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Microwave electrothermal thruster (MET) is a type of electric propulsion system being
studied for use in in-space propulsion applications of satellites and spacecraft. In microwave
electrothermal thrusters, the goal is to convert a microwave resonant cavity to a heating
chamber of a propulsion system, and thus heating the propellant to be expelled using free
floating microwave induced plasma. Once started, plasma acts as a resistive load, absorbs
microwave energy and heats up the gas. This study presents a global model which aims
to provide a better understanding of the propellant heating mechanism in the microwave
resonant cavity of a MET. Formulation for the determination of the electron density, tem-
perature, the heavy particle temperature in the cavity, and power requirement for various
desired thrust levels is presented. Equations are solved using COMSOL Multiphysics equa-
tion solver to determine the thruster performance and plasma parameters, and preliminary
results are presented.

Nomenclature

A., =Nozzle exit area

A* =Nozzle throat area

Cp =Specific heat at constant pressure
J =Bessel function of the first kind

k =Specific heat ratio

ky

=Boltzmann constant

kewe =Excitation rate coefficient

ki =Jonization rate coefficient

m =Mass flow rate

M., =Nozzle exit Mach number

N =Neutral number density

Ne =Flectron number density

n; =lon number density

ng =Flectron number density at the center of the plasma
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Pa =Ambient pressure

Pe =Chamber pressure

Pex =Nozzle exit pressure

Pioss =Power loss

P..ss =Power loss due to electron flux

Pi1oss  =Power loss due to ion flux

1. =Chamber temperature

Tes =Nozzle exit temperature

T =Electron temperature

T; =Inlet temperature

To =Stagnation temperature

Uese =Excitation energy

Ui, =Jonization energy

Ve =Nozzle exit velocity

Xo1 =First zero of the Bessel function of the first kind
1 =Average fraction of energy loss

T'r =Total flux

Oei =Cross section for electron-ion momentum transfer
Oea =Cross section for electron-neutral momentum transfer
T =Thrust

Vp =Plasma volume

I. Introduction

PACE propulsion systems are used for in-space propulsive needs of satellites or spacecraft such as orbit
Schange or attitude control maneuver required based on specific mission objectives. The main categoriza-
tion of space propulsion systems are made according to the type of energy utilized for providing the expelled
propellant’s kinetic energy. In chemical propulsion systems, propellants like hydrazine, ammonia or nitrogen
can be expelled directly or after combustion process to obtain thrust. Energy of the propellant, depending
on the chamber pressure and temperature, is transferred into kinetic energy in the expansion process through
a conventional nozzle. On the other hand, in electrical propulsion systems, electrical energy, supplied from
spacecraft power and energy storage systems, is converted into propellant’s kinetic energy.

Electric propulsion systems are designed for obtaining higher exhaust velocities while minimizing propel-
lant consumption. These systems can be separated into three basic categories: electrostatic, electromagnetic
and electrothermal.

Resonant

Cavity Injector

Magnetron

Microwave Electric Field >"iring Gas

Streamlines

Figure 1. Schematic of a microwave electrothermal thruster

Electrothermal thrusters, which are a subclass of the electric propulsion systems, use electrical energy
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to increase the propellant’s thermal energy. Energized propellant gas thermal energy is transformed into
kinetic energy when it expands through an aerodynamic structure like a nozzle.! There are three basic types
of electrothermal thrusters; resistojets heat the propellant gas by means of a resistive component, arcjets use
a DC arc for heating the propellant, and the third kind employs various forms of electromagnetic radiation
for the propellant heating process.

Microwave electrothermal thrusters are the type electrothermal thrusters that employ electromagnetic
energy at microwave frequencies to heat the propellant gas. Microwave electrothermal thrusters consist
of three basic subsystems; microwave applicator, resonant cavity and nozzle. A simplified schematic of a
microwave electrothermal thruster is shown in Figure 1. In MET systems, conversion of microwave energy
into propellant’s thermal energy is achieved inside a resonant cavity.? Microwave induced free floating plasma
is used for the propellant heating.? 4

In a microwave electrothermal thruster, a microwave source generates microwave with desired frequency
and power level. Microwave electrothermal thrusters working with various frequency and thrust levels have
been produced and tested to date.® Generated microwave is transferred into the cavity with a proper antenna.
To date, in experiments two types of microwave generators are mostly used: traveling wave tube amplifiers
(TWTA) and magnetrons.® Microwave absorption process requires an applicator, like a resonant cavity or
waveguide in which plasma is generated.?

