.082
Anode Work Function (eV) 4.33 4.33 4.33
Keeper Work Function (V) 4.25 4.25 4.25
Optics Work Function (eV) 4.5 4.5 4.5
Vier (M) 1.0x10° 1.0x10° 1.4x10°
Neutral Flow Rate (sccm) 9.05 15.6 27.1
Effective Neutral Grid Transparency 0.24 0.24 0.24
Screen Grid lon Transparency 0.8 0.8 0.8
Ag(m?)  0.01792 0.01792 0.01792
Anode Fal (V) 1.0 1.0 20
Accderator Grid Fall (V) 150.0 150.0 150.0
Extracted lon Fraction 0.67 0.67 0.6
Primary Electron Length (m) 1.4 1.4 14

Table5-2 Main and Neutralizer Independent Variables

0.5 kw 1.3 kW 2.3 kwW
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Main Cathode
Modeled Cathode Length (cm) 5.08 5.08
Emission Current (A) 3.95 6.14
Entrance Temperature (°C) 282.3 303.8
Tip Flux (°C/m) 0.0 0.0
Inlet Gas Temperature (°C) 27 77
Surrounding Environment 427 427
Temperature (°C)
Neutralizer
Modeled Cathode Length (cm) 3.18 3.18
Emission Current (A) 2.06 2.49
Neutralizer Keeper Current (A) 15 15
Entrance Temperature (°C) 518.8 525.9
Tip Flux (°C/m) 0.0 0.0
Inlet Gas Temperature (°C) 127 127
Surrounding Environment 427 427
Temperature (°C)
Both Neutralizer and Main Cathode
Inner Diameter in the 2.54 cm Insert 3.81 3.81
Region (mm)
Inner Diameter Outside the Insert 5.59 5.59
Region (mm)
Outer Diameter (mm) 6.35 6.35
Shield Length (cm) 1.9 1.9
Inner Emissivity 0.3 0.3
Outer Emissivity 0.2 0.2
Conductivity (W/m °C) 90.0 90.0
Stanton Number 1.84 1.84
Convection Coefficient (W/m? °C) 5.95 5.95
Ohmic Heating (W/n) 100.0 100.0
Emissivity of Environment 0.2 0.2
Cathode Work Function (eV) 2.0 2.0

5.08
9.64
343.8
0.0
77
427

3.18
3.22
1.5
536.2
0.0
127
427

3.81
5.59

6.35
1.9
0.3
0.2

90.0

1.84

5.95

100.0
0.2
2.0

5.2 Comparison of Results

5.2.1 Discharge Chamber Particle Parameters
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In order for currents and power deposition to the thruster to be determined,
severa other parameters are aso derived. Table 5-3 lists some of these parameters. The
densitiesin this ring-cusped ion thruster have been found to be in the 10'%-10" m? for the
neutrals and 10" m® range for the ion and electron density [41]. The densities predicted
by the modd fall in thisrange. The change in the neutra density parameter aso explains
why different extracted ion fractions were needed for the different cases. Brophy showed
that for his thruster the fg’s dropped by one-tenth as the neutral density parameter
increased to 0.2 from about 0.05 [41]. The Maxwellian electron temperatures are
expected to range from 1-10 eV. The temperatures determined here aso follow the trend
which Brophy found and predicted [41]. The primary electron energies varied due to a

change in discharge voltage and keeper voltage.

Table 5-3 Predicted Discharge Chamber Particle Parameters

0.5 kw 1.3 kW 2.3 kwW

Maxwellian Electron Temperature (eV) 3.8 3.2 25
MDOT(1-h) (A) 0.0897 0.136 0.195

Primary Electron Energy (eV) 20.2 253 26.5

Screen Fall (V) 30.4 27 290.2

Densities
Neutrals (m®) 3.28E+18 4.96E+18 7.14E+18
Maxwellian Electrons (m®) 2.30E+17 4.47E+17 9.20E+17
Primary Electrons (m®) 1.26E+16 1.95E+16 1.85E+16
Total lon (m®) 2.43E+17 4.66E+17 9.38E+17

5.2.2 Analytical Prediction of Particle Currentsand Power Depositions

The main result of the analytical model is to use measured and predicted currents

and voltages to determine the power deposited into the thruster. As mentioned, the
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cathode results were determined through an iterative technique and from the emission
current specified by the discharge chamber model. Table 5-4 and Table 5-5 contain the
currents and power deposition for the main and neutralizer cathodes.

