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ABSTRACT
The Microwave Electrothermal Thruster (MET) is an electric propulsion (EP) device that uses an
electromagnetic resonant cavity within which a free-floating plasma is ignited and sustained in a propellant gas.
Microwave energy is coupled to the propellant gas through collisions between free electrons and heavy particles in
the plasma. The heated propellant is accelerated though a gasdynamic nozzle and exhausted to generate thrust. This
heating mechanism is similar to that of an arcjet, which utilizes an arc discharge formed between two electrodes to
heat a propellant gas. The main difference is that the MET plasma is free-floating and thus the system does not
suffer from the lifetime-limiting electrode erosion problems that are characteristic of the arcjet. The MET potentially
offers thrust and specific impulse comparable to arcjets with higher efficiency at low power levels and longer
lifetimes.
Research was initiated to examine the feasibility of operating the MET using the products of hydrazine
decomposition as the propellant gas. The goal of this research was to improve the performance of a hydrazine
chemical system by combining it with an EP system that can outperform the arcjet and does not suffer from erosion
problems. Operation with hydrazine propellant allows for integration with a conventional chemical propulsion
system onboard a spacecraft. In addition, such a system could possibly be used for multimode operation, thereby
enhancing the operational capabilities of the spacecraft. For example, it could be operated in a high specific impulse
mode, suitable for stationkeeping, with microwave energy sustaining a high temperature plasma at moderately low
pressures, or operated in a high thrust mode, suitable for rapid spacecraft repositioning, at high pressures without
microwave energy input. Operation of the MET using pure ammonia, another lightweight liquid-storable propellant,
was also examined to determine how well the MET performs compared to the arcjet using ammonia. The feasibility
of operating the MET at various frequencies and power levels using simulated hydrazine and ammonia has been
demonstrated.
In the MET plasma, microwave energy is coupled to the propellant gas through free electrons in the plasma.
The electric field accelerates free electrons, which then transfer their kinetic energy to heavy particles through
collision. Thus, electric field strength and chamber pressure play important roles in the power deposition and energy
exchange mechanisms. These roles were examined theoretically through numerical modeling of the cavity electric
field and experimentally through the variation of several MET components and parameters. In this program, testing
was conducted on the 7.5-GHz MET at a power level of 70–100 W using pure nitrogen and various mixtures of N2,
H2, and NH3 to simulate decomposed hydrazine. Parametric studies of the effects of nozzle throat diameter,
microwave frequency, and microwave power were performed. Testing was also conducted on the 2.45-GHz MET at
a power level of 1–2 kW using pure nitrogen, simulated hydrazine, and pure ammonia. Parametric studies of the
effects of nozzle throat diameter, antenna probe depth, propellant injector diameter, and the inclusion of an
impedance matching unit were performed. Thrust and specific impulse measurements for the 2.45- and 7.5-GHz
METs were obtained using thrust stands. At the present time, the 2.45- and 7.5-GHz METs are not optimized for
operation with simulated hydrazine or ammonia, but key areas of study that have potential for significant
performance enhancement have been identified. For the 2.45-GHz thruster, calculated specific impulses with
ammonia and simulated hydrazine approach 400 s and 425 s, respectively, whereas, for the 7.5-GHz thruster,
calculated specific impulse with simulated hydrazine approaches 220 s. However, experimental performance
measurements were up to 40% lower than theoretical calculations. Numerical electromagnetic modeling of the
existing 7.5- and 2.45-GHz thrusters was performed using the commercially available finite element analysis
software COMSOL Multiphysics. This modeling yielded insight on the effects of variation of antenna depth,
microwave frequency, and microwave power. The results agreed well with experimental measurements. Numerical
electromagnetic modeling was also performed to design a new 8-GHz MET. This thruster was built and a
preliminary performance evaluation was conducted. Calculated specific impulse with simulated hydrazine reached
approximately 300 s with 95% coupling efficiency at a forward power of 250 W.
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Chapter 1
Introduction
The Microwave Electrothermal Thruster (MET) is an electric propulsion (EP) device that uses an
electromagnetic resonant cavity within which a free-floating plasma is ignited and sustained in a propellant gas. The
propellant heated by the plasma is accelerated though a gasdynamic nozzle and exhausted to generate thrust. This
heating mechanism is similar to that of an arcjet, which utilizes an arc discharge formed between two electrodes to
heat a propellant gas. The main difference is that the MET plasma is free-floating and thus the system does not
suffer from the lifetime-limiting electrode erosion problems that are characteristic of the arcjet. The MET potentially
offers thrust and specific impulse comparable to arcjets with higher efficiency at low power levels and longer
lifetimes. This dissertation reports on the numerical modeling and experimental performance measurement of three
METs operating at different microwave frequencies using various propellant gases.

I. Motivation for EP and the MET
The key parameters of performance evaluation are thrust and specific impulse given by

ɺ e + ( pe − pa ) Ae
τ = mu

(1.1)

ɺ
I sp = τ mg

(1.2)

Thrust is the reaction force generated on a rocket by an expelled propellant and specific impulse is defined as the
ratio of thrust to weight flow of the expelled propellant. By conserving momentum in the system consisting of the
rocket and expelled propellant, it can be shown that the fraction of initial spacecraft mass occupied by propellant is
given by

M p Mi = 1− e

−∆v I sp g

(1.3)
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Therefore, increasing the specific impulse decreases the propellant fraction required for spacecraft maneuvering.
Reducing the propellant mass required for a given ∆v can have three effects. First, the amount of propellant taken
into orbit onboard the spacecraft can be reduced, thereby reducing initial mass. Second, the initial mass can remain
the same, but propellant mass can be traded for payload mass. Thus, for the same launch cost, a larger payload can
be delivered into orbit. Third, if the propellant mass and payload mass is kept constant, the lifetime of the spacecraft
requiring on-orbit attitude control and ∆v can be increased (without regard to power systems). With these
considerations, a high specific impulse is an attractive quality for a propulsion system.
Specific impulse is an indicator of how much energy can be extracted from the resources onboard, and how well
that energy can be converted to kinetic energy for a propulsive maneuver. Chemical propulsion systems utilize the
energy contained in the chemical bonds of the propellants. For this reason, they are known as energy-limited
systems. The amount of energy released following any given exothermic reaction is relatively small (compared, for
instance, to the energy released following nuclear or matter–antimatter reactions). This places an upper bound on the
achievable specific impulse at approximately 500 s.1
EP systems are not limited by the energy of a reaction, but rather the amount of electrical power available
onboard. For this reason, they are known as power-limited systems. In a strictly theoretical sense, it is possible to
input as much energy as desired into a propellant. However, there are practical limitations to this statement based on
material considerations, etc. Since more energy can be put into the system, specific impulses of 500–10,000 s are
achievable.1
EP systems begin with electrical energy obtained in some manner such as solar power, chemical fuel cells, etc.
The conversion of electrical energy that follows then leads to further subclassification of EP systems. Electrothermal
systems convert the electrical energy to thermal energy by heating a neutral propellant and then expelling the
propellant through a gasdynamic nozzle in a manner similar to a chemical propulsion system. Electrostatic and
electromagnetic systems use the electrical energy to generate electric or magnetic fields, which act to expel a
charged propellant.
Significant progress in EP systems has been made through research in government laboratories, academia, and
industry.2-6 The number of operational spacecraft with EP systems has increased sharply over the past several
decades as they have gained heritage and demonstrated increased reliability. This trend is shown clearly in Fig. 1.1.
Thruster systems that have been successfully operated in space include resistojets, arcjets, ion thrusters, and Hall
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Fig. 1.1 Number of operational spacecraft using EP

also dedicated to determining the effects of spacecraft systems each decade since the 1960s. [Refs. 2–6]
interactions. These include electromagnetic interference

due to the ionized plume, and spacecraft contamination due to sputtering, ion backflow, and plume impingement on
critical mechanisms.
One important performance metric used to describe EP systems is the ratio of the exhaust kinetic energy to the
input power, known as the thrust efficiency and defined by

ητ = τ I sp g 2 Pinp

(1.4)

Equation (1.4) shows that, in general, there is a trade-off between thrust and specific impulse for a given input
power level because maintaining high thrust with high specific impulse requires very high power. Decreasing thrust
increases the time required to complete a spacecraft maneuver. This may be unacceptable for various reasons, so
there is a demand for propulsion systems that offer moderate thrust levels with specific impulse higher than that
which is available using conventional chemical thrusters. Table 1.1 shows typical performance characteristics for
several EP systems.
Electrothermal thrusters, such as the arcjet and the MET, can meet this requirement. Both systems utilize a
plasma discharge to heat a propellant gas; however, they
have fundamental differences in the way the discharge is
ignited and sustained. The arcjet forms an arc discharge
between two electrodes. The arc discharge is attached to
the electrode surfaces, leading to lifetime-limiting erosion

Table 1.1 Performance characteristics for selected
electric propulsion systems. [Refs. 2–6]
Thruster Power (kW) Thrust (mN) Vacuum I sp (s)
Hall
Ion
Resistojet
Arcjet
MET

0.2–20
0.5–25
0.5–1.5
0.005–26
0.07–5

0.005–100
0.005–500
5–500
5–5000
2–700

1500–3000
2500–3400
300–350
150–1000
150–600

ητ
0.60
0.65
0.80
0.35
0.50
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problems. The MET, in contrast, forms a free-floating discharge in a microwave resonant cavity, thus avoiding the
electrode erosion that is characteristic of the arcjet. The MET also offers higher efficiency than the arcjet.

II. Basic Operational Principles of the MET
The MET, shown schematically in Fig. 1.2, consists of a circular cross-section resonant cavity operating in the
TMz011 mode. This resonant mode, shown in Fig. 1.3 for an empty cavity, is characterized by regions of high electric
energy density on the cavity axis at the endplates, and in the annular region circumscribing the cavity midplane.
Properly selecting the height-to-diameter ratio of the cavity causes the electric energy density at the endplates to be
much greater than at the midplane.
The resonant cavity is a circular cross-section waveguide shorted by two conducting endplates. One endplate
contains a nozzle and the other contains an antenna for inputting microwave power, each along the cavity axis. For
low levels of microwave power, plasma initiation only occurs at low pressures (< ~7 kPa). However, once initiated,
the plasma can be sustained at high pressures. The cavity is partitioned by a dielectric separation plate that allows
the two halves of the cavity to be maintained at different pressures. Prior to plasma initiation, the nozzle section is
evacuated while the antenna section is maintained at atmospheric pressure. This ensures plasma formation in the
nozzle section and inhibits it near the antenna, which is in the other region of high electric energy density. This also
reduces mechanical stress on the separation plate by decreasing the pressure differential across it when the chamber
pressure is high.

Nozzle
Plasma
Propellant
Vortex

Electric
Field
Magnetic
Field

Separation
Plate
Antenna

Fig. 1.2 Schematic diagram of the MET.

Fig. 1.3 Electromagnetic field configuration for the
TMz011 mode in the empty MET cavity.
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Upon plasma initiation, propellant is injected upstream of the nozzle and a free-floating plasma forms in the
region of high electric energy density at the nozzle entrance. The propellant is injected tangentially to form a vortex
flow inside the chamber, cooling the chamber walls, and aiding plasma stabilization due to the generation of a radial
pressure gradient that helps to maintain the plasma centered on the cavity axis. Microwave energy is coupled to the
propellant gas through free electrons in the plasma. The electric field accelerates free electrons, which then transfer
their kinetic energy to heavy particles through collisions. The propellant flowing around and through the plasma is
heated and exhausted through a choked nozzle.
During normal operation, some portion of the forward power is reflected and the remainder is absorbed by the
plasma. Ohmic heating of the walls is assumed to be negligible compared to the forward power because the walls
are good electrical conductors. The coupling efficiency, relating how well the microwave energy is absorbed by the
plasma, is then

ηc = Pabs Pfor = ( Pfor − Pref ) Pfor

(1.5)

III. Prior Research and Development
Research on the MET began at The Michigan State University and The Pennsylvania State University in the
1980s.11,12 Early work demonstrated the feasibility of the concept using variable-geometry resonant cavities in which
the cavity’s resonant frequency was actively tuned. Observations of chamber characteristics showed that it could be
used effectively as a propulsion device. Spectroscopic diagnostics of the cavity plasma indicated electron
temperatures of 10,000–12,000 K, insensitive to operating conditions.13,14 A fixed-geometry cavity was then built
and operated.15,16 Excellent performance was demonstrated using this simpler, more practical design. To date, this
design has remained largely unchanged.
Recent work on the high power (kW-class) 2.45-GHz MET includes an emission thermometry study using
oxygen and nitrogen propellants.17 Spatially resolved emission spectra were obtained experimentally and compared
to temperature-dependent emission models. From this comparison, rotational temperatures, and thus translational
temperatures, of the MET plasmas were determined. The translational and rotational temperatures were assumed to
be in equilibrium at typical operating pressures. A Schumann–Runge oxygen emission model was developed
assuming an anharmonically vibrating, non-rigid, rotating O2 molecule. The commercially available software
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LIFBASE was used to model the N2+ first negative system emission of the nitrogen plasmas. Rotational
temperatures of 2000 K for O2 and 5500 K for N2+ were measured and found to be nearly constant over a range of
operating conditions.
Research at Penn State on the low power (~100 W) 7.5-GHz MET was initiated in 1997 and focused on
characterizing chamber conditions and obtaining thrust and specific impulse measurements using helium, nitrogen,
and ammonia propellants.18,19 The thruster was a scaled-down version of the one developed during previous high
power prototype testing and the design was intended for use on small spacecraft requiring low power, low thrust
propulsion capabilities. It was demonstrated that the plasma could be ignited by evacuating the cavity to a pressure
low enough for breakdown to occur at a forward power level of < 100 W.
A suspended-pendulum thrust stand employing a linear variable differential transformer (LVDT) was used to
resolve the displacement of the pendulum caused by firing of the thruster. The resolution of that thrust stand was
insufficient due to the low thrust-to-weight ratio of the system. An inverted-pendulum thrust stand was then
developed to increase resolution. In this configuration, the thrust was directed horizontally and the exhaust was
discharged into the laboratory atmosphere. Helium and nitrogen were used as propellants and a broad range of
operating conditions were observed. Because the thruster was oriented horizontally, the buoyancy of the plasma
became a problem during nitrogen testing, but not during helium testing. Using helium, the maximum average thrust
was 6.5 mN with a corresponding specific impulse of 149 s. Using nitrogen, the maximum average thrust was 8.6
mN with a corresponding specific impulse of 62 s.
Concurrently, a 2.45-GHz thruster was tested at low power to determine frequency effects on performance.20
Until then, only high power testing had been performed at this frequency. Experiments were performed in vacuum to
observe chamber behavior. Results showed that the low power version of the 2.45-GHz thruster could not function
adequately as a space propulsion device because the maximum chamber pressures that were achieved before plasma
extinction were prohibitively low. Attention was then focused fully on development of the 7.5-GHz thruster. It
performed well in vacuum, demonstrating that it could be run autonomously under realistic space conditions for
extended periods. Testing with helium, nitrogen, and ammonia resulted in chamber pressures as high as 372 kPa,
379 kPa, and 49 kPa respectively, with coupling efficiencies as high as 99%. Vacuum experiments were performed
with a close-to-vertical orientation of the thruster. Using the mass flow equation and measurements of chamber
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pressure under cold flow and hot fire conditions, maximum mean chamber temperatures of 1700 K for helium, 2100
K for nitrogen, and 1240 K for ammonia were calculated.
Doppler shift measurements of centerline exhaust velocity and, hence, specific impulse were performed in
vacuum using helium with an input power of 80 W. Centerline specific impulse was measured ranging from 730–
1330 s, increasing with increasing specific power ranging from 15–30 MJ/kg. At low mass flow rates, the
experiment was limited by the low intensity of the light emitted by the exhaust plume. At high mass flow rates,
pressure broadening of the emission lines precluded accurate measurement of the shift.
Spectroscopic measurements of electron temperature in helium propellant were also performed using the
relative line intensity method. The assumption of local thermodynamic equilibrium (LTE) is commonly made for
systems at or above pressures of 1 atm; however, a high degree of nonequilibrium was observed even at pressures of
2 atm. At 345 kPa, the LTE assumption was validated with measured electron temperatures of 4005 K ± 18%.
A new vertical-deflection thrust stand was developed to obtain vacuum and laboratory atmosphere thrust
measurements. This fulcrum-balance thrust stand allowed the thruster to be oriented vertically, thus eliminating the
effects of plasma buoyancy perturbations. Laboratory atmosphere experiments were conducted using helium, but
only one operating point was investigated.21 With a mass flow of 9.36 mg/s, the maximum recorded thrust and
specific impulse were 21 mN and 228 s respectively. Only cold flow thrust was recorded in vacuum demonstrating
that the thrust stand could be used effectively for study in that environment.
Direct thrust measurements of the MET using both the pendulum and fulcrum-balance type stands were difficult
to perform due to the fact that the microwave power supply was rigidly fixed to the thruster by a bidirectional
coupler that allowed forward and reflected power measurements. It was difficult to facilitate the free motion of the
entire system necessary for direct thrust measurements. In the case of the high-power MET, this would be
impossible because of the size of the power supply. An indirect vacuum thrust measurement apparatus that
employed a momentum trap attached to an inverted-pendulum was developed and tested by researchers at the
Aerospace Corporation studying the kW-class 2.45-GHz MET.22 Several propellants were tested including helium,
nitrogen, hydrogen, nitrous oxide, and water vapor. The maximum performances observed were as follows: He – Isp
= 420 s, ητ = 0.75; N2 – Isp = 240 s, ητ = 0.5; H2 – Isp = 360 s, ητ = 0.07; N2O – Isp = 210 s, ητ = 0.6. The reliability of
the results of the H2O testing is questionable, but reasonable, with specific impulse and thrust efficiency
approaching 400 s and 0.25, respectively.
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A momentum trap thrust stand was then developed at Penn State for testing with the low-power MET.23,24 The
thruster was oriented vertically, attached and sealed to the flange plate of a vacuum facility, and had its exhaust
directed into a momentum trap attached to a strain gage flexure. The flexure was calibrated to measure the force of
the fluid entering the momentum trap, which was assumed to be equal to the thrust. Nitrogen was used as propellant.
Cold flow testing was performed to validate the momentum trap concept. Excessive heat transfer from the exhaust
plume to the momentum trap and strain gage flexure prevented accurate hot fire thrust measurements, but
experimentally observable quantities were used to calculate performance. The maximum mean chamber temperature
observed was 2233 K. Using a converging–diverging nozzle, the maximum thrust and specific impulse were 20.8
mN and 204 s, respectively. At a mass flow of 10.4 mg/s and specific power of 6.1 MJ/kg, this corresponded to a
thrust efficiency of 33%.
Recently, an effort was undertaken to characterize the electromagnetic interference (EMI) generated by the
MET system.25 In contrast to the broadband EMI signatures of arcjet, ion, Hall-effect, and pulsed-plasma thrusters, it
was shown that the 7.5-GHz MET has an EMI signature that contains only a few well defined, narrowband
frequency components. In addition, the majority of the radiated emissions were attributed to the supporting
electronic components, and not the thruster cavity or exhaust plume. It was suggested that, given proper shielding of
the supporting electronics, the MET has the ability to produce negligible radiated emissions during startup and
continuous operation.