The conversion of the microwave heated propellant’s thermal energy into kinetic energy is achieved by the
use of a nozzle. Nozzle can be designed as converging or converging-diverging as suitable for the objective.
Generally, the nozzle is designed as a separate part which is attached to the plate at one end of the cavity.

Transfer of microwave energy into kinetic energy is materialized in three steps;

e Free electrons in the propellant gas accelerate due to the electric field inside the resonant cavity
according to the Lorentz force. These energized electrons transfer momentum as a result of collisions
with other species (atoms, heavy molecules, electrons etc.) in the gas. This process also results in
ionization or excitation of neutral particles.’

e After successive nonelastic collisions, electron density in the gas reaches a level of initiating plasma
discharge provided commensurate electric field density. Breakdown, which can be thought of as the
commencing process of the discharge, begins with the acceleration of free electrons in the gas by means
of microwave’s electric field according to the Lorentz force. Energized electrons convey part of their
energy to neutrals by successive collisions. If this transferred energy is on the level of the ionization
energy for the gas atoms, new free electrons will be generated. Electron number density keeps on
ascending, provided that adequate electric field is continued. Finally, the process concludes with the
electron avalanche that onsets discharge. When the plasma discharge begins, it acts as a resistive load
and absorbs microwave energy. Average power absorbed in one microwave cycle can be expressed as;

neq2E§ Vm

Pave = (1)

m v+ w?
where n. is the electron number density, ¢ is the electron charge, Fy is the electric field strength, m
is the electron mass, v, is the electron momentum collision frequency and w is the applied microwave
frequency. Plasma can be thought of as a heater element that works according to the Ohm’s law.
Average power is proportional to the square of the electric field.” Plasma discharge is maintained as
long as the production rate of electrons outnumber the loss of electrons in recombination processes or
wall losses.

e Finally, the propellant gains energy, with the principle of ” Joule Heating”, while swirling around the
hot plasma. The heated propellant gas provides thrust by expanding through the nozzle or an orifice.* 6

The primary loss mechanisms in METs are heat transfer from hot plasma to the walls by radiation,
convection and conduction. But in a MET working in T'My;1; mode, the plasma will be formed near the
nozzle plate.>” Gas is expelled as soon as it is heated, so thermal losses to the cavity walls will be small.
Expelling of dissociated and ionized particles before recombination results in frozen flow losses. These losses
are minimized provided that proper design and operational parameters are chosen. Volume of the plasma can
also be changed by adjusting the flow rate and the supplied microwave power. Increasing the applied power
while the propellant flow rate (thus the chamber pressure) is kept constant enlarges the volume of plasma.
On the other hand, keeping the pressure constant without increasing power causes the contraction of the
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plasma volume.® This effect can be used to make dimensions unchanged when increasing power. Besides,
parameters like gas pressure and flow characteristics (radial or swirling) can be modified to generate plasma
in the desired region.

Figure 2. View of the prototype MET operating in BUSTLab

A global model is developed to better understand the propellant heating mechanism in the microwave
resonant cavity. Formulation of the evaluation of the electron density, temperature, the heavy particles
temperature in the cavity, and the power requirement for desired thrust levels is presented in the next
sections.

II. Global Plasma Model

Microwave electrothermal thruster uses microwave induced plasma to heat the gas as mentioned in the
previous section. Experiments conducted to date show that once the plasma discharge begins, microwave
induced plasma can be sustained at atmospheric pressure levels. Diamant et al. measured that the discharge
is maintained at nearly 200 kPa for He, 250 kPa for Ny, and 270 kPa for NoO gases in a MET system which
is designed for 2.45 GHz frequency and 1 kW power level.” Thus, microwave thrusters can be modeled as
atmospheric pressure discharges. To evaluate the characteristics of an atmospheric plasma system, there are
different kinds of methods being used. The plasma properties like species number densities, temperatures are
determined in these models. One of the modeling approaches is the two-fluid model in which the plasma is
considered to be consisting of two kinds of fluids which are electron fluid and heavy particle fluid.'% ! Heavy
particle fluid consists of neutrals and ions. Their behaviors are determined by using continuity, momentum
and energy equations for each fluid as in fluid mechanics.'? Besides, source terms for ionization, Lorentz
force and Joule heating are added to continuity, momentum and energy equations, respectively. On the
other hand, in a global or 0-D model, spatial variations of the plasma properties are not taken into account.
Volume averaged properties can be used in calculations. Although these kind of models have limitations,
they give a very good understanding of the energy transfer mechanisms in a plasma structure and also allow
reasonable computational time.™?