The emission current for the cathodes is determined from the electrons leaving the
cathode surface thermionically and ionic recombination, with afew energetic electrons
making it back to the surface. The power deposition is determined by the heating from the
ions and energetic electrons and the cooling of the thermionic electrons. The amount of
heating necessary to sustain the thermionic emission is highly dependent on how thermally
efficient the cathodes are. It isinteresting that the net cathode heating changes only about
1 W for all three cases while the individual heating and cooling components change by up
to an order of magnitude more. The different power deposition values between the main
cathode with 3.96 A emission and the neutralizer cathode with an emission current of 3.26
A isreflective of the different thermal environments each cathodeisin. The main cathode

isin the hotter discharge chamber and the neutralizer cathode is in the cooler outer

environment.
Table 5-4 Main Cathode Particle Currents and Powers
05kW 13kW 2.3 kW
lon Current (A) 121 1.43 1.78
Thermionic Electron Current (A) 2.80 477 7.92
Energetic Electron Current (A) 0.05 0.06 0.07
Emission Current (net) (A) 3.96 6.14 9.63
lon and Electron Heating (W) 254 30.1 37.5
Thermionic Cooling (W) 6.2 10.6 17.6
Net Cathode Heating (W) 19.2 195 19.9

Table 5-5 Neutralizer Cathode Particle Currents and Powers
05kw 13kwW 2.3 kwW

lon Current (A) 111 1.18 1.28
Thermionic Electron Current (A) 0.96 1.36 2.03
Energetic Electron Current (A) 0.04 0.05 0.05

Emission Current (net) (A) 2.03 2.49 3.26
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lon and Electron Heating (W) 233 249 27.0
Thermionic Cooling (W) 21 3.0 4.5
Net Cathode Heating (W) 21.2 21.9 22.5

Table 5-6 Predicted Discharge Chamber Currentsand Power Depositions

Currents 0.5 kKW 1.3 kW 2.3 kKW

Total lon Current Produced (A) 0.84 1.47 2.92

Electrons Emitted through Main Keeper (A) 3.85 5.95 8.95

Discharge Current (A) 4.63 7.34 11.8

lon Current To Anode (A) 0.06 0.08 0.07

Maxwellian Electron Current To Anode (A) 1.94 3.79 7.52

Primary Electron Current To Anode (A) 2.75 3.62 4.35

lon Current To Screen Grid (A) 0.14 0.25 0.44

lon Current To Accelerator Grid (A)  0.001 0.04 0.08

lon Current To Keeper (A) 0.08 0.16 0.66

Electron Current To Keeper (A) 0.1 0.19 0.68

Power

to Anode from Primary electrons(W)  91.92 107.47 134.04

to Anode from Maxwellian electrons (W)  27.05 46.77 80.29

to Anode fromions (W) 0.57 0.72 0.75

to Screen Grid from ions (W) 5.46 8.72 16.39

To Accelerator Grid fromions (W) 0.17 5.7 12.98

to Cathode Keeper from ions (W) 2.92 5.55 23.03

to Cathode Keeper from electrons (W) 0.7 1.41 6.56

Table 5-6 contains the predicted currents and power depositions for the discharge
chamber. The emitted current from the cathode is equal to the current of electrons
emitted through the keeper and the electron current to the keeper. Therefore, the primary
electrons available are less than those emitted from the cathode.

The greatest power deposition is from the primary electrons to the anode. There
are 2.75-4.35 A of these energetic primary electrons being collected by the anode. The
ions contribute only a small amount to the heating of the anode. However, thereisan
inverse relationship between the ion current to the keeper and to the anode in the region
where both are predicted to be positive in the analysis (i.e. Figure 3.14). Chapter 3
explored this relationship further. The power from the ion current to the keeper changed

much faster than the ion current to the anode. The peak possible for the power from the
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ions to the anode is on the order of a7 W, while the peak possible for the power from the
ions to the keeper is on the order of 25 W for the 2.3 kW case. The values picked
favoring the keeper peak were used in the 2.3 kW case since the main keeper temperatures
using these predicted power deposition valuesin SINDA were 20+ °C lower than the
experimental main keeper temperatures.

At lower throttling points there is not much heating of the accelerator grid.
However, as the throttling points increase, the power to the accelerator grid increases
dramatically. Theionsthat impact the accelerator grid are very energetic, so for very

small current changes a substantial increase in heating occurs.

5.2.3 Comparison between SINDA model and Analytical Prediction

SINDA was used in Chapter 4 to model the NSTAR thermal characteristics. Table
5-7 liststhe SINDA power deposition results for atemperature fit to experimental data
along with the power deposition predicted from the analytical model. The total power
deposited to the thruster varies within 6% for all the cases examined. The most noticeable
difference between the analytical predictions and SINDA isin the cathode tip. However,
the neutralizer cathode and keeper power depositions are all within 2 W except for the
lowest throttling point case.