IV. Project Scope and Objectives
Examination of the gasdynamic conservation equations reveals that I sp ∝ Tc MW . Low molecular weight
propellants such as helium and hydrogen are desirable, but liquid-storable propellants offer a clear advantage when
considering tank size and thermal maintenance. Ammonia and catalytically decomposed hydrazine are good
candidates.
Hydrazine has been used in monopropellant and bipropellant systems for many years. Monopropellant systems
are very simple. Liquid hydrazine is passed through a catalyst bed and decomposes, releasing energy. That energy is
absorbed by the product gases, which are exhausted through a gasdynamic nozzle. Hydrazine monopropellant
thrusters are attractive due to their simplicity, reliability, and long heritage, but have a relatively low specific
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impulse (Isp ~ 220 s) compared to electric propulsion systems (Isp ≥ 450 s). When used in a bipropellant system,
there is often excess hydrazine remaining after spacecraft orbital insertion.
Hydrazine decomposes in the presence of a catalyst according to the following reactions:26

3N 2 H 4 → 4NH 3 + N 2

(1.6)

4NH 3 → 2N 2 + 6H 2

(1.7)

During the first reaction, hydrazine undergoes catalytic decomposition to form gaseous ammonia and nitrogen. This
reaction goes to completion rapidly and is highly exothermic. The ammonia then dissociates, forming nitrogen and
hydrogen. The second reaction occurs much slower than the first and is endothermic. These reactions can be
combined to yield the following global reaction where X is the degree of ammonia dissociation with X = 0
corresponding to 0% and X = 1 corresponding to 100%:

3N 2 H 4 → 4 (1 − X ) NH 3 + ( 2 X + 1) N 2 + 6 XH 2

(1.8)

The degree to which ammonia dissociates is a function of system characteristics and is a major design consideration.
It affects composition and temperature, as shown in Fig. 1.4, thereby affecting specific impulse.
Hydrazine is also used in resistojet and arcjet systems. Hydrazine resistojets offer a specific impulse of ~300 s
with ~500 W of power, which is only a modest
25
T emp

hydrazine arcjets give a more substantial performance
improvement. Aerojet produces the MR-510 hydrazine
arcjet system offering a specific impulse of 585 s at a
power level of 2.2 kW. This is an upgrade from the MR509 system with a specific impulse of 502 s at 1.8 kW of
power.4 These systems are currently operational. While
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arcjet research has been focused primarily on high power levels (>1 kW), operation at low power levels has also
been examined. Sankovic and Hopkins reported specific impulses of 350–440 s using simulated hydrazine (N2 +
2H2) with 200–300 W of power and 0.25–0.36 thrust efficiency.7 Willmes and Burton reported specific impulses of
150–190 s using simulated hydrazine with 50–150 W of power and 0.05–0.20 thrust efficiency.8
Ammonia has also been used as propellant in arcjet systems. Fife et al. reported on-orbit performance
measurements of a 26-kW ammonia arcjet showing a specific impulse of 786 s and 0.27 thrust efficiency, consistent
with ground-based testing.27 Auweter–Kurtz et al. reported a specific impulse of 480 s and 0.36 thrust efficiency
using a 750-W ammonia arcjet.28 Sankovic and Hopkins demonstrated specific impulses of 350–470 s using
simulated ammonia (N2 + 3H2) with 200–300 W of power and 0.28–0.36 thrust efficiency.7
Research was initiated to examine the feasibility of operating the MET using the products of hydrazine
decomposition as the propellant gas. The goal of this research was to improve the performance of a hydrazine
chemical system by combining it with an EP system that can outperform the arcjet and does not suffer from erosion
problems. Operation with hydrazine propellant allows for integration with a conventional chemical propulsion
system onboard a spacecraft. In addition, such a system could possibly be used for multimode operation. For
example, the system could be operated at high pressure without microwave power for high-thrust maneuvers, or
operated at lower pressure with microwave power for high-Isp maneuvers, thereby enhancing the operational
capabilities of the spacecraft. Operation of the MET using pure ammonia was also examined to determine how well
the MET performs compared to the arcjet using this propellant. Previous investigations indicated that the MET can
outperform the arcjet at low power levels using helium propellant. Willmes and Burton, working with the arcjet,
reported a specific impulse of 313 s at a power level of 119 W and 280 s at 80 W.9 Data obtained by Souliez et al.
indicated specific impulse in excess of 400 s at a power level of 80 W with the MET.20
In this program, testing was conducted on the 7.5-GHz MET at a power level of 70–100 W using pure nitrogen
and various mixtures of N2, H2, and NH3 to simulate decomposed hydrazine. Parametric studies of the effects of
nozzle throat diameter, microwave frequency, and microwave power were performed. Testing was also conducted
on the 2.45-GHz MET at a power level of 1–2 kW using pure nitrogen, simulated hydrazine, and pure ammonia.
Parametric studies of the effects of nozzle throat diameter, antenna probe depth, propellant injector diameter, and the
inclusion of an impedance matching unit were performed. Thrust and specific impulse measurements for the 2.45and 7.5-GHz METs were obtained using thrust stands. Numerical electromagnetic modeling of the existing 7.5- and
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2.45-GHz thrusters was performed using the commercially available finite element analysis software COMSOL
Multiphysics. This modeling yielded insight on the effects of variation of antenna depth, microwave frequency, and
microwave power. The results agreed well with experimental measurements. Numerical electromagnetic modeling
was also performed to design a new 8-GHz MET. This thruster was built and a preliminary performance evaluation
was conducted.
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Chapter 2
Microwave Electrothermal Thruster Theory
The theory of the MET spans the topics of compressible fluid flow, electromagnetics, chemistry, and plasma
physics. Knowledge of these topics is essential to understand the MET. This chapter presents a basic foundation for
the study of the MET and describes the methods used to predict its performance from empirical data.

I.

TMzmnp Resonant Cavity Field Theory

The electromagnetic field theory of the MET begins with Maxwell’s Equations. Proper rearrangement of them
leads to second order differential equations with wave solutions.
z

Solutions of the wave equations can be found in the form of vector
potentials. The MET resonant cavity is of cylindrical shape, so it is
natural to use cylindrical coordinates for theoretical analysis. The
coordinate system for the resonant cavity is shown in Fig. 2.1.
h

The resonant cavity is assumed to be a perfect conductor filled with a
φ

a

homogeneous, lossless, source-free medium. For such a cavity, it can be

r

0

shown that the electric and magnetic field components and the resonant
Fig. 2.1 Cylindrical coordinate system
for the microwave resonant cavity.

frequency for the TMz011 resonant mode are given by1

Er = j

B011 χ 01 π
J ′ ( χ r a ) sin (π z h )
ωµε a h 0 01

Eφ = 0

(2.1)

(2.2)

2

Ez = − j

B011  χ 01 
J ( χ r a ) cos (π z h )
ωµε  a  0 01

Hr = 0

(2.3)

(2.4)

14

Hφ = −

B011 χ 01
J ′ ( χ r a ) cos (π z h )
µ a 0 01

Hz = 0

( f res )011

TM z

=

1
2π µε

(2.5)

(2.6)

( χ 01 a ) + (π h )
2

2

(2.7)

Figure 2.2 shows the TMz011 resonant frequency for an empty cavity, with µ = µ0 and ε = ε0, as a function of h/a
for different cavity radii. The effect of varying cavity geometry can be seen. As the cavity height and radius are
increased, the resonant frequency decreases. Similarly, perturbations inside the cavity, such as the presence of
dielectric inserts or plasma, can alter the resonant frequency causing its accurate analytical prediction to be difficult.
For a given desired resonant frequency, there exist an infinite number of combinations of cavity height and
radius that satisfy Eq. (2.7). The TMz011 resonant mode has regions of high electric field strength on the axis near the
nozzle and antenna (Ez max = Ez|r = 0, z = 0, h), and in the midplane annulus (Er max = Er|r = a, z = h/2). Studying the field
equations, it can be seen that the ratio h/a determines the relative field strengths of those regions. Evaluating the
electric field in those regions,

Ez |r = 0, z = h
Er |r = a , z = h 2

 χ J ( 0)   h 
h
=  01 0
   = 1.475  
a
 π J1 ( χ 01 )   a 

(2.8)

For maximum performance and efficient propellant heating, it is desirable to have the highest concentration of field
energy near the nozzle. High field strength in the midplane annulus adversely affects thruster performance. The
relative electric field strength in this region is higher when h/a is lower. For this reason, h/a must be properly
selected to ensure high relative field strength at the nozzle. This is demonstrated in Fig. 2.3. To date, the METs
designed at Penn State have had h/a ~ 3.
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Fig. 2.2 TMz011 resonant frequency vs. h/a for various
cavity radii with µ = µ0 and ε = ε0.

Fig. 2.3 Relative E-field strengths vs. h/a with Ez
evaluated at r = 0, z = h, and Er evaluated at r = a, z = h/2.

II. Transmission Line Impedance Matching
The term transmission line refers to a distributed network where voltages and currents can vary in magnitude
and phase over its length.2 Wave propagation on transmission lines can be analyzed using an extension of circuit
theory or a specialization of field theory, depending on convenience. The concept of impedance matching is
important to the analysis of MET operation and is presented here without fully developing the foundations of
transmission line theory.
The term impedance refers to the complex ratio of voltage to current, V/I, in AC circuits. Impedance, Z, consists
of real and imaginary parts known as resistance, R, and reactance, X, respectively, such that

Z = R + jX

(2.9)

Figure 2.4 shows a lossless transmission line, with characteristic line impedance Z0, terminated in an arbitrary
load impedance ZL. If an incident wave of the form
V(z), I(z)

V0+ e − j β z is generated from a source at z<0 with linematched impedance (Zg=Z0), then the ratio of voltage to

Z0, β

IL

+
VL

ZL

–

current for this wave is the characteristic impedance of
the line.

z
-l

0

Fig. 2.4 Lossless terminated transmission line.
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If the line is terminated in an arbitrary load such that Z L ≠ Z 0 , then the load is unmatched to the transmission
line and a reflected wave is excited. The total voltage and current on the line are then given by the sum of the
incident and reflected waves such that

V ( z ) = V0+ e − j β z + V0− e + j β z

(

I ( z ) = V0+ e − j β z − V0− e + j β z

)

(2.10)

Z0

(2.11)

At z=0, the voltage and current are related by the load impedance, which can be written as

(

Z L = V ( 0 ) I ( 0 ) = Z 0 V0+ + V0−

) (V

+
0

− V0−

)

(2.12)

Rearranging Eq. (2.12), the ratio of the reflected wave amplitude to the incident wave amplitude is known as the
voltage reflection coefficient, Γ , such that

Γ = V0− V0+ = ( Z L − Z 0 ) ( Z L + Z 0 )

(2.13)

Using the voltage reflection coefficient, Eqs. (2.10) and (2.11) can be rewritten as

V ( z ) = V0+ e − j β z + Γe + j β z 

(2.14)

I ( z ) = V0+ e − j β z − Γe + j β z  Z 0

(2.15)

It can be seen that the voltage and current on the line consists of a superposition of incident and reflected waves,
known as standing waves. When the impedance of the load is equal to the characteristic impedance of the line, Γ = 0
and there are no reflected waves. For this case, the load is said to be matched to the line.
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The time-averaged power flow along the line at any position z can be calculated using

Pave = Re V ( z ) I * ( z )  2

(

2

2

Pave = V0+ − V0+ Γ 2

) 2Z

0

= Pfor − Pref = Pabs

(2.16)

(2.17)

Thus, the average power is independent of position along the line. The first term in Eq. (2.17) represents the incident
(forward) power and the second term represents the reflected power. When the load impedance is matched to the
line impedance, there is no reflected power, and maximum power is delivered to the load.
The MET system can be considered as a terminated transmission line with the cavity acting as the load
impedance. An analogous formulation involving electric and magnetic fields instead of voltage and current can be
used to describe its operation. Maximum power is absorbed by the plasma when the impedance of the cavity is
matched to the impedance of the line at the resonant frequency of the cavity.

III. Breakdown Ionization
Electric breakdown is the process of transforming a nonconducting material into a conductor through the
application of a sufficiently strong field, which strips electrons from neutral particles.3 If a strong enough field is
applied for a sufficient period of time, a discharge may be ignited and sustained.
The main mechanism of the breakdown process is a chain reaction known as electron avalanche. In the case of
time-harmonic electric fields, a small number of primary electrons, either already present in the gas or introduced for
seeding, oscillate and gain energy from the applied field. With sufficient energy, an electron collides with a neutral
particle and ionization occurs creating another free electron. The two electrons have reduced energy after the
collision but quickly gain energy again by being accelerated by the field. With sufficient energy, these two electrons
will collide with neutrals to create four electrons, and so on. The liberation of each electron begins a new chain of
ionization.
The chain reaction can be slowed or terminated by various loss mechanisms in the system. Energy can be lost
by exciting electronic energy states in molecules and atoms, and vibrational and rotational modes in molecules. This
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slows the ionization rate of a chain reaction by decreasing
the amount of energy available for ionization. Chain
reactions can also be terminated by the loss of an
electron. Diffusion and attachment to the cavity walls is
the primary cause of the loss of electrons, though in the
case of electronegative gases, attachment to molecules
can also be a factor. Depending on the density,
recombination is not a substantial loss mechanism of
electrons during the avalanche process, but it can help to
limit the final level of ionization reached after many
generations of secondary electrons.
If the rate of ionization barely exceeds the rate of

Fig. 2.5 Measured thresholds of microwave breakdown
in (a) air, f=9.4 GHz, diffusion length Λ is indicated on
each curve; (b) Heg gas (He with an admixture of Hg
vapor), Λ=0.06 cm. [Ref . 3]

electron loss, a discharge will be ignited and sustained.
This is known as the threshold. The process depends heavily on electric field strength and frequency and gas
pressure. For a given pressure and field frequency, there exists a threshold electric field strength above which
breakdown will occur and below which it will be terminated. Above the threshold field strength, dramatic changes
occur in the properties of the gas as it is rapidly ionized. However, just below the threshold field strength, very little
change is observed at all.
Solutions to the Boltzmann equation and empirical evidence show that, over a range of pressures, there is a
minimum threshold electric field that can induce breakdown. Figure 2.5 shows threshold electric field strength Et as
a function of pressure for various field frequencies and diffusion lengths. Different processes dominate the regions
of high and low pressure because of the effect of pressure on collision frequency for momentum transfer, ν m .
At low pressures, ν m << ω 2 and diffusion is the main loss mechanism. The characteristic diffusion length Λ for a
2

cylindrical cavity is given by

1 Λ 2 = ( χ 01 a ) + (π h )
2

2

(2.18)
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The characteristic diffusion length is an indicator of the discharge volume and the distance an electron must travel to
be lost to diffusion. For a given pressure, increasing this length will increase the probability that an electron will
collide with a neutral before escaping the ionization zone. As the diffusion length decreases, electric field strength
must be increased to maintain a high probability of ionization collision by increasing electron kinetic energy. For a
given diffusion length, lowering pressure and density also lowers collision frequency and the probability of an
ionization collision. Again, the field strength must be increased to increase electron kinetic energy and maintain a
high probability of ionization collision. In the low pressure region, the threshold field is proportional to field
frequency, and inversely proportional to pressure and diffusion length.

Et ∝ ω pΛ

(2.19)

In the high pressure region, ν m2 >> ω 2 and energy losses dominate while diffusion becomes less significant.
Electrons participate in elastic and inelastic collisions more frequently and have less time to build up sufficient
kinetic energy for high probability of ionization. Energy is lost instead to electronic excitation of neutrals and
internal energy modes of molecules. Because the collision frequency is very high, the oscillating field has less of an
effect on particle behavior. The threshold field becomes frequency independent, and since diffusion losses are much
less significant, threshold energy is proportional to pressure only in the high pressure region.

Et ∝ p

(2.20)

The minimum threshold electric field occurs in the region of pressure where ν m ~ ω . In this region, electrons
have enough time to build sufficient kinetic energy for ionization collision while still participating in an adequate
number of collisions to maintain the electron avalanche. The breakdown of gases in microwave fields is easiest at
pressures of approximately 1–10 torr (0.13–1.33 kPa).
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IV. Power Absorption in Time-Harmonic AC Fields
When subjected to a time-harmonic field, a collisional plasma acts as an ohmic heating source. Energy
transferred from the field to the electrons is dissipated through collisions with heavy particles.4 This phenomenon is
responsible for heavy particle heating in the MET plasma. The power absorbed in a volume is given by the field
analogous version of P=IV such that

 
Pabs = J ⋅ E

(2.21)



J =σE

(2.22)

ne qe2 ν m
me ν m2 + ω 2

(2.23)

The current density, J, is given by

The electrical conductivity, σ, is given by

σ=

Thus, the power dissipated in the plasma is given by

Pabs =

(

)

ne qe2 2
νm
E
2
me
νm + ω2

(

(

Since Pfor ∝ E 2 , ηc ∝ neν m ν m2 + ω 2 . The term ν m ν m2 + ω 2

)

)

(2.24)

is a maximum when ν m = ω and the collision

frequency increases with increasing pressure. The electron number density can also vary with pressure and electric
field strength. Even still, we expect the conductivity and, thus, coupling efficiency, to exhibit a maximum over some
range of increasing pressure following low pressure plasma ignition. However, as pressure is increased further, the
collision frequency and recombination losses become greater and coupling efficiency decreases until the point where
these losses are too great to sustain the plasma and it is extinguished.
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V. Chemical Equilibrium with Propellants of Interest
Chemical equilibrium is the final state that a mixture will reach, at a given pressure and temperature, after an
infinite period of time. In reality, the actual time it takes to achieve equilibrium depends on the individual reaction
rates. In most chemical rocket chambers, equilibrium is assumed because the flow is moving slowly enough for
equilibrium to be established at the chamber pressure and temperature. Although ammonia dissociation is a slow
process, chemical equilibrium is assumed in the MET chamber.
Depending on whether the MET is operated using pure N2, pure NH3, or mixtures of N2, H2, and NH3 to
simulate hydrazine decomposition products, the following three equilibrium reactions are important:

NH 3 ⇌ 12 N 2 + 23 H 2

(2.25)

N 2 ⇌ 2N

(2.26)

H 2 ⇌ 2H

(2.27)

The equilibrium constant, Kp, for each reaction can be calculated using tabulated data for the Gibbs free energy of
formation. If ni are the stoichiometric coefficients of species i shown in Reactions (2.25)–(2.27), g 0fi are the Gibbs
free energies of formation of species i, R is the universal gas constant, and T is temperature, then5

K p = exp  −∆G 0f

 


RT  = exp  −  ∑ ni g 0fi − ∑ ni g 0fi  RT  =
reac


  prod

∏X

ni
i

∑ ni − ∑ ni
 p prod reac


∏ X ini  p 0 
prod

(2.28)

reac

where p is the mixture pressure, p0 is the reference pressure, and Xi is the species mole fraction defined by

X i = ni

∑n

i

(2.29)
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The Gibbs free energy of formation for each species was obtained from the JANNAF tables at the reference pressure

p0 = 100 kPa.6 The data over the temperature range 200–6000 K were then fitted to a function of the form

ln K p = A − B T

(2.30)

The equilibrium constants for Reactions (2.25)–(2.27), respectively, are then

K p1

X N1 22 X H3 22  p 
6049 

=
 0  = exp 13.7716 −
X NH3  p 
T 


(2.31)

K p2 =

X N2  p 
114320 

 0  = exp 15.7423 −
X N2  p 
T 


(2.32)

K p3 =

X H2  p 
53128 

 0  = exp 14.0021 −
X H2  p 
T 


(2.33)

The equilibrium constants are shown in Fig. 2.6 as a function of temperature. In general, high Kp favors
products, whereas low Kp favors reactants. The forward reactions of Reactions (2.25)–(2.27) are all dissociation
reactions so Kp increases with increasing temperature. In general, when pressure or temperature change, the
equilibrium will shift in an effort to absorb the change. Increasing temperature shifts the equilibrium toward the
endothermic reaction so dissociation, an endothermic

equilibrium toward a fewer number of moles so
dissociation is suppressed.
The equilibrium constants form part of a set of
equations that can be solved to determine the equilibrium
concentrations of the chemical species in a mixture at a
given pressure and temperature. This set of equations is
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Fig. 2.6 Equilibrium constant vs. temperature.
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completed by the addition of atomic species conservation equations, sometimes referred to as mass balance.

