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A microwave thermal thruster (MET) is a type of electric thruster where the propellant
is heated via microwave energy inside a properly designed resonant cavity and then the
gas is expanded through a conventional converging-diverging nozzle to produce thrust.
Thus, in a microwave electrothermal thruster a microwave resonant cavity acts in a similar
fashion to the combustion chamber of a chemical propulsion system. Inside the resonant
cavity a free floating plasma, generated by the microwave energy deposition into the gas,
heats the gas before the gas is expelled. This study presents a two fluid global model
which aims to provide a better understanding of the propellant heating mechanism in the
microwave resonant cavity of a MET. COMSOL Multiphysics, a finite element software, is
used to solve the appropriate equations to determine the thruster performance and plasma
parameters, and the results are presented.

I. Introduction

Many types of electric propulsion systems have been developed since 1960s to produce thrust for in-space
maneuvers of spacecraft. Electrothermal systems are among the pioneers of these kinds. Although they
provide relatively lower specific impulse compared to that of electrostatic or electromagnetic systems, they
have already been used on many space platforms. Resistojets and arcjets are the well-known electrothermal
systems. Resistojets use resistive heater elements and arcjets employ DC or AC arc to heat the propellant.
Thrust is obtained when the energized gas is expelled through a conventional nozzle as in chemical thrusters.
On the other hand these two systems have some inherent handicaps. The thermal endurance of the heater
element is a temperature limiting factor for resistojets. Propellant gas can be heated up to a temperature
lower than this temperature limit. For arcjets, the cathode suffers significant erosion problems because of
the ions striking on the tip when the thruster is in operation.! After a certain time of operation, the cathode
length is reduced to a level at which the arc can no longer be generated. This is the major lifetime limiting
factor for arcjets.

As a subclass of electrothermal thrusters, Microwave Electrothermal Thruster (MET) concept is put
forward in 1980s.? Using this concept, researchers aimed to eliminate the inevitable handicaps of resistojets
and arcjets mentioned above. Since METSs use free floating plasma they do not have a heater thermal
endurance limit or a cathode erosion problem. Only limit of this type is the wall temperature endurance as
in all thrusters but can be overcome to a certain extend by means of cooling techniques.

Microwave electrothermal thrusters consist of four main parts which are microwave generator, resonant
cavity, separation plate and the nozzle. In a microwave electrothermal thruster resonant cavity, energy
carried by the microwave beam is transferred into the thermal energy of the gas via free floating plasma.
When the microwave is transmitted into the cavity it starts to bounce back and forth, and the free electrons
in the propellant gas are coupled the electric field of the wave. Thus, electrons are accelerated in accordance
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Figure 1. BUSTLab microwave-electrothermal-thruster on a stand inside the BUSTLab vacuum chamber

with the Lorentz force. At this point there are two probable interactions between the electrons and the heavy
species (neutrals, ions or free radicals).? Fist one is the elastic collisions by which only the kinetic energy is
transferred. Second one is the inelastic collisions by which the excitation or ionization of the heavy species
occur. Molecular or electronic structure of the gas can be changed by this kind of collisions. If electron
energy is higher than the ionization threshold energy of the gas, an electron is stripped off from the neutral
atom and a new free ion-electron pair is created.
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Figure 2. Experimental Setup

When the number density of the electrons reach a breakdown threshold level, plasma discharge begins.
After this point, plasma acts as a resistive load and absorbs microwave energy. The gas is heated when
swirling around or passing through the plasma. After the gas heats up, the gas thermal energy transforms
into the kinetic energy when expelled through a conventional nozzle as in other electrothermal thrusters
mentioned above.?*
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In preliminary studies, researchers focused on defining the working principles of this system and the
energy transfer mechanisms from microwave to the gas. Prototypes consisted of cylindrical quartz tube and
a resonator integrated to this tube was used. At first, characteristics of the plasma and efficiency of the
concept®® are studied. Coupling efficiencies of %40 to %95 are measured for systems using different types
of gases.>® Besides, systems are designed using resonant cavities which work in different TM or TE modes.
T My is determined as the optimal mode. Using this mode the plasma can be generated at the upstream
region of the nozzle plate so the gas can be expelled as soon as it is heated and the heat transfer losses
are minimized. Also, the stabilization of plasma is investigated by M. Micci from Penn State University
using bluff body in the flow region.’ Later, the stabilization of plasma using vortex flow pattern is proposed
by Sullivan and Micci.'® ' Also, a new prototype that does not employ a quartz tube for stabilization is
designed.'®!! Penn State University researchers have developed thrusters working at 2.45, 7.5 and 14.5
GHz resonant frequencies.!? Microwave electrothermal thruster using water vapur as propellant is tested by
Brandenburg et al.?