A. Theory and Assumptions

The model discussed in this study is developed for the analysis of a prototype microwave electrothermal
thruster being built and tested at the Bogazici University Space Technologies Laboratory (BUSTLab). This
prototype MET, a picture of which is shown in Figure 2, is designed for operating at 2.45 GHz frequency
and at power levels of up to 1 kW. The delivered power level can be adjusted at 10 W increments. Argon
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gas is used as the propellant. The prototype MET is made of stainless steel and consists of the main parts
described in the previous section. Nozzle of the MET is designed to be modular for examining the system
characteristics for various nozzle geometries and expansion ratios.

For simplicity, in the model, the nozzle of the system is assumed to be optimally expanded, thus the
effective exhaust velocity is taken to be equal to the exhaust velocity. Back pressure of the system can be
reduced from the atmospheric pressure down to 10~ torr levels by a mechanical pump. Energy loses of the
flow in the nozzle are not taken into consideration. Temperature of the background gas is assumed to be
uniform in all plasma sections. In addition, the temperature of ions and neutrals are generally taken to be
the same as in two fluid models for atmospheric pressure plasmas.'® > Since the gas velocity in the plasma
filled section of the cavity is very low in comparison to the velocities in the nozzle, the static pressure in the
nozzle inlet is considered to be equal to the stagnation pressure. Argon propellant is assumed to behave as
an ideal gas, and the specific heat ratio is assumed to be constant.

m, T,
Seperation Plate

Antenna Zone Bulk Plasma Volume

Peripheral Zone

- Microwave Energy ol E . =>m, T,

Antenna

Figure 3. Schematic of the mass and energy transport for the plasma in the resonant cavity of MET

The deposited power is absorbed by the free electrons in the gas. Then, part of this power is transferred to
the heavy particles by collisions.* This energy will be transformed into kinetic energy when the gas is expelled
through the converging diverging nozzle. Besides, deposited energy is used for ionization and excitation
processes. Also, this part of energy is transferred back to the gas as a result of the recombination and
de-excitation processes. Energy gain from recombination and de-excitation is assumed to be not significant
when compared with the gain due to the elastic collisions. Another energy loss mechanism is the energy
deposited to the walls by the striking electrons and ions. Flow in the cavity and the nozzle is taken to be
adiabatic, so losses due to radiation, convection and conduction is not taken into consideration in the model.
The species in the plasma are considered to have Maxwellian velocity distribution function. And the plasma
is considered to be quasi-neutral.

B. Governing Equations

The model consists of two groups of equations. The first group includes the ideal rocket equations which are
derived by assuming that the flow in the nozzle is isentropic. This set of equations are used to determine
proper mass flow rate provided the specific chamber conditions. Also, the produced thrust is evaluated
in terms of these chamber conditions. In order to define the chamber operation conditions, the chamber
temperature and the pressure is set to desired value. In the experiments performed to date with gases like O,
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Ny and He, discharge temperature is measured in 2000 to 5500 K range, and the measured chamber pressure
values ranged from 100 to 300 kPa.? 1617 In this study, maximum temperature and maximum pressure levels
are chosen 4000 K and 250 kPa respectively. In the model, BUSTLab MET nozzle dimensions are used to
determine the exit pressure, temperature and Mach number values. Nozzle is assumed to be ideal expanded
for the given conditions.

The exit Mach number is evaluated iteratively for a known nozzle exit to throat area ratio, A.,/A*, by

using the relation:!8
k+1
A 1T 2 k-1 20y
= = 1 M? 2
- e (1 )| @)

where k is the specific heat ratio. A, A*, M., are exit area, throat area and the exit Mach number,
respectively. The stagnation temperature and the stagnation pressure are taken to be equal to the chamber
temperature and the pressure because of the low velocities in the chamber. Assuming that the pressure is
isentropic, an analytic expression can be written for the exit temperature T,, and the exit pressure p., in
terms of M., as!'®

k-1

k-1 ,\%1
P. =P <1+2M31:) (4)

After performing the nozzle exit condition calculations for pressure and temperature, the exit velocity can
be calculated by using;
E—1
“k
1 (pem> 5)
Pc

where R is the specific gas constant. Mass flow rate is a function of the throat area, chamber pressure and

temperature and defined as;'®
ek neoeen
= A*p.k
= A"p \/ T, (6)