A. Pure Nitrogen
For pure N2, Reaction (2.26) is the only equilibrium reaction considered. The mass balance equation is

X N + X N2 = 1

(2.34)

Equations (2.32) and (2.34) constitute a system of two

1.0

equations with two unknowns if pressure and temperature

0.8

are given. The solution is shown in Fig. 2.7. The N2
molecule has a triple bond and, thus, a high dissociation

Mole Fraction

p = 100 kPa

N2

0.6
0.4

temperature. At atmospheric pressure, N is present in the

0.2

mixture only in negligible amounts at temperatures less

0.0

N

0

1000

than approximately 4500 K.

2000 3000 4000
Temperature (K)

5000

6000

Fig. 2.7 Equilibrium mole fraction vs. temperature for
pure N2 propellant at 100 kPa.

B. Pure Ammonia
For pure NH3, Reactions (2.25)–(2.27) are considered. The mass balance equations are

X NH3 + X N2 + X H2 + X N + X H = 1

3 X NH3 + 2 X H2 + X H
X NH3 + 2 X N2 + X N

=3

(2.35)

(2.36)

Equation (2.36) reflects the ratio of H atoms to N atoms in the system. Equations (2.31)–(2.33) and (2.35)–(2.36)
constitute a system of five equations with five unknowns if pressure and temperature are given. The solution is
shown in Fig. 2.8.
The equilibrium solution shows NH3 heavily dissociated at room temperature, 300 K. This is unrealistic because
NH3 dissociation is a slow process. However, at the high temperatures characteristic of the MET chamber, the
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reaction rate is higher and the equilibrium solution

1.0
NH3

becomes realistic. Over the temperature range of

leaving a mixture of H2 and N2 in a 3:1 mole ratio. Nonnegligible amounts of H and N will begin to appear at

0.8
Mole Fraction

approximately 1000–2200 K, NH3 is fully dissociated

p = 100 kPa
H2
H

0.6
0.4
N2
0.2
N

temperatures of approximately 2200 K and 4500 K,

0.0
0

respectively.

1000

2000 3000 4000
Temperature (K)
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Fig. 2.8 Equilibrium mole fraction vs. temperature for
pure NH3 propellant at 100 kPa.

C. Decomposed Hydrazine

For decomposed hydrazine, Reactions (2.25)–(2.27) are considered. The mass balance equations are

X NH3 + X N2 + X H2 + X N + X H = 1

3 X NH3 + 2 X H2 + X H
X NH3 + 2 X N2 + X N

(2.37)

=2

(2.38)

Equation (2.38) reflects the ratio of H atoms to N atoms in the system. Equations (2.31)–(2.33) and (2.37)–(2.38)
constitute a system of five equations with five unknowns if pressure and temperature are given. The solution is
shown in Fig. 2.9.
The equilibrium solution for decomposed hydrazine
1.0
p = 100 kPa

is similar to the solution for pure ammonia. This is
NH 3

depend on the initial chemical composition, only the
relative amount of each atomic species present, which is

Mole Fraction

0.8

because the equilibrium mixture composition does not

H2

H

0.6
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N2

0.2

constant throughout the process (mass balance). This is

N
0.0

why no assumption was made about the initial degree of
ammonia dissociation for decomposed hydrazine.
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Fig. 2.9 Equilibrium mole fraction vs. temperature for

Similar to the previous discussion on pure ammonia, decomposed hydrazine propellant at 100 kPa.
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the equilibrium solution for decomposed hydrazine is unrealistic at low temperatures. In some cases, the equilibrium
solution is unrealistic even at elevated temperatures. This is true in the case of a hydrazine monopropellant thruster.
Equilibrium codes are useless in determining the performance of such a thruster because they fail to accurately
predict the composition of the gas entering the nozzle. The catalyst bed is typically positioned immediately upstream
of the nozzle. Recall the discussion of hydrazine decomposition chemistry in Chapter. 1. The degree of ammonia
decomposition upon exiting the catalyst bed is a function of the residence time, catalyst temperature, and catalyst
activity.7 Empirical evidence shows the degree of ammonia dissociation, X, is proportional to Gat/pb, where G is bed
loading, t is residence time, p is pressure, and a and b are empirically determined constants close to 1. The residence
time in the catalyst bed before entering the nozzle is insufficient for the gas to reach equilibrium.
In contrast to the hydrazine monopropellant thruster, the propellant flowing through the MET chamber is
thought to have a longer residence time and the propellant entering the chamber is already decomposed and hot. The
additional residence time in the MET chamber is thought to be sufficient to reach equilibrium before entering the
nozzle. If this is true, then regardless of the degree of ammonia dissociation of the gas entering the MET chamber,
the composition of the gas entering the nozzle will consist of a mixture of H2 and N2 in a 2:1 mole ratio over the
temperature range of approximately 1000–2200 K. Non-negligible amounts of H and N will begin to appear at
temperatures of approximately 2200 K and 4500 K, respectively.

VI. Chamber Temperature and Performance Calculations
To calculate the performance of the MET, the mean chamber gas composition and temperature must be known.
In the previous section, the equilibrium composition of the propellant gas was solved assuming a known pressure
and temperature. However, chamber temperatures are unknown. Hot fire chamber temperatures are not directly
measured, but instead are calculated by equating the mass flows of the hot and cold states. Chamber pressure and
mass flow are measured in the laboratory. Neglecting changes of boundary layer throat constriction between the hot
and cold states,
(γ h +1) (γ h −1)

T0 h  p0 h  γ h  2 ( γ h + 1) 
MWh
=

γ c +1) (γ c −1)
(
T0 c  p0 c  γ  2 ( γ + 1) 
MWc
c 
c

2

γ =

C p (T )
C p (T ) - R

(2.39)

(2.40)
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where the subscripts h and c stand for hot and cold,

property, MW is molecular weight, Cp is constant pressure
specific heat, and T0c is taken to be 298 K. Thus, at a
given mass flow, the ratio of hot-to-cold chamber
pressures yields insight on chamber temperature and,

Specific Heat (J/mol-K)

respectively, the subscript 0 stands for stagnation

90
80

NH3

70
60
50

N2
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N

H2
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H

10

hence, specific impulse. The temperature-dependent

0

1000

specific heats of the relevant gases are shown in Fig. 2.10.
Fig. 2.10 Specific
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The specific heats for each chemical species were equilibrium calculations.
obtained from the JANNAF tables.6 The data were then fit to a sixth-order polynomial of the form

C p (T ) = a1θ 6 + a2θ 5 + a3θ 4 + a4θ 3 + a5θ 2 + a6θ + a7

(2.41)

where θ = T/100. Table 2.1 shows the specific heat polynomial coefficients for each species applicable over the
range 200–6000 K. In the case of a gas mixture, the specific heats and molecular weights are mole averaged
according to

C p = ∑ X i C pi

(2.42)

MW = ∑ X i MWi

(2.43)

i

i

Table 2.1
Species
NH3
N2
H2
N
H

Specific heat polynomial coefficients over the temperature range 200–6000 K for species
considered in equilibrium calculations.
a 1 x 1010
177.33
114.22
-16.467
7.0621
0

a 2 x 107
-33.770
-22.521
1.7140
-1.6450
0

a 3 x 106
238.96
169.70
1.5753
13.355
0

a 4 x 104
-70.184
-59.501
-7.4269
-4.3280
0

a 5 x 103
20.523
87.776
26.508
6.1732
0

a 6 x 102
331.34
-3.1252
2.9667
-3.6354
0

a7
26.071
28.526
28.208
20.850
20.786
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Equations (2.39)–(2.43), along with the appropriate set of equilibrium equations, can be solved simultaneously
to determine the mean equilibrium gas composition and chamber temperature of the propellant. The propellant flow
is assumed to be in equilibrium in the chamber and frozen through the nozzle. Frozen flow means gas composition is
constant even though pressure and temperature are changing. This assumption is typical for thermal thrusters
because nozzle flow speeds are very high, and pressure and temperature change too rapidly for equilibrium to be
established. Performance can then be calculated assuming quasi-1-D flow of a perfect gas with constant specific
heat.
Thrust, τ, and specific impulse, Isp, are calculated using8

ɺ *Cτ
τ = mc

(2.44)

I sp = c*Cτ / g

(2.45)

where mɺ is the propellant mass flow rate. The characteristic velocity, c*, and the thrust coefficient, Cτ, are given by

 1
c = 
 γh
*

γ h +1

  γ h + 1  γ h −1 RT0 h


MWh
 2 

γ h +1
γ h −1


2γ h2  2  γ h −1   pe  γ h   pe   pa   Ae
1
Cτ = λ
−


  p   +  p  −  p   A*
γ h −1  γ h + 1 
  0 h    0 h   0 h  

(2.46)

(2.47)

where pe and pa are the exhaust and ambient static pressures, respectively, and Ae and A* are the nozzle exhaust and
throat areas, respectively. The MET nozzles are straight-walled conical nozzles and they suffer divergence losses
due to off-axis gas flow. If α is the conical half-angle of the nozzle, the divergence loss factor, λ, is given by

λ = (1 + cos α ) 2

(2.48)

28

The exit pressure can be obtained using the isentropic relationship

−γ h

pe  γ h − 1 2  γ h −1
= 1+
Me 
p0 h 
2


(2.49)

with the exhaust Mach number, Me, obtained from the nozzle area ratio according to

γ h +1

Ae
1  2   γ h − 1 2   2(γ h −1)
M e 
=

 1 +
A* M e  γ h + 1  
2
 

(2.50)

References
1

Balanis, C. A., Advanced Engineering Electromagnetics, John Wiley & Sons, Inc., Hoboken, 1989.
Pozar, D. M., Microwave Engineering, Addison-Wesley Publishing Company, Inc., New York, 1990.
3
Raizer, Y. P., Gas Discharge Physics, Springer-Verlag, Berlin, 1991.
4
Fridman, A., and Kennedy, L. A., Plasma Physics and Engineering, Taylor & Francis Books, Inc., New York, 2004.
5
Turns, S. R., An Introduction to Combustion – Concepts and Applications, 2nd Edition, McGraw – Hill, New York, 2000.
6
NIST-JANAF Thermochemical Tables, 4th Edition, edited by C. W. Chase, Jr., AIP, Woodbury, NY, 1998.
7
Schmidt, E. W., Hydrazine and Its Derivatives: Preparation, Properties, Applications, John Wiley & Sons, Inc., New York,
2001.
8
Hill, P. G., and Peterson, C. R., Mechanics of Thermodynamics of Propulsion, 2nd Edition, Addison-Wesley Publishing
Company, Inc., New York, 1992.
2

29

Chapter 3
Analytic and Numerical Electromagnetic Modeling of the
Microwave Electrothermal Thruster
In this chapter, the analytical solutions to Maxwell’s Equations are derived for the MET resonant cavity.
COMSOL Multiphysics, a commercial finite element analysis (FEA) software, was used to perform numerical
electromagnetic modeling of three different METs designed to operate at 2.45, 7.5, and 8.4 GHz, with various input
powers. The electric field of each cavity is examined along with parametric studies of the effects of varying
microwave frequency and power, varying antenna depth and tip shape, and including various dielectric materials
inside the cavity. The results of the numerical calculations compare favorably to the available analytic solutions and
demonstrate the usefulness of numerical modeling as a tool to enhance understanding of METs and guide their
design.

I. Scope and Objectives
The analytical solutions to Maxwell’s Equations were derived for the empty MET resonant cavity. A solution
that predicts the resonant frequency of a dielectric-loaded cavity was also derived. Analytic solutions that accurately
account for the presence of the antenna and dielectric materials of all shapes and sizes are difficult, if not impossible,
to obtain. COMSOL Multiphysics, a commercial FEA software, was used to perform numerical electromagnetic
modeling of the previously existing 1-kW-class 2.45-GHz and 100-W-class 7.5-GHz METs in an effort to enhance
understanding of their operation. The electric field of each cavity was examined with parametric studies of the
effects of varying microwave frequency and power, varying antenna depth, and the inclusion of various dielectric
materials inside the cavity. The same analysis was then performed to aid the design of a new cavity operating at
approximately 8.4 GHz with 350 W of input power. This represented the first time that detailed numerical modeling
had been performed prior to cavity construction.

II. Analytic Electromagnetic Model of the MET
The electromagnetic field theory of the MET begins with Maxwell’s Equations. Proper rearrangement of them
leads to second-order differential equations with wave solutions. Solutions of the wave equations can be found in the
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z

form of vector potentials. The MET resonant cavity is of cylindrical
shape, so it is natural to use cylindrical coordinates for theoretical
analysis. The coordinate system for the resonant cavity is shown in Fig.
3.1.
The resonant cavity is assumed to be a perfect conductor filled with a
homogeneous, lossless, source-free medium. For such a cavity, it can be

h

φ

a

r

0

shown that the vector potential Az for the TMz cylindrical cavity modes is

Fig. 3.1 Cylindrical coordinate system
for the microwave resonant cavity.

given by1

Az = Bmn J m ( β r r ) C2 cos ( mφ ) + D2 sin ( mφ )  C3 cos ( β z z ) + D3 sin ( β z z ) 

(3.1)

2
2
β r2 + β z2 = β res
= ωres
µε

(3.2)

Choosing a suitable coordinate system by rotating about the z-axis allows one to set either C2=0 or D2=0. Setting

D2=0,

Az = Bmn J m ( β r r ) C2 cos ( mφ ) C3 cos ( β z z ) + D3 sin ( β z z ) 

(3.3)

The TMz field equations can be calculated from the vector potential using Eqs. (3.4)–(3.9). Here, ε and µ are the
permittivity and permeability, respectively, of the medium filling the cavity.

1 ∂ 2 Az
ωµε ∂r ∂z

(3.4)

1 1 ∂ 2 Az
ωµε r ∂φ∂z

(3.5)

Er = − j

Eφ = − j
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Ez = − j

1  ∂2
2
 2 + β  Az
ωµε  ∂z


Hr =

(3.6)

1 1 ∂Az
µ r ∂φ

(3.7)

1 ∂Az
µ ∂r

(3.8)

Hφ = −

Hz = 0

(3.9)

Conducting material surfaces cannot support tangential components of the electric field, thus the boundary
conditions for the TMz cylindrical cavity modes are given by

Eφ ( r = a ) = Ez ( r = a ) = 0

(3.10)

Eφ ( z = 0, h ) = Er ( z = 0, h ) = 0

(3.11)

The circumferential component of the electric field can be calculated using Eqs. (3.3) and (3.5), which yields

Eφ = − j

Bmn mβ z
J m ( β r r ) C2 sin ( mφ )  D3 cos ( β z z ) − C3 sin ( β z z ) 
r

ωµε

(3.12)

Applying the boundary conditions to Eq. (3.12),

β r = χ mn a

(3.13)

β z = pπ h

(3.14)
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Inserting Eqs. (3.13) and (3.14) into Eq. (3.2) and rearranging,

TM z

( f res )mnp

=

1
2π µε

( χ mn a )

2

+ ( pπ h )

2

(3.15)

which can be used to determine the resonant frequency of a cylindrical cavity with a given geometry, or to
determine the cavity geometry for a desired resonant frequency and field configuration. If the remaining constants
are absorbed into Bmn to give Bmnp, Eq. (3.3) can be rewritten as

Az = Bmnp J m ( χ mn r a ) cos ( mφ ) cos ( pπ z b )

(3.16)

If the cavity is loaded with a dielectric insert, then the
field equations must be modified to include it. The
following is the derivation of the field equations for a
h

lossless cavity loaded at one end with a dielectric slab of
thickness t and radius a. Figure 3.2 shows the cavity
geometry.

t
a

For the dielectric-filled region, the potential function Fig. 3.2 Geometry for cavity loaded with dielectric slab
of thickness t.

is given by

(

Azd = Bmnpd J m ( β r r ) cos ( mφ ) cos β zd z

)

2
β r2 + β z2 = β d2 = ωres
µd ε d
d

res

(3.17)

(3.18)

For the gas-filled region, the potential function is given by

Azg = Bmnpg J m ( β r r ) cos ( mφ ) cos  β zg ( z − h ) 



(3.19)
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2
β r2 + β z2 = β g2 = ωres
µg ε g

(3.20)

res

g

The boundary conditions, Eqs. (3.10) and (3.11), still apply. Additionally, the fields tangential to the dielectric–gas
interface must be continuous, i.e.,

Erd ( z = t ) = Erg ( z = t )

(3.21)

Eφd ( z = t ) = Eφg ( z = t )

(3.22)

H rd ( z = t ) = H rg ( z = t )

(3.23)

H φd ( z = t ) = H φg ( z = t )

(3.24)

Using Eq. (3.4) with Eqs. (3.17) and (3.19), the radial components of the electric fields can be written as

Erd = − j

Erg = − j

Bmnpd β zd β r

ωµd ε d

Bmnpg β zg β r

ωµ g ε g

(

J m′ ( β r r ) cos ( mφ ) sin β zd z

)

J m′ ( β r r ) cos ( mφ ) sin  β zg ( z − h ) 



(3.25)

(3.26)

Applying the boundary condition Eq. (3.21) and setting equal Eqs. (3.25) and (3.26) yields

Bmnpd β zd

µd ε d

sin  β zd t  =

Bmnpg β zg

µgε g

sin  β zg ( t − h ) 



(3.27)

34

Using Eq. (3.8) with Eqs. (3.17) and (3.19), the circumferential components of the magnetic fields can be written as

H φd = −

H φg = −

Bmnpd β r

µd

Bmnpg β r

µg

(

J m′ ( β r r ) cos ( mφ ) cos β zd z

)

J m′ ( β r r ) cos ( mφ ) cos  β zg ( z − h ) 



(3.28)

(3.29)

Applying boundary condition Eq. (3.24) and setting equal Eqs. (3.28) and (3.29) yields

Bmnpd

µd

cos  β zd t  =

Bmnpg

µg

cos  β zg ( t − h ) 



(3.30)

Dividing Eq. (3.27) by Eq. (3.30) and rearranging, we find

βz

d

εd

tan  β zd t  =

βz

g

εg

tan  β zg ( t − h ) 



(3.31)

where

2
β z = β d2 − β r2 = ωres
µ d ε d − ( χ mn a )

2

2
β z = β g2 − β r2 = ωres
µ g ε g − ( χ mn a )

2

d

g

res

res

(3.32)

(3.33)

Eq. (3.31) can now be used to find resonant mode frequencies for a given cavity geometry. Figure 3.3 shows the
solutions for a cylindrical resonant cavity with radius a = 15 mm and height h = 45 mm loaded with a dielectric slab
with radius a, thickness t, and permittivity εd = 4ε0. For the gas, a permittivity εg = ε0 was used.
It can be seen that the resonant frequency for a given mode can decrease significantly by loading the cavity with
a dielectric slab. This phenomenon is advantageous for the thruster application of the microwave resonant cavity.
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For a given cavity radius, if the cavity height is decreased,

loaded with a dielectric slab of proper thickness, the
resonant frequency can be decreased back to the desired
frequency of the power supply. Thus, in principle, the
height and weight of the thruster body can be
significantly reduced through the inclusion of a dielectric
slab.