Figure 3. Transmission Line

Although there are numerous experimental research to understand the energy transfer mechanisms in
microwave electrothermal thrusters, only a few numerical studies are performed to date. A non-equilibrium
3-D plasma model employing Maxwell’s and Navier-Stokes equations together is studied by Chiravalle et
al.13

In this study, a global model is proposed to define the plasma characteristics in the microwave elec-
trothermal thruster resonant cavity. Even though the 0-D models do not give accurate solutions as in
multi-dimensional models, they give good insights of physics of the processes within a shorter time. In this
study, plasma density, plasma temperature, neutral gas temperature in a microwave thruster resonant cavity
operating at 2.45 GHz frequency and the power level of 1 kW are evaluated.

II. BUSTLab MET Thruster

At the Bogazici University Space Technologies Laboratory (BUSTLab) a prototype microwave electrother-
mal thruster (MET) has been designed, manufactured and tested. This prototype MET, a picture of which
is shown in Figure 1, is designed to operate 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 gas is used as the propellant. The
prototype MET is made of stainless steel. The nozzle of the MET is designed to be modular for examining
the system characteristics for various nozzle geometries and expansion ratios.

Experimental set up consists of four main subsystems; microwave electrothermal thruster, microwave
generation and transmission system, gas feeding system and vacuum system as shown in Figure 2. Microwave
electrothermal thruster has three main parts that are resonant cavity, antenna and the nozzle plate. The
resonant cavity of the thruster is designed to operate at T'My11 mode at 2.45 GHz resonant frequency. For the
generation of the microwave power a Richardson SM745 power supply and a 1.2 kW Richardson M H1.2W —
S magnetron head are used. In order to protect microwave generation system a Muegge MW 1003A —210EC
isolator is added to the transmission line. This isolator can protect the system up to 3 kW of reflected power
levels. In order to increase the system efficiency by minimizing the reflected power when maximizing the
coupling power an Astex D13604 two stub tuner is used. To measure the amount of the reflected power
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(a) BustLab Vacuum Chamber Facility (b) MET integration to the vacuum chamber

Figure 4. MET’s first test inside the vacuum chamber

a simple oscillator is used. The oscillator diode is connected to the connector of the isolator. To achieve
system flexibility while integrating the thruster system to the vacuum system it is more appropriate to use
a coax cable rather than a rigid waveguide system. Thus, a transition system is needed to transfer energy
from the waveguide component to a coax cable. For transition from a WR340 waveguide to a coax cable
a Muegge MW5002A-260YD coax transition is used. The coaxial cable is connected to the transition by
a 7/16 microwave connector. The other end of the coax cable is attached to an antenna via another 7/16
connector. A picture of the microwave power generation and transmission system is shown in Figure 3. Gas
feeding system consists of a mass flow controller, piping and a gas tank. The vacuum system consists of a
mechanical pump, a bell jar and the base plate on which the thruster is attached.

Figure 5. Plasma plume of MET operating inside the BUSTLab vacuum chamber

MET is also tested inside the BUSTLab vacuum chamber as shown in Figure 4(a). This chamber is 1.5 m
in diameter and 2.7 m in length. The MET prototype is placed on a stand as shown in Figure 4(b) and the
propellant gas is fed through swagelok pipes attached to the near wall of the vacuum chamber. Microwave
is carried to inside of the chamber using a 7/16 power feedthrough and coaxial cables. Mass flow rate to the
thruster is regulated between 2 to 30 1/m and the power level is adjusted between 70 to 550 W. A picture of
the thruster operating inside the chamber is seen in Figure 5.
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III. Two Fluid Global Model

Microwave electrothermal thruster uses microwave induced plasma to heat the gas. Experiments con-
ducted to date show that microwave thrusters can be modelled as atmospheric pressure discharges.!* In
a global or 0-D model, spatial variations of the plasma properties are not taken into account, and volume
averaged properties are used in calculations.