Figure 5.1-Figure 5.2 show the temperatures from the experiment and the SINDA
model prediction based on the analytically derived power depositions and the power
depositions derived for atemperature fit. As mentioned, the neutralizer keeper power
deposition adjusted for atemperature fit is significantly higher than the analytically
predicted value. However, if the neutralizer experimental temperatures were evaluated for
all three cases, the 1.3 kW and 2.3 kW neutralizer temperatures are very similar, while the
0.5 kW neutralizer tip temperature is 30 °C higher than the other two cases. Table 5-2

shows that the neutralizer emission current drops for the lower throttling points and the
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current to the neutralizer keeper remains the same. Since the voltages remain constant, it
is not consistent that the lower throttling point has a temperature higher than the other
cases. Further investigation of other experimental data not presented here suggests that
this temperature is an anomaly of this experiment. This data supports that the
temperatures are not much different.

The temperatures for the 0.5 kW and 1.3 kW casesin Figure 5.1 and Figure 5.2
show a good temperature fit for the analytical power deposition predictions. The main
cathode keeper is significantly hotter on the analytically predicted 0.5 kW throttling case
than the experiment. The analytically predicted temperatures for the 2.3 kW case are
generaly less than the experimenta temperatures, but within 5-10 °C of the purely
SINDA derived model. The main cathode keeper is about 20 °C too cool in the
anaytically predicted model. The main cathode keeper has alarge temperature gradient
and the SINDA model treats this surface as only afew constant temperature surfaces. It
would require further modeling to address these temperature differences in more detail.

The neutralizer cathode shows a good fit for the predicted power deposition values.

Table 5-7 Comparisons of Power Deposition Based on SINDA M odel and Analytical

Predictions
0.5 kW 1.3kwW 2.3 kW
lg=0.56 A lg=0.98 A lg=175A
SINDA Andytic SINDA Anadytic SINDA Anaytic
Nodes Description Power  Power Power Power Power  Power
(W) (W) W) W) (W) (W)

13 Cathode Tip 13.9 19.2 18.0 19.6 20.0 20.0
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201-4 Discharge 20.0 251 33.0 33.0 42.0 38.0
Chamber , rear
205-8 Anoderear 48.0 440 440 42.0 50.0 50.0

209-12 AnodeMiddle 18.0 18.0 38.0 38.0 72.0 64.0
221-24 Anode Front, 324 324 46.0 42.0 72.0 64.0

(near grids)
309 Screen Grid 55 5.46 8.7 8.72 16.4 16.4
310 Acclerator Grid 0.2 0.17 0.6 0.57 13 13
403 Neutralizer Tip 21.2 21.2 21.9 21.9 22.6 22.6
404 Neutralizer 19.0 13.0 15.0 13.0 13.7 13.0
Keeper
501-4 Keeper 3.6 3.62 7.0 6.96 29.6 29.6
Totd 181.8 182.15 232.2 225.75 339.6 318.9
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5.2.4 Temperature Profiles Predicted from Analytical M odel

Figure 5.4 and Figure 5.5 show the temperature profile predicted by the analytical
model for the main and neutralizer cathode. The base temperatures were estimated using
SINDA. The temperatures depicted are along the insert region and inner wall of the
cathodes. The change in dope occurs where the insert region ends. These hollow
cathodes usually operate in the peak temperature range of 900-1200 °C [28, 29, 64].

Both the main and neutralizer cathode predictions presented here fall within that range.
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CHAPTER VI

CONCLUSION and future work recommendations

6.1 Conclusion

A therma model of an ion thruster was developed in this dissertation. This model
consisted of two parts. One part of the model developed the equations and relationships
needed to predict the power deposition into the ion thruster from the plasma. The second
part used the thermal codes SINDA and TRASY Sto predict the temperatures of the
NSTAR ion thruster. The thermal codes were able to predict the temperatures in the
discharge chamber region to within 10 °C for many different operation conditions.

The power deposited on the ion thruster can be divided into two areas: the
cathodes and the discharge chamber region. For the cathodes, a heat transfer equation
was devel oped that took into account gray body radiation heat transfer, conduction heat
transfer, convection heat transfer, ohmic heating of the cathode wall from the emission
current, cooling from field-enhanced thermionic emission, heating from ionic
recombination, and heating from backstreaming energetic electrons. The temperature
profile of the cathode, the emission current and the net power deposited were determined
from the specified thermophysical characteristics of the cathode and internal plasma
characteristics.

A sensitivity study was done using the cathode model with comparisons to
previous experiments. Thiswas due in part because of the uncertainty of many values. It
was also used to determine the effect of changing many cathode parameters. The work
function of the insert had the most significant effect on the temperature profiles and power

deposited. Changes of one-tenth of an eV could change the tip temperature by 50 °C and
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about 2 watts. Results using reasonable cathode parameters showed good correlation to
experimental data. Surprisingly, the model predicted only a small change in net cathode
heating of each cathode (less than 6% or about a watt) for different emission currents.
The main driver for determining the power to the cathode is the thermal efficiency. The
better insulated (both conductively and radiatively) a cathode is, the better it should
perform. Currently, around 20 W islost in heating the cathode.