Resonant Frequency (GHz)

the resonant frequency will increase. If the cavity is then

11
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TM z011
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25

Dielectric Thickness (mm)
Fig. 3.3 Resonant frequency for first three TM modes.
Cavity has a = 15 mm and h = 45 mm. Dielectric has εr = 4
and radius a.

III. Numerical Electromagnetic Model of the MET
COMSOL Multiphysics is a commercial FEA software capable of modeling many types of physics including
fluid dynamics, heat transfer, and electromagnetics. The electric field structure and strength inside the MET are
critically important to its operation and performance. Analytic solutions that accurately account for the presence of
the antenna and dielectric materials of all shapes and sizes are difficult, if not impossible, to obtain. COMSOL
Multiphysics was used to model the electric field structure inside the previously existing 1-kW-class 2.45-GHz and
100-W-class 7.5-GHz MET resonant cavities. Numerical modeling was then used to aid the design of a new 8.4GHz 350-W MET.
The model presented is a 3-D model produced using the RF (radio-frequency) Module of COMSOL
Multiphysics. Only the internal surfaces of the cavity were included in the model (i.e., metal walls have zero
thickness), along with the coaxial antenna. The general geometry and dimensions of the cavities are shown in Fig.
3.4 where h and a are the cavity height and radius, respectively, hs and ts are the quartz separation plate height and
thickness, respectively, rc and t are the antenna cap radius and thickness, respectively, ha and ra are the antenna
height (or depth) and radius, respectively, hp and rp are the coaxial port height and radius, respectively, and hT is the
antenna Teflon height. In the various models presented, dielectric materials like the separation plate or antenna cap
may or may not be present.
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Fig. 3.4 General geometry and dimensions used for
numerical modeling of the MET.

Fig. 3.5 Representative mesh consisting of approximately
30k tetrahedral elements and 38k degrees-of-freedom.

The subdomains were modeled such that the gas-filled portion of the cavity had dielectric constant εr = 1.0,
Teflon had εr = 2.0, and quartz had εr = 4.2. The boundary conditions were such that the metal surfaces were
assumed to be perfect electric conductors, and all other interfaces maintained continuity with the exception of the
outermost antenna surface, which was modeled as a coaxial wave excitation port. The input microwave power and
frequency were set to desired values. The mesh consisted of approximately 26,000–30,000 tetrahedral elements
corresponding to 33,000–38,000 degrees-of-freedom (DOF). A representative mesh is shown in Fig. 3.5.

IV. Results and Discussion
A. The 2.45-GHz MET
The 2.45-GHz MET cavity was modeled using the following dimensions: h = 157.5 mm, a = 50.8 mm (h/a =
3.10), hs = 75.58 mm, ts = 6.35 mm, hp = 21.89 mm, rp = 20.90 mm, hT = 5.08 mm, and ra = 8.45 mm. Three
different antenna depths were modeled. One antenna, with ha = 0 mm, had a flat tip that was flush with the cavity
base. The other two antennas, with ha = 18.5 and 31.2 mm, had hemispherical tips with radius ra. The antenna depths
of 18.5 and 31.2 mm correspond to those used for laboratory experiments. No dielectric antenna caps were modeled.
The input power was set to 1 kW and input frequency was swept with a resolution ranging from 1–50 MHz. Higher
sweep resolution was used in frequency domains of high gradient in order to accurately capture the behavior of the
electric field.
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field strength on the cavity axis near the nozzle. The
analytic solution shows that the maximum field strength
in this region is found at r = 0 and z = h. The norm of the


E-field, E , was evaluated at this point for various
frequencies and various antenna depths using the
numerical model. The results are shown in Fig. 3.6. Using
Eq. (3.15), the analytic solution for the empty cavity
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The MET plasma is sustained in the region of high E-
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Fig. 3.6 Numerical solution for E-field norm evaluated at
r = 0 and z = h vs. frequency for the 2.45-GHz MET with 1
kW input power. Various antenna depths are shown.

predicts the TMz010 and TMz011 resonant frequencies to be
2.259 and 2.451 GHz, respectively. For an antenna depth of 0 mm, the numerical solution predicts the TMz010 and
TMz011 resonant frequencies to be 2.223 and 2.420 GHz, respectively. The difference between the analytical and
numerical predictions is attributed to the presence of the antenna and quartz separation plate in the numerical model
that is not accounted for analytically. The microwave source used in experiments with this thruster was a 2.45-GHz
magnetron with no frequency tuning capability. At the operating frequency, slightly higher electric field strength is
obtained using the 18.5-mm antenna compared to the 31.2-mm antenna. These antenna depths correspond to those
used in laboratory experiments. The cavity is poorly tuned for the operating frequency. Figure 3.7 shows the
numerical solution for the E-field norm with each antenna at an input microwave frequency of 2.450 GHz. The
regions of strong electric field on the axis near the nozzle and antenna can be seen. Using Eq. (2.8), the analytic
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Fig. 3.7 Numerical solution for E-field norm evaluated at 2.450 GHz with 1 kW input power for antenna depth of: (a) 0
mm; (b) 18.5 mm; (c) 31.2 mm. Scale is shown with units of 105 V/m.
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solution predicts that, for an empty cavity with h/a = 3.10, the E-field strength on the axis at the nozzle is 4.6 times
greater than in the midplane annulus. The numerical results agree.
Numerical accuracy was investigated through mesh refinement. The typical mesh size, approximately 27,000–
30,000 tetrahedral elements and approximately 34,000–38,000 degrees-of-freedom, was chosen for the proper
balance of computational time and accuracy. For the particular case using the 18.5-mm antenna at 2.45 GHz, shown
in Fig. 3.7(b), refining the mesh from 28,897 elements (36,386 DOF) to 106,406 elements (130,602 DOF) changed
the value of the E-field norm evaluated at r = 0 and z = h by only 0.2% while increasing the computational time by a
factor of more than 6.5.

B. The 7.5-GHz MET
The 7.5-GHz MET cavity was modeled using the following dimensions: h = 51.5 mm, a = 15.79 mm (h/a =
3.26), hs = 24.16 mm, ts = 3.18 mm, hp = 12.7 mm, rp = 4.88 mm, hT = 12.7 mm, and ra = 1.52 mm. The effects of
antenna depth and tip shape were examined. One antenna, with ha = 0 mm, had a flat tip that was flush with the
cavity base. Two antennas had flat tips with ha = 2 and 4 mm, and two antennas had hemispherical tips with radius

ra and ha = 2 and 4 mm. Various antenna depths over the range of approximately 0–4 mm were used in laboratory
experiments. The input power was set to 100 W and input frequency was swept with a resolution ranging from 1–50
MHz. Higher sweep resolution was used in frequency domains of high gradient in order to accurately capture the
behavior of the electric field.
The MET plasma is sustained in the region of high E-field strength on the cavity axis near the nozzle. The
analytic solution shows that the maximum field strength

was evaluated at this point for various frequencies and
various antenna depths using the numerical model. The
results are shown in Fig. 3.8. Using Eq. (3.15), the
analytic solution for the empty cavity predicts the TMz011
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resonant frequency to be 7.830 GHz. For an antenna
depth of 0 mm, the numerical solution predicts the TMz011
resonant frequency to be 7.679 GHz. The difference
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Fig. 3.8 Numerical solution for E-field norm evaluated at
r = 0 and z = h vs. frequency for the 7.5-GHz MET with
100 W input power. Various antenna depths and tip
shapes are shown.
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Fig. 3.9
E-field norm inside the 7.5-GHz MET. Input power is 100 W. Cavity is shown operating at the particular
resonant frequency for the antenna. Antenna depth and tip shape and frequency are: (a) 0 mm, flat, 7.679 GHz; (b) 2 mm,
round, 7.656 GHz; (c) 2 mm, flat, 7.642 GHz; (d) 4 mm, round, 7.579 GHz; (e) 4 mm, flat, 7.540 GHz. Scale is shown with
units of 105 V/m.

between the analytical and numerical predictions is attributed to the presence of the antenna and quartz separation
plate in the numerical model that is not accounted for analytically. The numerical solution indicates that, as the
antenna depth is increased, the resonant frequency and the maximum E-field strength decrease. The reduction in
maximum field strength is a disadvantage. However, increasing the antenna depth also has the effect of increasing
the resonant bandwidth. Thus, the cavity is less sensitive to input frequency, which is advantageous considering the
inevitable off-design operation of the thruster. The thruster will be designed and optimized for one operating
condition; however, it is likely that the MET will be operated over a range of conditions.
The power supply used for the bulk of experiments with this thruster was a traveling wave tube amplifier
(TWTA) with a direct frequency tuning capability. Experimentally, it was possible to vary the frequency over the
entire range shown in Fig. 3.8. Figure 3.9 shows the numerical solution for the E-field norm with each antenna
operating at the particular resonant frequency for the antenna. The regions of strong electric field on the axis near
the nozzle and antenna can be seen. Using Eq. (2.8), the analytic solution predicts that the E-field strength on the
axis at the nozzle is 4.8 times greater than in the midplane annulus and the numerical results indicate the same.
Figures 3.8 and 3.9 also indicate the effects of antenna tip shape. For a given depth, rounding the antenna increases
the resonant frequency and maximum field strength and decreases the resonant bandwidth. This is likely due to the
fact that rounding the tip decreases the volume of the perturbing material, similar to decreasing the antenna depth. In
addition, rounding the antenna has the effect of increasing the field strength at the tip compared to the flat antenna
with the same depth.
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Mesh refinement studies were performed to examine numerical accuracy. The typical mesh size was
approximately 27,000–30,000 tetrahedral elements and approximately 34,000–38,000 degrees of freedom. The mesh
size was chosen to balance computational time and accuracy. For example, using the 2-mm hemispherical antenna at
7.656 GHz, shown in Fig. 3.9(b), refining the mesh from 29,283 elements (37,354 DOF) to 112,311 elements
(138,213 DOF) changed the value of the E-field norm evaluated at r = 0 and z = h by only 0.6% while increasing the
computational time by a factor of more than 5.9.

C. The 8.4-GHz MET
The 2.45- and 7.5-GHz cavities existed prior to this project. Interest was generated in the construction of a new
cavity to be operated using an input power of 350 W at a frequency in the range of 7.9–8.4 GHz. The power and
frequency range corresponded to an available space-qualified TWTA power supply. Analytical and numerical
models were used to guide the design of the new cavity. This represented the first time that detailed numerical
modeling had been performed prior to cavity construction.
The baseline MET design called for a dielectric separation plate to partition the cavity and prevent plasma from
contacting the antenna. The separation plate was typically made of quartz, which is a brittle material. Cracking of
the quartz during launch or some other time during flight presents a concern. It was decided that the new cavity
design would not include a separation plate and experiments would be conducted to determine if the MET could be
operated in this configuration without damaging the antenna. If unavoidable antenna damage was observed, the
cavity was to be loaded at the base with a quartz slab spanning the diameter of the cavity and thick enough to cover
the antenna. This design offered certain advantages. First, the cavity could be fabricated as a single piece instead of
the typical two halves. Secondly, the quartz, if it was necessary, would be positioned further away from the hightemperature region of the cavity and experience less thermal and mechanical stress.
Analytic and numerical models were used to determine the dimensions for the new cavity. The operating
frequency was constrained by the available power supply to the range of approximately 7.9–8.4 GHz. Figure 2.2
shows that for h/a ~ 3, a cavity with a ~ 15 mm will have such a resonant frequency. Figure 3.3 shows that the
resonant frequency will be significantly reduced if the cavity is heavily loaded with a dielectric material. The ability
to operate the same MET cavity in both the empty and loaded configurations was desired. In order to constrain the
resonant frequency shift between the empty and loaded cases to the bandwidth of the power supply, while still
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covering and protecting the antenna, a quartz thickness of

solution for the resonant frequency as a function of h/a
for a = 14.5 and 15.0 mm. Numerical modeling
accounting for the presence of the antenna was also
performed with various cavity dimensions to support the
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only 4 mm was chosen. Figure 3.10 shows the analytic

9.0

empty

a = 14.5 mm

8.8

a = 15.0 mm

8.6
8.4
8.2

loaded

8.0
7.8
7.6

design. To obtain the proper resonant frequencies with
some margin, a = 14.7 mm and h = 47.775 mm (h/a =
3.25) were chosen as the dimensions for the new 8.4-GHz
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Fig. 3.10 Analytic solution for resonant frequency vs. h/a
for two different cavity radii. Curves are shown for the
empty cavity case and the case of a cavity loaded at the
base with a quartz slab with t = 4 mm, rc = a, and εr = 4.2.

MET.
An 8.4-GHz MET cavity was modeled using the following dimensions: h = 47.78 mm, a = 14.7 mm (h/a =
3.25), hp = 12.7 mm, rp = 4.88 mm, hT = 12.7 mm, and ra = 1.52 mm. The effects of antenna depth and inclusion of
the quartz slab were examined. The flat-tipped antennas had ha = 0 and 2 mm. The quartz slab had t = 4 mm and rc =
a. The input power was set to 350 W and input frequency was swept with a resolution ranging from 1–50 MHz.
Higher sweep resolution was used in frequency domains of high gradient in order to accurately capture the behavior
of the electric field.
The MET plasma is sustained in the region of high E-field strength on the cavity axis near the nozzle. The
analytic solution shows that the maximum field strength in this region is found at r = 0 and z = h. The E-field norm
was evaluated at this point for various frequencies using

depths for the empty and loaded cases are shown in Fig.
3.11. Using Eqs. (3.15) and (3.31), the analytic solutions
predict the TMz011 resonant frequencies for the empty and
loaded cavities to be 8.413 GHz and 8.042 GHz,
respectively. For an antenna depth of 0 mm, the
numerical

solution

predicts

the

TMz011
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frequencies of the empty and loaded cavities to be 8.434
GHz and 8.052 GHz, respectively. The difference
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Fig. 3.11 Numerical solution for E-field norm evaluated
at r = 0 and z = h vs. frequency for the 8.4-GHz MET with
350 W input power. Results for the empty and loaded
cases are shown. Legend shows antenna depths.
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between the analytical and numerical predictions is attributed to the presence of the antenna in the numerical model
that is not accounted for analytically. The numerical solution indicates that, for the empty cavity, as the antenna
depth increases, the resonant frequency and the maximum E-field strength decrease. The reduction in maximum
field strength is a disadvantage. However, increasing the antenna depth also has the effect of increasing the resonant
bandwidth. Thus, the cavity is less sensitive to input frequency, which, as previously stated, is advantageous
considering the inevitable off-design operation of the thruster. However, the effect of antenna depth for the loaded
cavity is slightly different. Although increasing the antenna depth decreases the maximum field strength and
increases the resonant bandwidth somewhat, the resonant frequency remains nearly identical. In general, the loaded
cavity shows much higher maximum field strength than the empty cavity, but at the cost of greatly increased
sensitivity to input frequency.
Figure 3.12 shows the numerical solution for the E-field norm with each antenna for the empty and loaded cases
operating at the particular resonant frequency for the configuration. For the empty cavities, the regions of strong
electric field on the axis near the nozzle and antenna can be seen. Using Eq. (2.8), the analytic solution predicts that
the E-field strength at the nozzle is 4.8 times greater than in the midplane and the numerical results are in agreement.
The loaded cavities have a different E-field structure than the empty cavities. The field energy is concentrated on the
axis near the nozzle instead of being distributed between the nozzle and antenna ends, as it is in the empty cavity.
Figure 3.13 shows the E-fieldline structure for the empty and loaded cases using the 0-mm antenna. The region of
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Fig. 3.12 E-field norm inside the 8.4-GHz MET. Input power is 350 W. Cavity is shown operating at the particular
resonant frequency for the configuration. Antenna depth, loading condition, and frequency are: (a) 0 mm, empty, 8.434
GHz; (b) 2 mm, empty, 8.377 GHz; (c) 0 mm, loaded, 8.052 GHz; (d) 2 mm, loaded, 8.052 GHz. Scale is shown with units
of 105 V/m.
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(relatively) strong E-field in the radial direction at the
midplane annulus can be seen for the empty cavity.
Loading the cavity pulls this region in the direction of the
dielectric slab.
Numerical accuracy was again examined through
mesh refinement. The typical mesh size, approximately
26,000–28,000 tetrahedral elements and approximately
33,000–36,000 degrees of freedom, was chosen for the
proper balance of computational time and accuracy. For
the particular case of the empty cavity using the 0-mm

(a)

(b)

Fig. 3.13
Numerical solution for E-fieldline structure
inside the 8.4-GHz MET using the 0-mm antenna: (a)
empty cavity; (b) loaded cavity.

antenna at 8.434 GHz, shown in Fig. 3.14(c), refining the mesh from 25,728 elements (32,716 DOF) to 98,872
elements (121,631 DOF) changed the value of the E-field norm evaluated at r = 0 and z = h by only 0.1% while
increasing the computational time by a factor of more than 5.7.