The model discussed in this study is developed for the analysis of the BUSTLab prototype microwave
electrothermal thruster described in the previous section. A more detailed discussion about the developed
model is presented in an earlier work.'® 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. 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 taken to be the same as
in two fluid models for atmospheric pressure plasmas.'%17 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. The species in the plasma are considered to have
Maxwellian velocity distribution. Also, the plasma is considered to be quasi-neutral.

rh; Tin
Seperation Plate

Antenna Zone Bulk Plasma Volume

/

e, Ti
Particle
Flux

Peripheral Zone

Energy
Transfer

A é rhl Tex
Microwave Energy
A
7
Gas Volume
Antenna

Figure 6. Schematic of the mass and energy transport for the plasma in the resonant cavity of MET

In the two fluid model three sets of equations are used to determine the properties of the plasma. Thus,
one set is for electron fluid properties, second one for heavy particles properties and the last one is to
determine the flow characteristics in the nozzle section. The first set of equations are used to determine the
plasma parameters to investigate the energy transfer mechanisms of microwave power to the propellant gas.
Elastic collisions are the main power absorption mechanism in the plasma. Electrons transfer some amount
of their energy to the heavy particles when collisions occur. As a result, the heavy particles are energized and
heated.* Besides, some amount of energy used for ionization and excitation processes which are necessary to
maintain the plasma discharge. In the microwave thruster tests conducted at BUSTLab, it is observed that
the discharge will be maintained below 100 W level at atmospheric pressures. Energy absorbed for ionization
is transferred back to the gas as a result of the recombination and de-excitation processes. Also, another
energy loss mechanism is the energy carried out of the plasma by the escaping electrons and ions. These
ions and electrons deposit some amount of their energy to the walls when they strike the walls and cool
down. The energy balance for the electrons have this power input, Pg,. Electrons are energized because of
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the Lorentz force which results from the electric field inside the cavity. The ions are heated by electron-ion
elastic collisions, nen;(0¢;ve)d %kb(Te —T.), and the neutrals are heated by electron-neutral elastic collisions,
NeN{TeqVe)d %kb(Te — T¢.). 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;

3
Piep = Vpne (n; (0eive) + N {0eqve)) 5§kb(Te -T.) (1)

FElastic Collision Loss

where § = 2%« is the average fraction of energy loss by the electrons in an elastic collision with a heavy
particle. Also, (0e;ve) and (oe,ve) 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
(Oeive) =291 x 1072 = [m®s™] (2)
Tev
(Ceave) = (0.084 + 0.537T.y + 1.192T3,) x 107 [m3s™] (3)

where [nA is the Coulomb logarithm.
The total power needed to reach the desired chamber temperature is the sum of the power that is
deposited to the gas by the electrons, power lost to the walls and power used for inelastic collisions:

PTotal = Pdep + F)loss + PI?Lelastic Collision (4)

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.!? Every
electron leaving the plasma and striking on the walls carries off an energy of 2 Ty, and for an Argon ion
leaving the plasma and striking on the walls, the energy carried away will be 5.2 T,,.2°

In our model, there are two main reactions in the plasma zone. These are electron impact ionization and
excitation processes. The total power for the inelastic collisions is equal to the sum of the excitation and
ionization losses;

PInelastic Collision — vp(kechewcneN + kizUizneN) (5)

Ezxcitation ITonization

where k;, and k... are the ionization and the excitation rate coefficients, respectively. Curve fits for k;, and
kege are taken from Lieberman et al.;?0

—17.44
kir = 2.34 x 10714 (T,y) % exp( T ) [mPsT! (6)
eV
—12.78
kepe = 2.48 x 10_14(Tev)0‘33exp(T7) [m3s™1] (7)
eV

If the recombination is neglected, the electron continuity equation for steady state can be expressed as
U
Vin+ Zn=0 8

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.'® Using the continuity
equation along with the appropriate flux equations for a cylindrical geometry, expressions for the total flux
to the cavity surfaces, 'y, and the volume averaged electron density, n., can be obtained as presented in
detail in;'®

4D R%ngJ
Iy = o1 (xo1) + 4D Lxo1noJ1(Xo1) ©)
Xo1L
4LR?
. AL () 10
X01Yp

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. Also, L is the length of the plasma zone,
R is the radius of the cavity, and V,, is the volume of the cavity.
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To maintain quasi neutrality 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 dominate the losses due to
three body recombination in atmospheric pressure discharges.'® So, 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;

VpneNk;, =Ir (11)
By plugging in the expressions obtained for I'y in Equation 9, and n. in Equation 10 into Equation 11, the
following relation is obtained;
D (7? X(2)1
o= | 4 A0l 1

ki- N(L2+R2 (12)

The neutral density can be obtained by using Dalton’s law as;
Pe T,
N = —ne [ 14+ = 13
kBTc " < * Tc> ( )

To compute the heavy particle’s temperature in the chamber, it is assumed that the flow characteristics
are similar to that of the turbulent flow in a circular pipe, and the main heat transfer mechanism is the
convective heat transfer in the chamber. Also, the elastic collisions are assumed as the heat source in the
chamber. The energy equation for the heavy particles are written as;