2kRT,
Vex = E—1

For an optimum expanded nozzle, the thrust due to the pressure, Ac,(Pex — Pa), is neglected and the thrust
equation is reduced to;
T = MUy (7)

After evaluating the performance parameters, the plasma parameters are determined to investigate the
energy transfer mechanisms of microwave power to the propellant gas. The main mechanism that heats the
propellant gas is the momentum transfer between the electrons and the heavy particles by elastic collisions as
noted above. The microwave energy, deposited into the resonant cavity part of the thruster, is absorbed by the
electrons. The energy balance for the electrons have this power input, Pyep. Electrons are energized because
of the Lorentz force which results from the electric field inside the cavity. Even though the magnetic field
component of the microwave acts on the charged particles, its effect is assumed to be negligible in comparison
to the electric field. Accelerated electrons will transfer some of their energy with the heavy particles as a
result of elastic collisions. The ions are heated by electron-ion elastic collisions, nen;(0e;Ve)d %kae, and the
neutrals are heated by electron-neutral elastic collisions, 1. N (0eqve )0 %kae. Although some energy is gained
by recombination and de-excitation processes, this is much smaller compared to the energy gained by elastic
collisions.' Thus, the power deposited to the gas is equal to the power gained by elastic collisions. This can
be formulated as;

Py = Vymie (5 (Geive) + N (Geave)) 5%/@,,:& (8)

Elastic Collision Loss

where § = 2% is the average fraction of energy loss by the electrons in an elastic collision with a heavy

particle. Also, (0e;v.) and (o.,v.) are electron-ion and the electron-neutral rate coefficients for elastic

momentum transfer collisions averaged over Maxwellian electron energy distribution and are written as;'?
InA

<O'eirUe> =291 x 10712ﬁ [m3871] (9)
eV
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(Oeave) = (0.084 4+ 0.537T.y + 1.192T3,) x 1071 [m3s™!] (10)
where InA is the Coulomb logarithm;

T3
InA ~iIn [ 1.55 x 10'3 | =¥ (11)

Te

On the other hand, the total power needed to reach the desired chamber temperature will be higher than
the power deposited to the gas because of the losses to the walls and energy used for inelastic collisions.
Because of the potential difference as a result of the plasma sheath formation on the walls, the electrons
and ions carry some amount of energy out of the plasma when they strike on the walls of the cavity.?° In
addition to this, some amount of the energy is used in ionization and excitation processes. As mentioned
above, this energy is recovered by recombination and de-excitation processes. In this model, frozen flow
losses are neglected because the energy carried by the ions and the excited particles expelled out of the
cavity zone are not taken into consideration in the current study. When, the conductive and convective
losses are neglected, the total power can be written as;

PTotal - Pdep + -Ploss + Plnelastic Collision (12)

Every electron leaving the plasma and striking on the walls carries off an energy of 2 TeV, and for an
Argon ion leaving the plasma and striking on the walls, the energy carried away will be 5.2 T'eV.2! The set
of equations for the power lost to the walls can be expressed as;

Peloss = 2]CBTeFT (13)
Piloss = 5~2k‘BT‘eFT (14)
Boss = Peloss + Piloss (15)

where I'r is the total ion (or electron) flux from the plasma to the cavity walls.
In our model, there are two main reactions in the plasma zone. These are ionization and excitation
processes;

e+ Ar — Art 4 2e (16)
e+ Ar — Ar* + e (17)

The total power for the inelastic collisions is equal to the sum of the excitation and ionization losses;

PInelastic Collision — vp(ke:chexcneN + kizUizneN) (18)

FEzxcitation ITonization

where k;, and k.. are the ionization and the excitation rate coefficients, respectively. Curve fits for k;, and
keze are taken from Lieberman et al.;?!

—17.44
ki = 2.34 x 1074 (Toy )" eap(———)  [m®s™!] (19)
TeV
—12.
kege = 2.48 X 10*14(Tev)0-33exp(T778) [m3s~1] (20)
eV

If the recombination is neglected, the electron continuity equation for steady state can be expressed as

U
Vin+ —“Zn=0 21
= (21)
where the v;, is the ionization frequency.'?2! D is the diffusion coefficient which is assumed to be equal to
the ambipolar diffusion coefficient, the form of which is adapted form Jonkers et al.'® as;

D=D; (1 + ?) (22)
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where D; is the ion diffusion coefficient and is a function of chamber pressure and temperature. It can be
written as;™
3272

Dy = ——be
8pcMQ(Te)

(23)
The Q coefficient is calculated in the same way as Jonkers et al.'?