D. Comparison of 2.45-, 7.5-, and 8.4-GHz METs
Numerical modeling has revealed interesting information about the E-field strength of the various METs. Figure
3.14 compares the E-field norm evaluated at r = 0 and z = h for the 1000-W 2.45-GHz, 100-W 7.5-GHz, and 350-W
8.4-GHz METs assuming a 0-mm antenna depth. The maximum E-field strength of the 2.45-GHz MET is lower
than that of the 7.5-GHz MET despite being operated using an order-of-magnitude greater input power. The cavity
volume of the 2.45-GHz MET is 32 times greater than the

the volume of the 8.4-GHz MET. At the stated power
levels, the 2.45-GHz MET actually has the lowest energy
density (power/volume) and the 8.4-GHz MET has the
highest. This qualitatively explains the results. Figure
3.15 compares the E-field norm for typical operating
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configurations of the 2.45-, 7.5-, and 8.4-GHz METs.
Since E ∝ P
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, the 2.45-GHz MET would need much

Fig. 3.14 Numerical solution for E-field norm evaluated
at r = 0 and z = h vs. frequency for the 1000-W 2.45-GHz,
100-W 7.5-GHz, and 350-W 8.4-GHz METs assuming a 0mm antenna depth.
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Fig. 3.15 Comparison of E-field norm inside various METs. Frequency, power, and antenna depth are: (a) 2.45 GHz,
1000 W, 18.5 mm; (b) 7.656 GHz, 100 W, 2 mm; (c) 8.377 GHz, 350 W, 2 mm. Scale is shown with units of 105 V/m.

higher power to have an E-field strength comparable to the 8.4-GHz MET operating with 350 W input power.
High E-field strength is necessary to sustain high pressure plasmas.2 As pressure increases, electrons participate
in elastic and inelastic collisions more frequently and have less time to be accelerated by the E-field to build up
sufficient kinetic energy for high probability of ionization. Energy is lost instead to electronic excitation of neutrals
and internal energy modes of molecules. Ion–electron recombination losses increase and the result is that E-field
strength must be increased in order to maintain a high probability of participation in collisions that result in
ionization. Since the propellant heating efficiency of the MET has been shown to increase with increasing pressure,
high E-field strength is necessary.

V. Summary and Conclusions
In this chapter, the analytical solutions to Maxwell’s Equations were derived for the empty MET resonant
cavity. A solution that predicts the resonant frequency of a dielectric-loaded cavity was also derived. COMSOL
Multiphysics, a commercially available FEA software, was used to perform numerical electromagnetic modeling of
the E-field in the resonant cavity of previously existing 1-kW-class 2.45-GHz and 100-W-class 7.5-GHz METs.
Parametric studies were performed to determine effects of varying microwave frequency and power, varying
antenna depth, and the inclusion of various dielectric materials inside the cavity. The same analysis was then
performed to aid the design of a new cavity operating at approximately 8.4 GHz with 350 W input power.
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Numerical modeling provided quantitative and qualitative insight on the effects of the presence of dielectric
material inside the cavity. The dielectric separation plate reduced the resonant frequency. Loading the base of the
cavity with a dielectric significantly alters the E-field structure and lowers the resonant frequency as well. This
frequency shift was analytically predicted with accuracy. Numerical modeling also provided insight on the effects of
varying antenna depth and tip shape. In general, an increase in resonant frequency and maximum E-field strength,
and a decrease in resonant bandwidth, were observed with decreasing antenna depth. Rounding an antenna of a
given depth produced the same effect, most likely due to the removal of material from the cavity, similar to
decreasing the antenna depth. The sensitivity of the cavity to input frequency was studied in detail for the first time.
The results of this analysis can be compared to the results of experimental studies where antenna depth is varied and
particularly to studies conducted using a TWTA power supply with frequency tuning capability. Finally, modeling
of METs operating at three different powers and frequencies has indicated substantial differences in maximum Efield strength, which has implications for the maximum chamber pressure reached before plasma extinction. These
results can be compared to the results of experimental studies of threshold power necessary to sustain plasma at a
given pressure.
Analytic solutions that accurately account for the presence of the antenna and dielectric materials of all shapes
and sizes are difficult, if not impossible, to obtain. Significant discrepancies between analytical and numerical
results are observed when the analytical model does not account for these perturbations. A numerical model that can
account for cavity perturbations is very helpful. The use of this computational tool to guide the design of the 8.4GHz MET represented the first time that detailed numerical modeling had been performed prior to cavity
construction.
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Chapter 4
The kW-Class 2.45-GHz Microwave Electrothermal
Thruster Using Nitrogen, Simulated Hydrazine, and
Ammonia Propellants
Research was initiated to examine the feasibility of operating the MET using the products of hydrazine
decomposition as the propellant gas with an input power of approximately 1–2 kW at a resonant frequency of 2.45
GHz. The goal of this research was to measure the performance of a high efficiency electrothermal propulsion
system that may outperform the arcjet and does not suffer from erosion problems. Operation with hydrazine
propellant allows for integration with a conventional chemical propulsion system onboard a spacecraft. This
investigation represents the first effort to characterize the performance of the kW-class MET using a mixture of N2
and H2 to simulate hydrazine decomposition products. Studies with pure ammonia, another lightweight liquidstorable propellant, have also been conducted. The results are encouraging for further development of the MET for
operation with hydrazine and ammonia.

I. Scope and Objectives
In the MET plasma, microwave energy is coupled to the propellant gas through free electrons in the plasma.
The electric field accelerates free electrons, which then transfer their kinetic energy to heavy particles through
collisions. Thus, electric field strength and chamber pressure play important roles in the power deposition and
energy exchange mechanisms. These roles were examined experimentally through the variation of several MET
components. Numerical modeling has demonstrated the theoretical effects of varying antenna depth on the MET
electric field. For a given mass flow, the variation of nozzle throat diameter results in the variation of chamber
pressure. Some studies have shown that the propellant injector diameter and, thus, injection velocity, has a
significant effect on MET performance; however, this phenomenon is not well understood at this time.
During this investigation, several tests were performed. First the MET was operated using N2 propellant in an
effort to compare the results to those of prior studies as a baseline. The MET was then operated using simulated
hydrazine decomposition products and pure ammonia. Parametric studies of the effects of antenna depth and the
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inclusion of an impedance matching unit, propellant injector diameter, and nozzle throat diameter were performed.
Thrust measurements were then obtained using simulated hydrazine and ammonia propellants.

II. Experimental Methods
A. Experimental Apparatus
The kW-class laboratory version MET, shown in Fig. 4.1, is an aluminum cylindrical resonant cavity with an
internal height of 157.5 mm and a diameter of 101.6 mm. The MET was bolted and sealed with an O-ring to the
flange plate of a vacuum facility and was positioned vertically to preclude buoyancy effects from forcing the plasma
off-axis. The thruster body was O-ring sealed to a removable stainless steel nozzle plate. Two converging–diverging
nozzle inserts were constructed from tungsten. The nozzle contour and dimensions are shown in Fig. 4.2 and Table
4.1. The nozzle insert was bolted to the nozzle plate and sealed with a standard Conflat copper gasket seal.
Propellant was supplied to the MET through three tangential injection ports using Unit UFC 8100 mass flow
controllers with an accuracy of ±0.21 mg/s for N2, ±0.02 mg/s for H2, and ±0.05 mg/s for NH3. The propellant
injectors were removable to allow for parametric testing of the effects of varying injector diameter. The injector
diameters used in this study were 0.4 and 1.4 mm. Chamber pressure was monitored through a pressure tap using an
Omega PX41T0 pressure transducer with an accuracy of ±0.86 kPa. Microwave energy was fed into the cavity
coaxially through a copper antenna with a hemispherical tip. The antenna was removable to allow for parametric

15 cm
mɺ

ri
d*

α
19 cm

de
Fig. 4.2 MET nozzle contour.

Table 4.1

MET nozzle dimensions.

Nozzle r i (mm) d e (mm) d * (mm) A e /A* α (deg)
Fig. 4.1 Laboratory 2.45-GHz MET.

1
2

2.92
2.92

12.96
8.23

0.86
0.52

225
250

20
12
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Fig. 4.3 Microwave system schematic.

testing of the effects of antenna depth variation. The antenna depths presented in this study are 18.5 and 31.2 mm.
Figure 4.3 shows a schematic of the microwave system. Microwave energy was produced using a Gerling
GL103 low ripple power supply and a GL131 2.45-GHz magnetron with a variable power output of 0.5–2.5 kW.
The microwave energy was sent via waveguide through a Gerling GL401A three-port circulator, a Gerling dual
directional power coupler, and an Astex SmartMatch AX3060 microwave autotuner, to a waveguide-to-coaxial
coupler and then into the MET. The three-port circulator was used to direct power reflected by the plasma into a
water-cooled dummy load. The dual directional coupler was used to facilitate forward and reflected power
measurements using Hewlett–Packard 8481A power sensors with an accuracy of ±3%.
The Astex autotuner is a mechanized three-stub impedance matching unit used to maximize power absorbed by
the plasma. Maximum power is absorbed by the plasma when the cavity impedance is matched to the impedance of
the microwave transmission line. The cavity impedance varies as operating conditions change. When the autotuner
is activated, tuning stubs protrude into the waveguide to various depths. The autotuner detects power reflected by the
cavity and automatically varies the depths of the tuning stubs to change the impedance of the transmission line until
the reflected power is minimized.
The thrust stand consisted of a deflection cone attached to a thin strain gage flexure. The tip of the deflection
cone was positioned approximately 1.9 cm downstream from the nozzle exit. Upon exiting the nozzle, the fluid
momentum of the exhaust jet was initially in the vertical direction. The deflection cone redirected the exhaust
momentum into the horizontal direction, thus transmitting a force, which was assumed to be equal to the thrust, to
the strain gage flexure. A schematic of the thrust stand is shown in Fig. 4.4. Figure 4.5 shows the deflection cone
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Fig. 4.4 Thrust stand schematic.

Fig. 4.5 Deflection cone and strain gage flexure. The cone
has a base diameter of 10.2 cm.

attached to the strain gage flexure. The deflection cone had a 11.4-cm base diameter and measured 4.1 cm from base
to tip. The strain gage flexure was a thin rectangular sheet of aluminum with four strain gages mounted on it. Two of
the strain gages were mounted on the top of the flexure, two were mounted on the bottom, and all were mounted in
the axial direction. This configuration provided good signal strength and thermal compensation. The moment arm of
the assembly was 10.2 cm. The electrical leads of the strain gages were fed through the flange plate of the vacuum
facility to a Vishay 3800 strain indicator. The flexure was clamped to a base, which was secured to the flange plate.
The deformation of the flexure was observed using the strain indicator. The flexure was calibrated to convert the
strain measurement to thrust. In an effort to prevent errors in thrust measurement due to thermal deformation of the
flexure, a material with low thermal conductivity was placed between the deflection cone and the flexure to reduce
heat flow.

B. Experimental Procedures and Theoretical Calculations
The primary objective of this investigation was the characterization of hot fire operation of the MET. However,
much was learned by observing its operation under cold flow conditions. First, cold flow temperatures were known
and predictions of thrust were more accurate. Therefore, cold flow testing was used to validate the thrust stand
measurement concept. Secondly, hot fire chamber temperatures were not directly measured, but were instead
calculated with the mass flow equation using the method described in Ch. 2. The ratio of hot and cold chamber
pressures yielded insight on chamber temperature and, thus, specific impulse. To determine the cold flow
characteristics of the MET with the different nozzles, chamber pressure was observed at varying mass flows. After
evacuating the vacuum chamber, the mass flow was increased incrementally while recording MET chamber
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comparison.
The hot fire characteristics of the MET were
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observed during operation in vacuum. Propellant was
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introduced into the chamber and brought to a pressure
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y = 2.0055x
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sufficiently low for electric breakdown to occur, at which
time the microwave energy was introduced. This pressure
was usually close to 1 kPa. A diffuse plasma would then
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Strain Gage Response (mV)

Fig. 4.6 Results of typical weighted calibration of strain
gage response to a known applied load. Points shown are
the average of five tests. The standard deviation for all
points was < 1 mV.

ignite. Increasing mass flow caused the plasma to
coalesce near the nozzle entrance. The mass flow controller was set to a desired flow rate and the chamber pressure
and forward and reflected powers were recorded when the system reached a steady state.
In an effort to validate the deflection-cone thrust stand, cold flow thrust testing was performed in vacuum.
Before each test, the strain gage flexure was calibrated to determine its response to an applied load. The deflection
cone was positioned over the nozzle and the strain gage flexure was secured to its base. Known weights over the
range of the expected thrust were added to the flexure over the center of the deflection cone and the strain was
recorded. Figure 4.6 shows a typical calibration response curve. After calibration, thrust measurements were
performed. The mass flow was set to a desired rate. When the system reached steady state, the strain reading was
recorded. The mass flow was then switched off and the strain reading was again recorded when the system reached
steady state. The difference of the strain measurements was then used for calculation of thrust with the slope of the
calibration curve. The same method was used for hot fire thrust measurements.
The method used to calculate performance is presented in Chapter 2 and the definition of thrust efficiency is
given in Eq. (1.4). Another important figure of merit that will be discussed is the thermal or heating efficiency
relating the change in chamber stagnation enthalpy to the absorbed power by

η H = mɺ ∆C pT0 Pabs

(4.1)
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Specific power is defined as

Pspec = Pabs / mɺ

(4.2)

Uncertainties in calculated quantities are estimated using standard error propagation techniques that include the
manufacturer-given measurement uncertainties of the apparatus described in the previous section.

III. Results and Discussion
A. Baseline Studies Using Nitrogen
Chamber conditions were examined using N2 propellant supplied at room temperature. The 31.2-mm antenna
and the 1.4-mm injectors were used for this testing. The forward power level was set at 1.2 kW and remained
constant while the mass flow was increased incrementally over a range of 10.4–83.3 mg/s. Power and pressure
measurements were obtained when the system reached a steady state at a given mass flow. The mass flow was
increased until the plasma extinguished. Figure 4.7 shows a typical N2 MET plasma at a chamber pressure of 168
kPa with 1 kW absorbed power. Figure 4.8 shows the N2 exhaust plume in vacuum emanating from the MET nozzle,
which is recessed in a 20-cm-diam flange port.
With the autotuner operational, it was possible to couple approximately 1.1 kW into the cavity plasma.

20 cm

Fig. 4.7 N2 MET plasma at chamber pressure of 168 kPa
with 1 kW absorbed power.

Fig. 4.8 N2 exhaust plume in vacuum. MET nozzle is
recessed in 20-cm-diam flange port.
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Fig. 4.9 Coupling efficiency vs. chamber pressure using
N2, 0.86-mm nozzle, 31.2-mm antenna, 1.4-mm injectors.
Absorbed power is approximately 1.2 kW.
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Fig. 4.10 Temperature vs. chamber pressure using N2,
0.86-mm nozzle, 31.2-mm antenna, 1.4-mm injectors.
Absorbed power is approximately 1.2 kW.

Coupling efficiency, shown in Fig. 4.9, remained relatively constant over the range of pressure with an average of
94% for this configuration. The uncertainty of the coupling efficiency measurements is estimated to be less than
±1%.
Chamber temperatures, shown in Fig. 4.10, were calculated from the pressure ratio data. The uncertainty of the
temperature calculations is estimated to be ±100 K. It can be seen that chamber temperature increases with
increasing mass flow due to the associated chamber pressure increase. As chamber pressure increases, the plasma
and surrounding gas shift toward thermal equilibrium due to the increased number of particle collisions. The
chamber pressure increase also forces the plasma closer to the nozzle. This increases heating efficiency by
decreasing the amount of propellant that can flow around the plasma and be exhausted without being heated to a
high temperature. This is referred to as cold flow slippage. Chamber temperature is seen to increase to a maximum
value and then decrease suddenly. The decrease is due to the onset of rotational instability of the plasma. The plasma
was observed to precess about the axis of the cavity at this point. Without the plasma in a steady position on the axis
near the nozzle, propellant can flow past without being heated to the highest potential temperature at that pressure.
With optimization of injector geometry, it may be possible to inhibit this rotational instability, but such optimization
was not attempted during this study.
Using emission thermometry, Chianese and Micci found the N2 plasma temperature to be approximately
constant at 5500 K over a range of operating conditions with 1.1 kW absorbed power.1 This measurement is also
depicted in Fig. 4.10. For a frozen exhaust flow, the plasma temperature represents the highest possible exhaust
stagnation temperature. The exhaust temperature can be lower than the plasma temperature due to cold flow slippage
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and heat transfer to the nozzle wall. These losses might be mitigated by operating at high pressure to decrease cold
flow slippage and using low thermal conductivity materials for nozzle construction.

B. Effects of Antenna Depth Variation Using Simulated Hydrazine
Chamber conditions were examined using simulated hydrazine consisting of a mixture of N2 + 2H2 supplied at
room temperature. This corresponds to fully decomposed hydrazine, the X = 1 condition in Eq. (1.8). The 1.4-mm
injectors were used for this testing. Various antennas were used to examine the effects of antenna depth on the
operation of the MET. The forward power level was set and remained constant while the mass flow was increased
incrementally over a range of 3.0–11.9 mg/s. Power and pressure measurements were obtained when the system
reached a steady state at a given mass flow. The mass flow was increased until the plasma extinguished. Figure 4.11
shows a typical simulated hydrazine MET plasma at a
chamber pressure of 30 kPa with 1 kW absorbed power.
Figures 4.12–4.14 show comparisons of operating
characteristics at a forward power level of approximately
2 kW, with and without the autotuner operating, for
antenna depths of 18.5 mm and 31.2 mm.
Coupling efficiency is shown in Fig. 4.12. The
uncertainty of the coupling efficiency measurements is
estimated to be ±0.2–3.4%, increasing with decreasing Fig. 4.11

Simulated hydrazine MET plasma at chamber
pressure of 30 kPa with 1 kW absorbed power.

coupling efficiency. The effect of the autotuner on
coupling efficiency is dramatic. If the cavity is poorly
tuned, a greater portion of the forward power is reflected
and becomes waste heat. With the autotuner operating,
the coupling efficiency decreased with increasing
pressure, probably due to ion–electron recombination and
a decrease in plasma conductivity.
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Fig. 4.12 Coupling efficiency vs. chamber pressure
using N2 + 2H2, 0.86-mm nozzle, 1.4-mm injectors.
Forward power is approximately 2 kW. Antenna depth is
given in legend.
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Fig. 4.13 Chamber pressure ratio vs. chamber pressure
using N2 + 2H2, 0.86-mm nozzle, 1.4-mm injectors.
Forward power is approximately 2 kW. Antenna depth is
given in legend.
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Fig. 4.14 Chamber temperature vs. specific power using
N2 + 2H2, 0.86-mm nozzle, 1.4-mm injectors. Forward
power is approximately 2 kW. Antenna depth is given in
legend. Maximum vacuum Isp for each case is shown.

increasing mass flow due to the associated increase in chamber pressure. As chamber pressure increases, the plasma
and surrounding gas shift toward thermal equilibrium due to the increased number of particle collisions. The
chamber pressure increase also forces the plasma closer to the nozzle. This increases heating efficiency by
decreasing the amount of propellant that can flow around the plasma and be exhausted without being heated to a
high temperature. The uncertainty of the temperature calculations is estimated to be ±35–150 K, typically increasing
with increasing temperature. The maximum specific impulse for each test case is also shown in Fig. 4.14. Specific
impulse was calculated assuming a perfect expansion to zero pressure. The uncertainty of the specific impulse
calculations is estimated to be ±11–16 s.
The cavity must be well tuned to reach the high pressure necessary for high performance. Varying antenna
depth had an effect on cavity tuning, although this effect was less pronounced with the autotuner operational than
without when it is the sole means of tuning. Using the 18.5-mm antenna depth, the highest pressure and performance
were reached, with specific impulse approaching 400 s. These experimental results agree with the results of
numerical modeling, which indicated slightly higher electric field strength using the 18.5-mm antenna compared to
the 31.2-mm antenna. Higher electric field strength allows higher pressure to be reached prior to plasma extinction.
The numerical model also showed that the cavity was poorly tuned for an operating frequency of 2.45 GHz.
In the laboratory, propellant is injected at room temperature. If the MET were to be combined with a hydrazine
monopropellant system, the propellant would actually be injected at the hydrazine decomposition temperature. This
temperature ranges from approximately 1700 K for X = 0 to 850 K for X = 1. The microwave energy would then be
used to further increase the chamber stagnation enthalpy. Assuming an injection temperature of 850 K and the same

55

enthalpy increase from the addition of microwave energy, the maximum specific impulse shown in Fig. 4.14 may
increase from 390 s to 435 s.