Ach(T, — Tyy) = Paep (14)

where h is the convection coefficient, T is the chamber temperature, A. is the chamber cross sectional area
and Py, is the power deposited to the gas by elastic collisions. To determine the convection coefficient
Reynold’s number is defined as;

4

o 15
Do (15)

where D, is the diameter of the chamber, i is the mass flow rate and p is the dynamic viscosity. Heat

convection coefficient is determined as;
Ny

D,

where IV, is the Nusselt number and A, is the conduction coefficient. The conduction coefficient is taken
from the literature.'” The Nusselt number for turbulent flow in the pipe is evaluated using Equation 17:

h (16)

N, = 0.023RY°P" (17)
where P, is the Prandlt number:
C,
P =52 (18)
g

where C), is the specific heat at consant pressure.

Another set of equations are used to evaluate the flow properties through the nozzle. These set 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 the mass flow rate provided the specific chamber conditions. Also, the
produced thrust is evaluated in terms of these chamber conditions. 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 well know relations.?? Similarly, exit temperature,
pressure and velocity values are calculated. Mass flow rate is a function of the throat area, chamber pressure
and temperature and defined as;??

) ) 2/k+1 (k+1)/(k—1)
m=A pck\/( / k‘])% T (19)
g-c

where £ is the specific heat ratio and R, is the specific gas constant.
For an optimum expanded nozzle, the thrust due to the pressure, Ac,(Pes — pa), is neglected and the
thrust equation reduces to;
T = Mgy (20)
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Table 1. System Comparison Table?3

pelkPa]l T. K] Te|K] pez|Pa] wvez[m/s| m[mg/s] 7[mN] n[109/m3] T.[K]

25 1000 13 0.48 1016 23 23 1.51 8625
50 1800 24 0.96 1363 34 46 1.56 8592
100 2200  29.3 1.93 1507 62 93 1.17 8241
150 3000 40 2.89 1760 79 140 1.27 8173
200 4000 53 3.87 2032 92 187 1.55 8176
250 3000 46 4.83 1759 133 233.9 0.868 7848

IV. Results and Discussions

Three sets of equations are solved to determine the thruster performance parameters and plasma pa-
rameters in the cavity by using COMSOL software 0-D solver. In the model chamber pressure, chamber
temperature, throat area and the area ratio are set to a constant value. Calculations are performed for 25,
50, 100, 150, 200 and 250 kPa chamber pressure levels. Exit Mach number, pressure, electron temperature,
electron number density, mass flow rate, thrust and exit velocity calculations are performed. The obtained
results are presented in Table 1.
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Figure 7. Electron Density Radial Distribution

Steady state solution of electron continuity equation for cylindrical volume is used in the model to evaluate
volume averaged 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 where
the maximum electric field is located.*2¢ But in a global model, place of the plasma is not taken into
consideration and it is proper to use volume average of the plasma density. To evaluate plasma parameters
a second set of equations, which include particle and energy balance equations for electrons, are used. For
increasing pressure levels electron number density is on the order of 10'® m™2 and electron temperatures
are about 0.7 eV. These two values changes slightly with increasing chamber pressure and temperature as
shown in Table 1. Electron number density distributions are given in Figures 7 and 8 in accordance with
the equations. Number density reaches its maximum at the center of the cavity and decreases gradually
towards the walls. However, experiments conducted to date show that a streamer form of the plasma is
observed at pressure levels higher than the atmospheric pressure.?® Also, the experiments conducted at
BUSTLab facilities show that the plasma distribution is not smooth as in this calculations. Arc shaped
plasma formation is observed in the cavity. Thus, an arc is in the middle of the cavity and a very bright
plasma is observed around it. This formation coincides with the literature rather than the calculations.

Although the gas temperature increases with the chamber pressure, experiments conducted by Clemens?
show that there is a pressure threshold above which the gas temperature decreases with increase in pressure.
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Because the plasma is getting closer to the nozzle after that threshold and the gas is expelled before being

heated to higher temperatures. This process also affects the electron densities and temperatures as seen in
Table 1.

19
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Figure 8. Electron Number Density Axial Distribution

V. Conclusion

This study presents a two fluid global model which aims to provide a better understanding of the propel-
lant heating mechanism in the microwave resonant cavity of a MET. 0D solver of the COMSOL Multiphysics,
a finite element software, is used to solve the appropriate equations to determine the thruster performance
and plasma parameters, and the results are presented. Equations to define power absorption mechanisms
in a MET cavity are presented. For an assumed geometry, cavity temperature and pressure values, relevant
plasma and operational parameters are calculated. Also, radial and axial distributions of expected electron
density results are presented.
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