The other area where a significant amount of power deposition occursisin the
discharge chamber. The power deposition in the discharge chamber region was found
using known voltages and currents from experiments, and by predicting plasma parameters
and the unknown voltages and currents (such as the primary electron current to the anode,
ions produced by primary electrons, or potential fall experienced by accelerator grid ions).
The plasma parameters were based on a thruster performance model and the currents were
found using continuity. However, severa parameters from the performance model have
not been published for the NSTAR thruster and have not been determined for other
thrusters. These include the volume of the ion production region, the primary e ectron
containment length, and the extracted ion fraction.

Similar to the cathode, a sengitivity study was done on these and other discharge
chamber parameters to understand their effect on the power deposition. The driving
factor that established the range of acceptable power deposition values was determined by
a simultaneous positive ion current to the anode and main keeper. When the currents and
power deposition values were compared to the previous work on the Culham thruster, the
predicted values fall within most of the error bars previoudly set. However, it was
determined that the primary electrons play a significant role in heating the anode. This
comparison also demonstrated the model’ s ability to analyze a different thruster
configuration with a different propel lant.

The other part of the model presented here used the thermal codes SINDA and
TRASYS. TRASY S predicted shape factors used for radiation heat transfer and SINDA
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accomplished the heat transfer model including conduction and radiation heat transfer.
This analysis was done on aNASA NSTAR ion thruster. Initialy the power deposition
values were adjusted from values used on previous thrusters. This gave atemperature fit
to experiment of 10 °C for the discharge chamber region. However, there was much
difficulty in modeling perforated surfaces and contact resistances. Thisled to
temperatures of perforated surfaces varying greater from the experimenta values. To
handle the perforated surfaces, they were modeled using transmissive surfaces and
checkered-type surfaces. These allowed the influence of the environment to remain
accurate on the discharge chamber. This model could also be used to determine the
influence of changing various components on the thruster.

This thermal model was aso used to determine the feasibility of the power
deposition model. The total power deposited predicted by the analytical model varied
only within 6% of the total power used to attain a temperature fit to experiment. The
overal therma model provides a means for predicting the power deposition and

temperatures of an ion thruster.

6.2 Future Work Recommendations

In the cathode model, it was seen that most of the significant plasma interaction is
in the first few millimeters near the tip of the cathode. Unfortunately, this region is among
the most difficult to characterize experimentally and little is known about the plasmain
thisregion. It would be important to design experiments to document the plasma
characteristics in that region. The cathode modeling could also examine different velocity
profiles that might exist [79]; however, this should have minimal impact on the results
from the cathode model presented here.

With the discharge chamber model, further work needs to be done on local particle

fluxes. For example, the anode has electrons that impact it, but their location is estimated
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by the intersection of magnetic field lines. Therefore, a majority of the electrons impact
near the magnets. However, thereis little published data to indicate how much current
each magnet region acquires. Some work has begun recently on an 8 cm diameter ion
thruster [80]. The same type of experimental survey could indicate the ion flux to the
various surfaces also.

Further work aso needs to be done to determine how to predict the extracted ion
fraction, volume of the ion production region and primary electron containment length.
Thiswork could also be aided by knowing how the local plasma parameters relate to the
global parameters.

The SINDA model could be improved by a better modeling technique of
perforated surfaces and contact resistance. There is not much information currently
available for modeling perforated surfaces and these type of surfaces are on a significant
number of spacecrafts.

There are afew suggestions that might help improve the hollow cathode design.
More effort to minimize heat loss around the insert should help the cathode; therefore,
insulating the insert better both conductively and radiatively should be advantageous. It
might also be beneficial to extend the radiation shield to cover more of the cathode tube.
The insert region could also be minimized since only the first few millimeters are
significant. It might be beneficial to create an insert “ring” near the tip of the cathode.
This could be the part of the insert near the tip with an inner diameter closein size to the
orifice diameter. This could take advantage of the electric field enhancement on
thermionic emission.

One possible increase in discharge chamber efficiency would be to choose alower
work function material where the electrons are collected on the anode. The work function
of the materia plays a dramatic effect with Maxwellian electrons. Also, if there was any
way to reduce the amount of primary electrons impacting the surface, there would be a

dramatic decrease in power deposited.
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However, the power loss could be minimized in a reverse fashion for surfaces that
receive a predominant ion flux. When an ion contacts a surface and takes an electron to
neutralize it, it deposits considerable energy into the surface, but the electron leaving the
surface is a cooling factor (see Equation 2.38). Therefore, increasing the work function of
the surfaces that collect ions predominantly increases the amount of energy it takesto

extract the electron and the net result is less energy deposited to that surface.
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