C. Effects of Power and Injector Diameter Variation Using Simulated Hydrazine
Chamber conditions were examined using simulated hydrazine consisting of a mixture of N2 + 2H2 supplied at
room temperature. The 18.5-mm antenna depth was used for this testing. Various injectors were used to examine the
effects of injector diameter on the operation of the MET. The autotuner was used for all testing and the range of
mass flow examined was 3.0–20.8 mg/s. Power and pressure measurements were obtained when the system reached
a steady state at a given mass flow. The mass flow was increased until the plasma extinguished. Figures 4.15–4.17
show comparisons of operating characteristics at forward power levels of approximately 1 and 2 kW using the 0.4mm and 1.4-mm injectors.
Coupling efficiency is shown in Fig. 4.15. The uncertainty of the coupling efficiency measurements is estimated
to be ±0.2–3.4%, increasing with decreasing coupling efficiency. Again, the coupling efficiency decreased with
increasing pressure, probably due to ion–electron recombination and a decrease in plasma conductivity.
Pressure ratio, shown in Fig. 4.16, and chamber temperature, shown in Fig. 4.17, increased with increasing mass
flow due to the associated increase in chamber pressure, even though coupling efficiency decreased. This
demonstrates the increase in heating efficiency at high pressure. At a given pressure, temperature increased with
increasing power, as expected. With 1 kW forward power, the chamber temperature appeared to level off, whereas at
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Fig. 4.15 Coupling efficiency vs. chamber pressure
using N2 + 2H2, 0.86-mm nozzle, 18.5-mm antenna.
Injector diameter and forward power given in legend.
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Fig. 4.16 Pressure ratio vs. chamber pressure using N2 +
2H2, 0.86-mm nozzle, 18.5-mm antenna. Injector diameter
and forward power given in legend.
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temperature calculations is estimated to be ±40–135 K,
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Varying injector diameter has the effect of varying Fig. 4.17
propellant injection velocity. Reducing injector diameter

Chamber temperature vs. specific power using
N2 + 2H2, 0.86-mm nozzle, 18.5-mm antenna. Injector
diameter and forward power given in legend. Maximum
vacuum Isp for each case is shown.

increases injection velocity and imparts a greater degree
of swirl to the flow. Injector diameter had a significant effect on performance, especially at low power. Using the
0.4-mm injectors with approximately 1 kW forward power, the maximum mass flow and pressure increased to 21
mg/s and 80 kPa, respectively, from 6 mg/s and 16 kPa using the 1.4-mm injectors at the same power level.
Maximum vacuum specific impulse increased from 242 s to 341 s by using the smaller injectors. This effect was still
pronounced at the 2-kW forward power level where maximum specific impulse increased from 390 s to 424 s.
Operation at high power and high mass flow was difficult due to poor tuning. This may have to do with a
combination of the frequency and power limitations of the microwave power supply and the autotuner.
In the laboratory, propellant is injected at room temperature. Assuming instead an injection temperature of 850
K, corresponding to the hydrazine decomposition temperature, and the same enthalpy increase from the addition of
microwave energy, the maximum specific impulse shown in Fig. 4.17 may increase from 424 s to 468 s.

D. Effects of Nozzle Throat Diameter Variation Using Simulated Hydrazine and Ammonia
The 0.52-mm and 0.86-mm nozzles were used study the effects of nozzle throat diameter on the operation of the
MET. Chamber conditions were examined using both simulated hydrazine (N2 + 2H2) and pure ammonia (NH3).
Propellants were supplied at room temperature. The 0.4-mm injectors, 18.5-mm antenna, and autotuner were used
for this testing. The forward power level was set and remained constant while the mass flow was increased
incrementally over a range of 2.4–17.9 mg/s for simulated hydrazine and 1.3–20.3 mg/s for ammonia. Power and
pressure measurements were obtained when the system reached a steady state at a given mass flow. The mass flow
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Fig. 4.18 Coupling efficiency vs. chamber pressure
using N2 + 2H2, 0.4-mm injectors, 18.5-mm antenna.
Nozzle throat diameter and forward power given in
legend.

Fig. 4.19 Coupling efficiency vs. chamber pressure
using NH3, 0.86-mm nozzle, 18.5-mm antenna. Injector
diameter and forward power given in legend.

was increased until the plasma extinguished. Figures 4.18–4.23 show comparisons of operating characteristics for
each propellant at various power levels with each nozzle.
Coupling efficiency is shown in Figs. 4.18 and 4.19. The uncertainty of the coupling efficiency measurements is
estimated to be ±0.2–3.4%, increasing with decreasing coupling efficiency. For each propellant, the coupling
efficiency decreased with increasing pressure, probably due to ion–electron recombination and a decrease in plasma
conductivity.
Pressure ratio, shown in Figs. 4.20 and 4.21, and chamber temperature, shown in Figs. 4.22 and 4.23, increased
with increasing mass flow due to the associated increase in chamber pressure, even though coupling efficiency
decreased. This demonstrates the increase in heating efficiency at high pressure. The uncertainty of the temperature
calculations is estimated to be ±40–110 K for simulated hydrazine and ±44–166 K for ammonia, typically increasing
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Fig. 4.20 Pressure ratio vs. chamber pressure using N2 +
2H2, 0.4-mm injectors, 18.5-mm antenna. Nozzle throat
diameter and forward power given in legend.
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Fig. 4.21 Pressure ratio vs. chamber pressure using
NH3, 0.4-mm injectors, 18.5-mm antenna. Nozzle throat
diameter and forward power given in legend.
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throat diameter and forward power given in legend.
Maximum vacuum Isp for each case is shown.

0.86 mm, 1 kW

394 s 396 s

1500

500

0

0.52 mm, 1 kW

2500
Temperature (K)

424 s

200

400

600

800

1000

Specific Power (MJ/kg)

Fig. 4.23 Chamber temperature vs. specific power using
NH3, 0.4-mm injectors, 18.5-mm antenna. Nozzle throat
diameter and forward power given in legend. Maximum
vacuum Isp for each case is shown.

with increasing temperature. The maximum specific
impulse for each test case is also shown in Figs. 4.22 and
4.23. Specific impulse was calculated assuming a perfect
expansion to zero pressure. The uncertainty of the
specific impulse calculations is estimated to be ±6–13 s
for simulated hydrazine and ±11–13 K for ammonia.
From these data, it is unclear whether there is an
advantage offered by one nozzle over the other. For
simulated hydrazine at 1 kW, higher chamber temperature
Fig. 4.24

Ammonia MET plasma at chamber pressure

was observed at a given specific power using the smaller of 45 kPa with 2 kW absorbed power.
nozzle. In addition, a higher maximum chamber pressure and pressure ratio were reached before plasma extinction
using the smaller nozzle. However, at 2 kW, slightly higher maximum pressure was reached with the smaller nozzle,
but higher pressure ratio was reached with the larger nozzle. For ammonia at 1 kW, roughly the same maximum
pressure and pressure ratio were reached with each nozzle. Coupling efficiency is very low at high pressure. If more
power could be coupled to the plasma at high pressure, performance would likely increase. High pressure and high
power (i.e., E-field strength) are necessary for high performance. Figure 4.24 shows a typical ammonia MET plasma
at a chamber pressure of 45 kPa with 2 kW absorbed power.
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E. Thrust Measurements Using Simulated Hydrazine and Ammonia
Thrust measurements were obtained using both simulated hydrazine and ammonia propellants. Propellants
were supplied at room temperature. The 0.86-mm nozzle, 0.4-mm injectors, 18.5-mm antenna, and autotuner were
used for this testing. The forward power was 1.4 kW. Thrust was measured at two different mass flows for each
propellant. Thrust was measured five times at each mass flow. The corresponding specific impulse was calculated
using Eq. (1.2) with the experimental values for thrust and mass flow. Figures 4.25–4.27 show the average results of
the tests. The error bars on the experimental data points represent the standard deviation of the measurements at the
particular operating condition. The error bars on the theoretical lines take into account the error associated with the
system components stated in Section II.A.
For simulated hydrazine, the maximum measured thrust was 21.9 mN with a corresponding specific impulse of
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Fig. 4.25 Thrust vs. mass flow using N2 + 2H2 and NH3,
0.86-mm nozzle, 18.5-mm antenna, 0.4-mm injectors, 1.4
kW forward power.
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Fig. 4.27 Thrust efficiency vs. chamber pressure using
N2 + 2H2 and NH3, 0.86-mm nozzle, 18.5-mm antenna, 0.4mm injectors, 1.4 kW forward power.
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states. As the boundary layer at the throat grows, the effective nozzle area decreases and the pressure at a given mass
flow increases. The calculation of chamber temperature was based on the observed pressure rise at a given mass
flow between the hot and cold states. It was assumed that the pressure rise was due solely to temperature increase
and not to throat area decrease. Low Reynolds number nozzles experience significant boundary layer losses. The
boundary layer constitutes a substantial portion of the flow, but accurate predictions of its growth as a function of
temperature can be difficult. Another source of error is heat transfer from the exhaust stream to the nozzle wall. This
loss is persistent due to the unavoidable temperature gradient that exists between the high temperature exhaust and
the nozzle wall. Other sources of error include the possibility of greater errors in measured parameters, like mass
flow and pressure, than those stated in Section II.A, which are given in the manufacturer literature. Instrumentation
errors could be higher if the instruments are not properly calibrated.
The maximum measured and calculated values of specific impulse shown here are lower than the maximum
values reported in the results of the parametric studies of Subsections B–D. There are several reasons for this. First,
the operating conditions chosen for the thrust measurements were not the operating conditions of the maximum
performance observed during parametric testing. The thrust measurement operating conditions were chosen for
reliability and convenience. The primary goal of thrust measurement was to gauge the accuracy of the performance
calculation. Secondly, the low pumping capability of the vacuum facility led to significant back pressure losses.
Ambient pressure in the vacuum tank ranged from approximately 40–50 Pa. At these pressures, the flow was overexpanded. If the testing had been performed in a facility capable of pumping down to negligible ambient pressure,
calculated thrust and specific impulse would have been 15–45% higher. In addition, specific impulse values reported
in the results of the parametric studies were calculated assuming a perfect expansion to zero pressure through a
lossless nozzle with infinite area ratio. The theoretical values shown in the results of the thrust measurements
account for non-ideal nozzle effects and predict the results expected under the actual operating conditions of the
experiment.

IV. Summary and Conclusions
Baseline studies of the kW-class 2.45-GHz MET with N2 propellant were conducted. The comparison of results
to previous spectroscopic studies shows significant difference between the plasma temperature and the mean
stagnation temperature of the exhaust. This indicates substantial losses due to cold flow slippage and wall heat

61

transfer. These losses might be mitigated by operating at high pressure to decrease cold flow slippage and using low
thermal conductivity materials for nozzle construction.
The feasibility of operating the kW-class 2.45 GHz MET using both hydrazine decomposition products and
pure ammonia as propellant has been demonstrated. Some performance optimization studies have been performed
including examination of the influence of antenna depth, injector diameter, and nozzle throat area. The results of the
antenna study showed that antenna depth had an effect on the maximum chamber pressure and temperature reached
before plasma extinction. The experimental results agreed with the results of numerical electromagnetic modeling
that predicted electric field strength as a function of antenna depth. Past investigations have revealed that chamber
temperature typically increases with increasing mass flow, presumably due to the associated chamber pressure
increase. However, in those investigations, the mass flow increase resulted in a decrease in specific power because
input power levels typically remained approximately constant. By using nozzles with different throat diameters in
this study, the chamber pressure was decoupled from the mass flow and specific power so the effects of each could
be isolated and characterized. High pressure and high power are essential for high performance. The results of the
injector study showed that substantial performance increases could be realized through optimization of injector
diameter and, thus, injection velocity. However, this phenomenon is not yet well understood. At the present time, the
2.45-GHz MET is not optimized for operation with simulated hydrazine or ammonia, but key areas of study that
have potential for significant performance enhancement have been identified. The system must be optimized for a
specific chosen propellant. For the configurations used in this study, calculated specific impulses for ammonia and
simulated hydrazine approach 400 s and 425 s, respectively.
In the laboratory, simulated hydrazine is injected at room temperature. If the MET were to be combined with a
hydrazine monopropellant system, the propellant actually would be injected at the hydrazine decomposition
temperature. The microwave energy would then be used to further increase the chamber stagnation enthalpy.
Assuming an injection temperature of 850 K and the same enthalpy increase from the addition of microwave energy,
the maximum specific impulse for the configurations used in this study may increase from approximately 425 s to
470 s.
Thrust measurements have been obtained using simulated hydrazine and ammonia propellants in order to gauge
the accuracy of the performance calculated using laboratory measurements of mass flow and chamber pressure.
Significant discrepancy was observed with measured performance approximately 25–40% lower than theoretical
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calculations. The discrepancy is attributed primarily to changes in boundary layer constriction of the nozzle throat
that are not accounted for in the theoretical calculation. More sophisticated methods should be explored to
accurately predict these changes.
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Chapter 5
The 100-W 7.5-GHz Microwave Electrothermal Thruster
Using Nitrogen and Simulated Hydrazine Propellants
Research was initiated to examine the feasibility of operating the MET using the products of hydrazine
decomposition as the propellant gas with an input power of approximately 100 W at a resonant frequency of 7.5
GHz. The goal of this research was to measure the performance of a high efficiency electrothermal propulsion
system that may outperform the arcjet and does not suffer from erosion problems. Operation with hydrazine
propellant allows for integration with a conventional chemical propulsion system onboard a spacecraft. This
investigation represents the first effort to characterize the performance of the 100-W-class MET using mixtures of
N2, H2, and NH3 to simulate hydrazine decomposition products. The results are encouraging for further development
of the MET for operation with hydrazine.

I. Scope and Objectives
In the MET plasma, microwave energy is coupled to the propellant gas through free electrons in the plasma.
The electric field accelerates free electrons, which then transfer their kinetic energy to heavy particles through
collision. Thus, electric field strength and chamber pressure play important roles in the power deposition and energy
exchange mechanisms. These roles were examined experimentally through the variation of several MET parameters.
Numerical modeling has demonstrated the theoretical effects of varying antenna depth, microwave frequency, and
microwave power on the MET electric field. For a given mass flow, the variation of nozzle throat diameter results in
the variation of chamber pressure. The performance of the MET in a given configuration will vary depending on the
choice of propellant.
During this investigation, several tests were performed. First the MET was operated using N2 propellant in an
effort to compare the results to those of prior studies as a baseline. The MET was then operated using various
mixtures of N2, H2, and NH3 to simulate hydrazine decomposition products. Parametric studies of the effects of
initial propellant composition, nozzle throat diameter, and microwave frequency and power were performed. Thrust
measurements were then obtained using simulated hydrazine.
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II. Experimental Methods
A. Experimental Apparatus
The 100-W-class laboratory version MET, shown in Fig. 5.1, is an aluminum cylindrical resonant cavity with an
internal height of 51.5 mm and a diameter of 31.6 mm. The MET was bolted and sealed with an O-ring to the flange
plate of a vacuum facility and was positioned vertically to eliminate plasma buoyancy effects. The thruster body was
O-ring sealed to removable nozzle plates. Several nozzle plates were constructed from either tungsten (W) or 304
stainless steel (SST). The contour and dimensions of the nozzles used in this study are shown in Fig. 5.2 and Table
5.1. Propellant was supplied to the MET through two tangential injection ports, located on opposite sides of the
thruster, using Unit UFC 1100A mass flow controllers
with an accuracy of ±0.021 mg/s for N2, ±0.002 mg/s for
Bolt holes

H2, and ±0.019 mg/s for NH3. Chamber pressure was
monitored through a pressure tap using an Omega PX303 Nozzle
pressure transducer with an accuracy of ±1.7 kPa.

Injection port
Pressure tap
Viewing
window

Microwave energy was fed into the cavity through an
antenna fashioned from a Pasternack coaxial candle-stick
connector. All components of the thruster system were
located outside the vacuum chamber with the nozzle
Fig. 5.1 Laboratory 7.5-GHz MET.

firing into the chamber.
Figure 5.3 shows a schematic of the microwave

mɺ

system. Two different microwave power supplies were

ri
d*

used for this study. The first was a Mictron, Inc. 100H-7.5
voltage-tunable magnetron and the second was an Aydin
α

100-W traveling wave tube amplifier (TWTA). The
de

microwave energy was sent coaxially through a three-port

Fig. 5.2 MET nozzle contour.

circulator, a Narda 3024 dual directional power coupler,

Table 5.1

and then into the MET. The three-port circulator was used

MET nozzle dimensions.

Material r i (mm) d e (mm) d * (mm) A e /A* α (deg)

to direct power reflected by the plasma into a radiationcooled dummy load. The dual directional coupler was

SST

1.524

0.221

0.221

1

n/a

W
W

1.524
1.524

1.803
1.638

0.272
0.140

44
137

25
25
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Fig. 5.3 Microwave system schematic.

used to facilitate forward and reflected power measurements using Hewlett–Packard 8481A power sensors with an
accuracy of ±3%.
The first power supply system consisted of a Mictron, Inc. 100H-7.5 voltage-tunable magnetron and
accompanying power supply. It was possible to tune the output frequency of the magnetron over a range of
approximately 7.4–7.7 GHz by varying its anode voltage; however, this also resulted in the variation of output
power. It was impossible to independently vary frequency and forward power with this microwave power supply
system. The ability to independently vary frequency and power is advantageous because the resonant frequency of
the cavity changes with operating conditions. For study in the laboratory, it is desirable for frequency and power to
be independently variable parameters so the effects of each can be isolated and observed. A second microwave
power supply system was obtained to achieve this. This system consisted of a Hewlett–Packard 5.4–12.5 GHz
variable signal generator and an Aydin 100-W TWTA. The TWTA took the input signal from the signal generator,
at a variable power level of approximately 1 mW, and amplified it to a variable power level with a maximum of
approximately 100 W.
The output power signals from each of the two power supply systems were observed and compared using an
Agilent spectrum analyzer and an attenuator. Figures 5.4 and 5.5 show the output signals from the magnetron and
TWTA respectively. The vertical axes represent power level and the horizontal axes represent frequency. The
frequency span of the horizontal axis is 100 MHz for each of these screen captures. With this screen resolution, the
signals appeared to be very similar; however, when the frequency resolution was increased, it was shown that they
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Fig. 5.4 Spectrum analyzer output for the magnetron.
The frequency span for this screen-capture is 100 MHz.