When the continuity equation, Equation 21, is solved for axisymmetric cylindrical cavity, distribution of
the electron number density can be evaluated as;?!

n(r, z) = noJo (X01%) cos (%) (24)

where ng, Jy and the yg; are electron number density at the center of the plasma, zeroth-order Bessel
function of the first kind and the first zero of the Jy, respectively. Species’ fluxes can be defined at the two
ends of the cavity?! as;

on r
r.=-p2"=p~ ( 7) 2
9 noJo Xo1 g (25)
and at the radial wall, where » = R, as;
1, = —D2% Z DXL g (o) cos (m) (26)
= or R 041 (Xo1 7

The total flux for the cylindrical volume can be evaluated by integrating the above flux equations for all

cavity surfaces;
27 27 L/2
Iy = 2/ / r)rdrdf + / / z)Rdzdf (27)
L/2

4D7T2R2ﬂ0 Jl (XOI)
Xo1L

Volume averaged electron number density could be calculated by dividing the volume integral of n(r, z)
with the total plasma volume as;

I'r = + 4D Lxo1m0J1(x01) (28)

f27T fO fLﬁQ n(r, z)rdzdrdf

e 29
n 7 (29)
2
Ne = 4LR n()Jl(X()l) (30)
XOlvp

To maintain quasineutrality and continuity, the total volume ionization inside the plasma zone is set
equal to the total ion loss out of the plasma zone. Losses because of the diffusion is dominate the losses
due toe three body recombination in atmospheric pressure discharges.'® Thus, the recombination losses are
neglected. On the other hand, diffusion term is included in the total flux equation. The total flux is balanced

with the total generation as;
VpneNkiz = FT (31)

By plugging in the expressions obtained for 'y in Equation 28, and n. in Equation 30 into Equation 31, the
following relation is obtained;

D Xo1
ki = < 77+ (32)
The neutral density can be obtained by using Dalton’s law as;
Pe T,
N = —ne |14+ = 33
ksT. ( + Tc> (33)
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III. Results and Discussions

Two sets of equations are solved to determine the thruster performance parameters and plasma parame-
ters in the cavity by using COMSOL Multiphysics equation solver. The first equation set includes equations
2 to 7. In the model, chamber pressure, chamber temperature, nozzle throat area and nozzle exit to throat
area ratio are assigned. Since the measured pressure and temperature values for Argon is not available in
the literature, the average value of data for Nitrogen and Helium is used.!®'” Calculations are performed
for 100, 200 and 300 kPa chamber pressure values. Exit Mach number, exit temperature, exit pressure, exit
velocity, mass flow rate, thrust values are calculated to determine the thruster operating conditions. The
calculated values are presented in Table 1. As seen form the tabulated values, the thrust level increases with
increased chamber temperature and pressure values.

Table 1. System Comparison Table

pelkPa) T.[K] Tew[K] pex|Pa] vew[m/s] m[mg/s] 7[mN] ne[10*°/m3] T.[eV]

100 2000 262 1,93 1456 65 93 1.05 0.7050
150 3000 40 2,89 1760 79 140 1.27 0.7046
200 4000 53 3,87 2032 92 187 1.55 0.7048

Steady state solution of electron continuity equation for cylindrical volume is used in the model to evaluate
the volume average electron number density. According to this solution, maximum plasma density will be
at the center of the cavity. But, experiments conducted to date show that the plasma will be generated at
the place of the maximum electric field intensity.% 6 But in a global model, place of the plasma is not taken
into consideration and it is proper to use volume average of plasma density. To evaluate plasma parameters
the second set of equations, which includes the particle and energy balance equations for electrons, are
evaluated. The calculated electron number density and electron temperature values are presented in Table
1. As seen from the tabulated values, for the presented chamber pressure and temperature levels, electron
number density is on the order of 10' and electron temperature values are around 0.7 eV.

IV. Conclusion

Formulation of equations for the investigation of the power absorption mechanism in a microwave elec-
trothermal thruster resonant cavity is presented. Thruster performance and resonant cavity plasma pa-
rameters are evaluated for different chamber temperature and pressure values for a given microwave power
level using COMSOL Multiphysics equation solver. The obtained results for the plasma parameters such
as electron number density and electron temperature, and the thruster operational parameters such as exit
Mach number, exit temperature, exit pressure, exit velocity, mass flow rate and thrust are presented.
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