Fig. 5.5 Spectrum analyzer output for the TWTA. The
frequency span for this screen-capture is 100 MHz.

Fig. 5.6 Spectrum analyzer output for the magnetron.
The frequency span for this screen-capture is 10 MHz.

Fig. 5.7 Spectrum analyzer output for the TWTA. The
frequency span for this screen-capture is 10 kHz.

were not. Figure 5.6 shows the output signal from the magnetron with a frequency span of 10 MHz. It can be seen
that the spectral purity of this signal is low as it occupies a bandwidth of approximately 2 MHz. Figure 5.7 shows
the output signal from the TWTA with a frequency span of 10 kHz. Note that this frequency resolution is 1000×
greater than in Fig. 5.6, but the signal still appears coherent, occupying a bandwidth of approximately 3 kHz. It can
be seen that the spectral purity of the TWTA signal is much greater than that of the magnetron.
The impedance matching of the MET resonant cavity was also observed using an Agilent network analyzer. The
MET operates in a fixed geometry so it is imperative to determine the antenna depth that optimizes impedance
matching at the resonant frequency of the cavity. The antenna protruding into the cavity is actually a perturbation
that changes resonant frequency, so optimizing the antenna depth experimentally is challenging and very time
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Fig. 5.8 Network analyzer output showing the MET with
an antenna depth of approximately 3 mm.

Fig. 5.9 Network analyzer output showing the MET with
an antenna depth of approximately 0 mm.

consuming. The network analyzer was used to observe the effect of varying antenna depth and to optimize the depth
for impedance matching. The network analyzer inputs a low-power swept signal into a system and senses the
reflected signal power level over the same frequency band. In the case of the MET, it shows reflected signal levels
approximately equal to input signal levels except in the frequency domains of the resonant modes of the cavity. Near
these frequencies, power is stored in the standing wave structure of the resonant mode instead of being reflected.
Figures 5.8 and 5.9 show output from the network analyzer for two different representative antenna depths. The
vertical axes represent power level in dB and the horizontal axes represent frequency. The TMz011 mode is of interest
so the frequency span for each of these screen-captures is 1 GHz centered at 7.5 GHz. For this type of network
analyzer output, a fully reflected signal at all frequencies would be represented by a horizontal line at 0 dB while a
fully absorbed signal at all frequencies would be represented by a horizontal line at -50 dB. A well tuned resonant
cavity should show a downward spike at a resonant frequency. If the frequency span is large enough, several spikes
will occur corresponding to the many resonant modes of the cavity. Figure 5.9 shows that the cavity is tuned best at
7.68 GHz with the antenna tip flush with the base of the cavity. This is in accordance with the results of numerical
electromagnetic modeling, which predicted the maximum electric field strength would occur using this
configuration and this frequency.
A schematic of the thrust stand setup is shown in Fig. 5.10. To facilitate thrust measurements, a momentum
trap, shown in Fig. 5.11, was used to catch and deflect the exhaust stream of the MET. The momentum trap was an
aluminum cylinder measuring 48 mm long and 28 mm in diameter with an entrance orifice measuring 9 mm in
diameter. Two rows of four 3-mm-wide slots were positioned 5 mm and 11 mm, respectively, from the entrance
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Fig. 5.10

Thrust stand schematic.
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Fig. 5.11

Momentum trap with 28-mm diameter.

orifice. A 45-deg deflection cone was screwed into the upper portion of the momentum trap. The tip of the cone was
24 mm downstream from the entrance orifice. The exhaust jet passed through the orifice in the bottom of the trap,
impinged on the cone, was redirected, and exited through the exhaust slots. The momentum trap was attached to a
thin aluminum flexure with two strain gages mounted on it perpendicular to each other. The electrical leads of the
strain gages were fed through the flange plate of the vacuum facility to a Vishay 3800 strain indicator. The flexure
was clamped to a base, which was secured to the flange plate. When the thruster was operated, the momentum trap
transmitted a load, which was assumed equal to the thrust, to the flexure. The deformation was observed using the
strain indicator. The flexure was calibrated to convert the strain measurement to thrust. In an effort to prevent errors
in thrust measurement due to thermal deformation of the flexure, a material with low thermal conductivity was
placed between the momentum trap and the flexure to reduce heat flow.

B. Experimental Procedures and Theoretical Calculations
The primary objective of this investigation was the characterization of hot fire operation of the MET. However,
much was learned by observing its operation under cold flow conditions. First, cold flow temperatures were known
and predictions of thrust were more accurate. Therefore, cold flow testing was used to validate the thrust stand
measurement concept. Secondly, hot fire chamber temperatures were not directly measured, but were instead
calculated with the mass flow equation using the method described in Ch. 2. The ratio of hot and cold chamber
pressures yielded insight on chamber temperature and, thus, specific impulse. To determine the cold flow
characteristics of the MET with the different nozzles, chamber pressure was observed at varying mass flows. After
evacuating the vacuum chamber, the thruster mass flow was increased incrementally while recording chamber
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pressure. This procedure was performed over the same range of mass flow used for hot fire testing for direct
comparison.
The hot fire characteristics of the MET were observed during operation in vacuum. Propellant was introduced
into the chamber and brought to a pressure sufficiently low enough for electric breakdown to occur, at which time
the microwave energy was introduced. This pressure was usually close to 1 kPa. A diffuse plasma would then ignite.
Increasing mass flow caused the plasma to coalesce near the nozzle entrance. The mass flow controller was set to a
desired flow rate and the chamber pressure and forward and reflected powers were recorded when the system
reached steady state. For testing with the magnetron power supply, the frequency was varied at a given mass flow to
maximize chamber pressure and, hence, pressure ratio. Testing with the TWTA power supply was more detailed
since frequency and power could be independently varied. Tests were conducted at constant mass flow and forward
power level over a range of frequencies to determine the operating range for different propellants. In other cases,
tests were conducted holding mass flow and frequency constant while incrementally decreasing forward power to
determine the lower operating limits.
In an effort to validate the momentum-trap thrust stand, cold flow thrust testing was performed in vacuum.
Before each test, the strain gage flexure was calibrated to determine its response to an applied load. The momentum
trap was positioned over the nozzle and the strain gage flexure was secured to its base. Known weights over the
range of the expected thrust were added to the flexure over the center of the deflection cone and the strain was
recorded. As expected, the response was linear. After calibration, thrust measurements were performed. The mass
flow was set to a desired rate. When the system reached steady state, the strain reading was recorded. The mass flow
was then switched off and the strain reading was again recorded when the system reached steady state. The
difference of the strain measurements was then used for calculation of thrust with the slope of the calibration curve.
The same method was used for hot fire thrust measurements.
The method used to calculate performance was presented in Chapter 2 and the definition of thrust efficiency
was given in Eq. (1.4). Another important figure of merit that will be discussed is the thermal or heating efficiency
relating the change in chamber stagnation enthalpy to the absorbed power by

η H = mɺ ∆C pT0 Pabs

(5.1)
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Specific power is defined as

Pspec = Pabs / mɺ

(5.2)

Uncertainties in calculated quantities are estimated using standard error propagation techniques that include the
manufacturer-given measurement uncertainties of the apparatus described in the previous section.

III. Results and Discussion
A. Effects of Nozzle Throat Diameter Variation Using Nitrogen and Simulated Hydrazine
Nozzle throat diameter effects were observed using pure nitrogen (N2) and simulated hydrazine (N2 + 2H2, X =
1) propellant supplied at room temperature. Hot fire testing was performed with each nozzle using the magnetron
power supply. For nitrogen, the forward power level varied with frequency in the range of 72–79 W with an average
of 75 W. For simulated hydrazine, the forward power level varied with frequency in the range of 76–85 W with an
average of 79 W. The mass flow was increased incrementally over a range of 1.04–10.41 mg/s for nitrogen and
0.24–1.83 mg/s for simulated hydrazine. Power and pressure measurements were obtained when the system reached
a steady state at a given mass flow. For simulated hydrazine, the mass flow was increased until the plasma was
extinguished.
Coupling efficiency for each propellant is shown in Figs. 5.12 and 5.13. The uncertainty of the coupling
efficiency measurements is estimated to be ±1% or less. For each propellant, coupling efficiency is seen to be a
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strong function of chamber pressure. Using nitrogen, coupling efficiency was >90% for pressures of 100 kPa or
greater. Using simulated hydrazine, coupling efficiency reached a maximum of 99.7% at approximately 24.8 kPa.
Coupling efficiency decreased rapidly as chamber pressure was increased past this point, probably due to ion–
electron recombination and a decrease in plasma conductivity. These results are similar to the results of testing with
the 2.45-GHz MET where coupling efficiency with simulated hydrazine was approximately 90% at a chamber
pressure of 40 kPa.
Pressure ratio, shown in Figs. 5.14 and 5.15, and chamber temperature, shown in Figs. 5.16 and 5.17, generally
increased with increasing mass flow. Chamber temperature also increases at a given mass flow by decreasing nozzle
throat diameter. Both effects are attributed to increasing chamber pressure. As chamber pressure increases, the
plasma and surrounding gas shift toward thermal equilibrium due to the increased number of particle collisions. The
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chamber pressure increase also forces the plasma closer to the nozzle. This increases heating efficiency by
decreasing the amount of propellant that can flow around the plasma and be exhausted without being heated to a
high temperature. The uncertainties in chamber temperature were ±15–100 K for nitrogen and ±20–60 K for
simulated hydrazine.
Using nitrogen, the maximum chamber temperature observed was 2383 K using the 0.221-mm nozzle. Maxima
were observed for all temperature curves. On the high specific-power side of the curve (low mass-flow side) moving
toward the maximum, the pressure increase is good for propellant heating due to the reasons stated previously. The
maximum point occurs when the specific power becomes too low to effectively heat that amount of propellant. In
this pressure region, ionization decreases due to increased ion–electron recombination, and eventually the plasma is
extinguished.
On the high specific-power side of the temperature maximum, chamber temperature and, therefore, specific
impulse can be increased significantly at a given mass flow and specific power by decreasing nozzle throat diameter
to drive up the chamber pressure. For example, with a mass flow of 4.16 mg/s, chamber temperature was increased
from 1774 K to 2353 K by decreasing nozzle throat diameter from 0.272 mm to 0.140 mm. This corresponds to an
increase in specific impulse of approximately 15%. Coupling efficiency also increased with increasing mass flow
and pressure, so typically, for a given mass flow, absorbed power as well as temperature increased with decreasing
nozzle throat diameter. However, the absorbed power increase by itself does not fully account for the observed
increase in chamber temperature. For the previous example with a mass flow of 4.16 mg/s, the temperature
increased 33% following an 8% increase in absorbed power. This demonstrates an increase in heating efficiency at
high pressure.
Rotational instability was observed for all nozzles at a mass flow of 6.25 mg/s. The plasma was pulled from its
stable location on the cavity axis near the nozzle and began to rotate about the axis. For the 0.272- and 0.221-mm
nozzles, the flow became stable again as mass flow was increased. For the 0.140-mm nozzle, the instability persisted
with increasing mass flow until the plasma was extinguished, which occurred at a chamber pressure above 568 kPa.
The instability was the result of coupled fluid dynamic and electromagnetic phenomena. Precession of the plasma
about the axis of the cavity has two direct effects on chamber conditions. First, moving away from the stable
position on the axis near the nozzle increases the amount of propellant that can be exhausted without being heated to
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a high temperature, thus reducing chamber pressure. Secondly, the resonant electric field distribution is perturbed.
Perturbations of chamber pressure and electric field lead to perturbations of absorbed power.
Using simulated hydrazine, the maximum chamber temperature observed was 717 K using the 0.221-mm
nozzle. For both nozzles, chamber temperature was still increasing prior to plasma extinction. Chamber temperature
and, therefore, specific impulse can be increased significantly at a given mass flow and specific power by decreasing
nozzle throat diameter to drive up the chamber pressure. For example, with a mass flow of 0.61 mg/s, chamber
temperature was increased from 388 K to 626 K by decreasing nozzle throat diameter from 0.272 mm to 0.221 mm.
This corresponds to an increase in specific impulse of approximately 27%. Coupling efficiency also increased with
increasing mass flow and pressure over a certain range, so ,typically, for a given mass flow, absorbed power as well
as temperature increased with decreasing nozzle throat diameter. As was the case when using nitrogen, the absorbed
power increase by itself does not fully account for the observed increase in chamber temperature. For the previous
example with a mass flow of 0.61 mg/s, the temperature increased 61% following a 13% increase in absorbed
power. Conversely, using the 0.272-mm nozzle, by increasing the mass flow from 1.52 mg/s to 1.83 mg/s, the
chamber temperature increased 7% following a 5% decrease in absorbed power. This demonstrates an increase in
heating efficiency at high pressure. The maximum specific impulse for each test case is also shown in Fig. 5.17.
Specific impulse was calculated assuming a perfect expansion to zero pressure. The uncertainty of the specific
impulse calculations is estimated to be ±4–7 s.
In the laboratory, simulated hydrazine propellant is injected at room temperature. If the MET were to be
combined with a hydrazine monopropellant system, the propellant would actually be injected at the hydrazine
decomposition temperature. This temperature ranges from approximately 1700 K for X = 0 to 850 K for X = 1. The
microwave energy would then be used to further increase the chamber stagnation enthalpy. Assuming an injection
temperature of 850 K and the same enthalpy increase from the addition of microwave energy, the maximum specific
impulse shown in Fig. 5.17 will increase from 204 s to 272 s.

B. Effects of Ammonia Dissociation Parameter Variation
The effects of injected propellant composition were examined using the 0.272-mm nozzle. The magnetron was
used to supply microwave power to the cavity and was tuned to maximize chamber pressure and, thus, chamber
temperature at a given mass flow. Chamber conditions were examined using several propellant mixtures
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±1% or less. Coupling efficiency increased with
increasing mass flow and chamber pressure, due to the increased number of particle collisions, reaching a maximum
of over 95% with all mixtures. As chamber pressure was increased past that point, coupling efficiency decreased,
probably due to ion–electron recombination. The maxima occurred at slightly different pressures depending on the
value of X, but all occurred near 30 kPa.
Pressure ratio, shown in Fig. 5.19, and chamber temperature, shown in Fig. 5.20, increased with increasing mass
flow for each mixture due to the associated chamber pressure increase. As chamber pressure increases, the plasma
and surrounding gas shift toward thermal equilibrium due to the increased number of particle collisions. The
chamber pressure increase also forces the plasma closer to the nozzle. This increases heating efficiency by
decreasing the amount of propellant that can flow around the plasma and be exhausted without being heated to a
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high temperature. The uncertainty of the temperature is estimated to be ±10–35 K. At a given pressure, chamber
temperature increases as X decreases, though not as much as it would appear looking at the pressure ratio data. This
is due to the endothermic dissociation of NH3, which constitutes more of the initial propellant composition as X
decreases. The maximum specific impulse for each test case is also shown in Fig. 5.20. Specific impulse was
calculated assuming a perfect expansion to zero pressure. The uncertainty of the specific impulse calculations is
estimated to be ±2–4 s. Comparing performance for different values of X, the highest pressure, temperature, and
specific impulse were reached with X = 0.4, corresponding to a 2.4NH3 + 1.8N2 + 2.4H2 propellant mixture. The
lowest maximum chamber temperature was observed with the X = 1 flow, corresponding to a N2 + 2H2 propellant
mixture. Even though coupling efficiency and, thus, absorbed power decreased at higher pressures, chamber
temperature continued to rise demonstrating the increase in heating efficiency associated with increased pressure.
In the laboratory, propellant is injected at room temperature. Assuming instead an injection temperature of 850
K, corresponding to the X = 1 hydrazine decomposition temperature, and the same enthalpy increase from the
addition of microwave energy, the maximum specific impulse for X = 1 shown in Fig. 5.20 may increase from 186 s
to 258 s. The specific impulse calculated here assuming heated propellant injection is lower than that of the previous
section due to the use of the larger nozzle for this testing.

C. Effects of Microwave Frequency Variation Using Simulated Hydrazine
The TWTA system offers the ability to independently vary forward power and frequency, and was used to
determine the effect of varying frequency on chamber pressure and temperature. Mass flow and forward power were
held constant while frequency was varied over the full operating range over which the plasma could be sustained.
Testing was performed with a N2 + 4NH3 propellant mixture, corresponding to X = 0, using the 0.221-mm nozzle.
Forward power was held approximately constant at levels of 80 W and 110 W, varying within 5% of the respective
power level with varying frequency.
Chamber pressure and temperature are shown in Figs. 5.21 and 5.22, respectively. A maximum pressure and
temperature occur near the middle of the operating range for a given mass flow and power level. The operating
range widens with increasing power and contracts with increasing mass flow. This is to be expected. The threshold
electric field required to sustain the plasma increases with increasing pressure and the electric field strength in the
cavity decreases as the operating frequency moves away from the resonant frequency of the cavity. Higher power is
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Coupling efficiency vs. frequency using N2 +
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chamber temperature varied from a minimum of 669 K to
a maximum of 808 K by varying frequency. This temperature increase corresponds to an increase in specific
impulse of approximately 10%. For that same mass flow, the maximum temperature increased from 747 K to 808 K
by increasing forward power from 80 W to 110 W. This temperature increase corresponds to an increase in specific
impulse of 4% following a 37% increase in absorbed power. The uncertainty of the temperature is estimated to be
±20–35 K. Two representative values of specific impulse are also shown in Fig. 5.22. Specific impulse was
calculated assuming a perfect expansion to zero pressure. The uncertainty of the specific impulse is estimated to be
±5 s.
Coupling efficiency, shown in Fig. 5.23, also showed maxima at a certain frequency; however, the maximum
coupling efficiency did not occur at the frequency at which the maximum chamber pressure and temperature were
observed. At the frequency of maximum coupling efficiency, the occurrence of ionization collisions is higher than at
the frequency of maximum temperature, where the occurrence of non-ionization collisions that result in propellant
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levels of 80 W and 105 W, varying within <1% of the
respective power level with varying frequency. Figures 5.24–5.26 show the results, which share similar trends with
the X = 0 flows. A maximum chamber pressure and temperature occur near the middle of the operating range for a
given mass flow and power level. Second-order polynomial curve-fits were again applied to the data to clearly
demonstrate the trends. Chamber temperature and, thus, specific impulse vary with frequency and power, though
less substantially than for the X = 0 propellant mixture. Besides being a different initial propellant composition,
another possible reason for this decreased sensitivity could be the pressure effects associated with using different
nozzles. For this testing, the larger nozzle was used, which was shown to be less effective in heating the propellant.
With a mass flow of 1.79 mg/s and a forward power level of 105 W, the chamber temperature varied from a
minimum of 639 K to a maximum of 679 K by varying frequency. This temperature increase corresponds to an
increase in specific impulse of approximately 3%. For that same mass flow, the maximum temperature observed at
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each power level increased from 628 K to 679 K by increasing power. This temperature increase corresponds to an
increase in specific impulse of 4% following a 26% increase in absorbed power. The uncertainty of the temperature
is estimated to be ±10–15 K. Two representative values of specific impulse are also shown in Fig. 5.25. Specific
impulse was calculated assuming a perfect expansion to zero pressure. The uncertainty of the specific impulse is
estimated to be ±2 s.
Coupling efficiency, shown in Fig. 5.26, also showed maxima at a certain frequency, but again, the maximum
coupling efficiency did not occur at the frequency at which the maximum chamber pressure and temperature were
observed. In general, the frequency of maximum power absorption was approximately 20–60 MHz lower than the
frequency of maximum temperature.

D. Effects of Microwave Power Variation Using Simulated Hydrazine
Tests were performed with the X = 0 propellant mixture and 0.221-mm nozzle to determine the effect of varying
forward power at constant mass flow and frequency. The frequency was held constant at 7.55 GHz for all mass
flows and the forward power was decreased until the plasma was extinguished. Figure 5.27 shows the results. For a
given mass flow and frequency, chamber pressure and temperature increased significantly with increasing power.
For example, with a mass flow of 1.07 mg/s, chamber temperature increased from 649 K to 813 K by increasing the
absorbed power from 54 W to 106 W. This corresponds to an increase in specific impulse of 12% following a 96%
increase in absorbed power. Since power was decreased until the plasma extinguished, the data suggest that, at a
given frequency, there exists a minimum specific power necessary to sustain the plasma. At 7.55 GHz using the
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results. For a given mass flow and frequency, chamber

Parametric plot of chamber temperature vs.
specific power with mass flow (solid lines) and absorbed
power (dashed lines) as parameters using N2 + 2H2, 0.272mm nozzle.

pressure and temperature increased significantly with
increasing power. For example, with a mass flow of 1.79 mg/s, chamber temperature increased from 580 K to 675 K
by increasing the absorbed power from 65 W to 102 W. This corresponds to an increase in specific impulse of 8%
following a 57% increase in absorbed power. Since power was decreased until the plasma extinguished, the data
suggest that, at a given frequency, there exists a minimum specific power necessary to sustain the plasma. At 7.57
GHz using the 0.272-mm nozzle, the minimum specific power was approximately 35 MJ/kg.
Specific power can be varied by changing absorbed power or mass flow. The variation of either parameter can
have different effects. Second-order polynomial curve-fits were applied to the data for X = 1 shown in Fig. 5.28. The
curve-fits were then used to generate a parametric plot of chamber temperature as a function of specific power with
mass flow and absorbed power as parameters. The parametric plot, shown in Fig. 5.29, represents only the curve-fit
data and not any extrapolated trends. Chamber temperature does not depend solely on specific power. For a given
mass flow, chamber temperature increases with increasing absorbed power and, thus, increasing specific power.
This is to be expected. However, for a given power level, chamber temperature increases with increasing mass flow
and, thus, decreasing specific power. This demonstrates an increase in heating efficiency due to the increase in
chamber pressure associated with higher mass flow. Both high pressure and high power are necessary for high
performance.
The minimum operable specific power for the X = 1 flow using the 0.272-mm nozzle was observed to be 35
MJ/kg, whereas it was 50 MJ/kg for the X = 0 flow using the 0.221-mm nozzle. However, data from other testing
performed with the X = 0 propellant mixture using the 0.272-mm nozzle showed that a lower specific power could,
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in fact, be reached (Fig. 5.20). This effect is due to the

associated with a larger nozzle throat diameter. The
threshold electric field required to sustain ionization
becomes proportional to pressure in the pressure range

Forward Power1/ 2 (W1/2)

decrease in chamber pressure at a given mass flow

12
Increasing
performance

10
8
Region of typical
operating conditions in
this study

6
4

Thresholds
X=0

2

X=1

relevant to this testing.1 As pressure is increased,

0
1

electrons participate in elastic and inelastic collisions

10

100

Chamber Pressure (kPa)

more frequently and have less time to be accelerated by Fig. 5.30
the electric field to build up sufficient kinetic energy for
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high probability of ionization. Energy is lost instead to electronic excitation of neutrals and internal energy modes of
molecules. The result is that electric field strength must be increased to maintain a high probability of participation
in collisions that result in ionization in order to balance the primary loss mechanism, which is ion–electron
recombination. Figure 5.30 shows data indicating the threshold power required to sustain the plasma for each
propellant mixture. The data shown are those obtained immediately prior to plasma extinction in response to
changing operating conditions. Electric field strength, E, is typically plotted as a function of pressure on a
logarithmic scale. Since power is proportional to E2, the square root of forward power is plotted instead. The data
indicate the expected relationship. The region of typical operating conditions of the thruster during this study is also
denoted in Fig. 5.30. At a given power level, the performance of the MET increased with increasing pressure until
the power threshold was reached and the plasma was extinguished. It is reasonable to conclude that maximum
performance is likely to increase as available forward power is increased because the pressure reached before
plasma extinction will increase. If the extrapolated trend is valid at atmospheric pressure, the threshold power
required for operation would be approximately 130 W for X = 1.

E. Thrust Measurements Using Simulated Hydrazine
Thrust measurements were obtained using simulated hydrazine with the TWTA power supply system and the
0.272-mm nozzle. The forward power level for all testing was 105 W, varying <1%. Three different propellant
compositions were studied to determine which would yield maximum performance and the propellant was supplied
at room temperature. For each mixture, three mass flows were chosen to represent the approximate range over which
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respectively.
The maximum measured specific impulse was obtained using the X = 1 propellant mixture. Using this initial
propellant composition, a specific impulse of 140 s was measured with a corresponding thrust of 2.9 mN and thrust
efficiency of 1.9%. The linearity of the thrust as a function of chamber pressure is good, but a trend of increasing
difference between calculated and experimental values for thrust and specific impulse can be seen as X decreases.
Performance measurements deviated significantly from theoretical calculations. The average percent error ranged
from 3–41%. One probable source of discrepancy is the neglect of changes in boundary layer constriction at the
nozzle throat between the hot and cold states. As the boundary layer at the throat grows, the effective nozzle area
decreases and the pressure at a given mass flow increases. The calculation of chamber temperature was based on the
observed pressure rise at a given mass flow between the hot and cold states. It was assumed that the pressure rise
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was due solely to temperature increase and not to throat area decrease. Low Reynolds number nozzles experience
significant boundary layer losses. The boundary layer constitutes a substantial portion of the flow, but accurate
predictions of its growth as a function of temperature can be difficult. Another source of error is heat transfer to the
nozzle wall. This loss is persistent due to the unavoidable temperature gradient that exists between the high
temperature exhaust and the nozzle wall. Other sources of error include the possibility of greater errors in measured
parameters, like mass flow and pressure, than those stated in Section II.A, which are given in the manufacturer
literature. Instrumentation errors could be higher if the instruments are not properly calibrated.
Thrust and specific impulse are notably low. In addition to the inherent thruster losses mentioned previously,
the MET was tested in a vacuum bell jar facility with limited pumping capability leading to significant ambient
pressure losses. Typical ambient pressures ranged from 185–325 Pa depending on mass flow. If testing had been
performed in a facility capable of pumping down to negligible ambient pressures, calculated thrust and specific
impulse would have increased by approximately 20%. Additional increases in performance could be realized by
using a nozzle with a higher area ratio, Ae/A*. This would allow for further expansion and acceleration of the
exhaust flow. Using the chamber temperatures calculated in this study and assuming exhaust flow expansion to
vacuum pressure, calculated thrust and specific impulse would increase by approximately 30–40%.
Taken at face value, these data do not indicate a clear advantage to microwave augmentation of a hydrazine
monopropellant thruster since the performance is at a level already offered by the conventional thruster. However, it
should be noted that, in the laboratory, simulated hydrazine propellant is injected at room temperature. If the MET
were to be combined with a hydrazine monopropellant system, the propellant would be injected at the hydrazine
decomposition temperature. This temperature ranges from approximately 1700 K for X = 0 to 850 K for X = 1. The
microwave energy would then be used to further increase the chamber stagnation enthalpy, thus offering specific
impulse substantially higher than the conventional monopropellant system.

IV. Summary and Conclusions
The effects of changing nozzle throat diameter on the performance of the low-power MET have been observed
using nitrogen and simulated hydrazine propellants. The performance of the MET was influenced heavily by the
chamber pressure at which it was operated. Chamber temperature and coupling efficiency increased with decreasing
nozzle throat diameter due to the associated chamber pressure increase. High pressure and positional stability of the

83

plasma were more important than high specific power for obtaining high performance. Chamber temperature
increased with decreasing specific power due to the increase in chamber pressure associated with increasing mass
flow. Significant increases in performance can be realized by properly designing nozzles. There is a limit on the
degree to which nozzle throat diameter can be decreased while still expecting an increase in performance. Low
Reynolds number losses become increasingly significant while decreasing nozzle throat diameter and at some point
dominate, resulting in a net loss of performance.
The effects of frequency and power variation on the performance of the low power MET have been observed
using various propellant mixtures to simulate operation with decomposed hydrazine. The performance of the MET
was influenced substantially by the frequency and power level at which it was operated. The power threshold
necessary to sustain the plasma was established for the two ammonia decomposition limits of simulated hydrazine, X
= 0 and X = 1. It was found that, at a given power level, performance increased with increasing pressure until the
power threshold was reached and the plasma was extinguished. Maximum overall performance can then be expected
to increase as available forward power increases and the maximum pressure reached before plasma extinction
increases. The operable frequency ranges for both mixtures, at given mass flow rates and forward power levels, were
established and found to be in accordance with the results of numerical electromagnetic modeling of this cavity. It
was found that increasing the forward power level at a given mass flow widened the operable frequency range and,
conversely, increasing mass flow at a given power level contracted it. Maximum chamber pressures and
temperatures were found near the middle of the frequency range, and the points of maximum temperature and
coupling efficiency tended to shift toward lower frequency as mass flow was increased. These effects clearly
demonstrate the resonant behavior of the cavity. The chamber temperature is not solely dependent on absorbed
power. For a given mass flow and forward power level, the frequency of maximum chamber temperature was not
the same as the frequency of maximum coupling efficiency. It was possible to tune the cavity such that chamber
temperature increased significantly while absorbed power slightly decreased. With increasing mass flow, not only
does the chamber temperature increase, but the frequency of maximum performance shifts and the operable
frequency range contracts. Therefore, the ability to accurately tune the system is necessary to reach the maximum
potential performance of the thruster. Otherwise, significant losses will be incurred.
The performance of the low-power MET has been experimentally measured using three different mixtures to
simulate decomposed hydrazine. The highest measured specific impulse was 140 s, obtained using the X=1
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propellant mixture, with a thrust efficiency of 1.9%. Error between experimental and theoretical calculations
increased as X decreased. The discrepancy between experimental and theoretical values is attributed primarily to
changes in boundary layer constriction of the nozzle throat that are not accounted for in the theoretical calculation.
Significant back pressure losses were also incurred due to the low pumping capability of the vacuum facility.
Calculations of chamber temperatures show that if back pressure losses are negligible and a high-area-ratio nozzle is
used, the performance of the MET using cold simulated hydrazine decomposition products approaches that a typical
hydrazine monopropellant thruster.
Propellants in this study were injected at room temperature. If, instead, propellant were to be injected at
hydrazine decomposition temperatures, as it would be in a flight version of the system, the microwave energy would
increase the chamber stagnation enthalpy and offer specific impulse substantially higher than that of a conventional
monopropellant system. Laboratory studies should be conducted using preheated propellants to determine actual
operational capabilities of such a system and to examine any change in nozzle discharge coefficient as a function of
propellant temperature.
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Chapter 6
Summary and Conclusions
The MET is an electric propulsion device that uses an electromagnetic resonant cavity within which a freefloating plasma is ignited and sustained in a propellant gas. Microwave energy is coupled to the propellant gas
through collisions between free electrons and heavy particles in the plasma. The heated propellant is accelerated
though a gasdynamic nozzle and exhausted to generate thrust. This heating mechanism is similar to that of an arcjet,
which utilizes an arc discharge formed between two electrodes to heat a propellant gas. The main difference is that
the MET plasma is free-floating and thus the system does not suffer from the lifetime-limiting electrode erosion
problems that are characteristic of the arcjet. The MET potentially offers thrust and specific impulse comparable to
arcjets with higher efficiency at low power levels and longer lifetimes.
Research was initiated to examine the feasibility of operating the MET using the products of hydrazine
decomposition as the propellant gas. The goal of this research was to improve the performance of a hydrazine
chemical system by combining it with an EP system that can outperform the arcjet and does not suffer from erosion
problems. Operation with hydrazine propellant allows for integration with a conventional chemical propulsion
system onboard a spacecraft. In addition, such a system could possibly be used for multimode operation, thereby
enhancing the operational capabilities of the spacecraft. For example, it could be operated in a high Isp mode,
suitable for stationkeeping, with microwave energy sustaining a high temperature plasma at moderately low
pressures, or operated in a high thrust mode, suitable for rapid spacecraft repositioning, at high pressures without
microwave energy input. Operation of the MET using pure ammonia, another lightweight liquid-storable propellant,
was also examined to determine how well the MET performs compared to the arcjet using ammonia. The feasibility
of operating the MET at various frequencies and power levels using simulated hydrazine and ammonia has been
demonstrated.
In the MET plasma, microwave energy is coupled to the propellant gas through free electrons in the plasma.
The electric field accelerates free electrons, which then transfer their kinetic energy to heavy particles through
collision. Thus, electric field strength and chamber pressure play important roles in the power deposition and energy
exchange mechanisms. These roles were examined theoretically through numerical modeling of the cavity electric
field and experimentally through the variation of several MET components and parameters. In this program, testing
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was conducted on the 7.5-GHz MET at a power level of 70–100 W using pure nitrogen and various mixtures of N2,
H2, and NH3 to simulate decomposed hydrazine. Parametric studies of the effects of nozzle throat diameter,
microwave frequency, and microwave power were performed. Testing was also conducted on the 2.45-GHz MET at
a power level of 1–2 kW using pure nitrogen, simulated hydrazine, and pure ammonia. Parametric studies of the
effects of nozzle throat diameter, antenna probe depth, propellant injector diameter, and the inclusion of an
impedance matching unit were performed. Thrust and specific impulse measurements for the 2.45- and 7.5-GHz
METs were obtained using thrust stands. Numerical electromagnetic modeling of the existing 7.5- and 2.45-GHz
thrusters was performed using the commercially available finite element analysis software COMSOL Multiphysics.
This modeling yielded insight on the effects of variation of antenna depth, microwave frequency, and microwave
power. The results agreed well with experimental measurements. Numerical electromagnetic modeling was also
performed to design a new 8-GHz MET. This thruster was built and a preliminary performance evaluation was
conducted.
The analytical solutions to Maxwell’s Equations were derived for the empty MET resonant cavity as well as the
dielectric-loaded cavity. COMSOL Multiphysics was used to perform numerical electromagnetic modeling of the Efield in the resonant cavity of previously existing 1-kW-class 2.45-GHz and 100-W-class 7.5-GHz METs.
Parametric studies were performed to determine effects of varying microwave frequency and power, varying
antenna depth, and the inclusion of various dielectric materials inside the cavity. The same analysis was then
performed to aid the design of a new cavity operating at approximately 8.4 GHz with 350 W input power.
Numerical modeling provided quantitative and qualitative insight on the effects of the presence of dielectric
material inside the cavity. The dielectric separation plate reduced the resonant frequency. Loading the base of the
cavity with a dielectric significantly altered the E-field structure as well as lowering the resonant frequency. This
frequency shift was analytically predicted with accuracy. Numerical modeling also provided insight on the effects of
varying antenna depth and tip shape. In general, an increase in resonant frequency and maximum E-field strength,
and a decrease in resonant bandwidth, were observed with decreasing antenna depth. Rounding an antenna of a
given depth produced the same effect, most likely due to the removal of material from the cavity, similar to
decreasing the antenna depth. The sensitivity of the cavity to input frequency was studied in detail for the first time.
The results of this analysis were found to be in agreement with the results of experimental studies where antenna
depth was varied and studies conducted using a TWTA power supply with frequency tuning capability. Finally,
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modeling of METs operating at three different powers and frequencies has indicated substantial differences in
maximum E-field strength, which has implications for the maximum chamber pressure reached before plasma
extinction. These results can be compared to the results of experimental studies of threshold power necessary to
sustain a plasma at a given pressure.
Analytic solutions that accurately account for the presence of the antenna and dielectric materials of all shapes
and sizes are difficult, if not impossible, to obtain. Significant discrepancies between analytical and numerical
results are observed when the analytical model does not account for these perturbations. A numerical model that can
account for cavity perturbations is very helpful. The use of this computational tool to guide the design of the 8.4GHz MET represented the first time that detailed numerical modeling had been performed prior to cavity
construction.
The effects of antenna depth and power level were studied experimentally with the 2.45-GHz MET using
simulated hydrazine. The results of showed that antenna depth and input power had an effect on the maximum
chamber pressure and temperature reached before plasma extinction. The experimental results agreed with the
results of numerical electromagnetic modeling that predicted electric field strength as a function of antenna depth.
The effects of frequency and power were also observed experimentally with the 7.5-GHz MET using simulated
hydrazine. The performance of the MET was influenced substantially by the frequency and power level at which it
was operated. The power threshold necessary to sustain the plasma was established for the two ammonia
decomposition limits of simulated hydrazine, X = 0 and X = 1. It was found that, at a given power level, performance
increased with increasing pressure until the power threshold was reached and the plasma was extinguished.
Maximum overall performance can be expected to increase as available forward power increases and the maximum
pressure reached before plasma extinction increases. The operable frequency ranges for both mixtures, at given mass
flow rates and forward power levels, were established and found to be in accordance with the results of numerical
electromagnetic modeling of this cavity. It was found that increasing the forward power level at a given mass flow
widened the operable frequency range and, conversely, increasing mass flow at a given power level contracted it.
Maximum chamber pressures and temperatures were found near the middle of the frequency range, and the points of
maximum temperature and coupling efficiency tended to shift toward lower frequency as mass flow was increased.
These effects clearly demonstrate the resonant behavior of the cavity. The chamber temperature is not solely
dependent on absorbed power. For a given mass flow and forward power level, the frequency of maximum chamber
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temperature was not the same as the frequency of maximum coupling efficiency. It was possible to tune the cavity
such that chamber temperature increased significantly while absorbed power slightly decreased. With increasing
mass flow, not only does the chamber temperature increase, but the frequency of maximum performance shifts
slightly and the operable frequency range contracts. Therefore, the ability to accurately tune the system is necessary
to reach the maximum potential performance of the thruster. Otherwise, significant losses will be incurred.
The effects of changing nozzle throat diameter have been observed with the 2.45-GHz MET using ammonia and
simulated hydrazine, and with the 7.5-GHz MET using nitrogen and simulated hydrazine. Past investigations have
revealed that chamber temperature typically increases with increasing mass flow, presumably due to the associated
chamber pressure increase. However, in those investigations, the mass flow increase resulted in a decrease in
specific power because input power levels typically remained approximately constant. By using nozzles with
different throat diameters in this study, the chamber pressure was decoupled from the mass flow and specific power
so the effects of each could be isolated and characterized. The performance of the MET was influenced heavily by
the chamber pressure at which it was operated. It has been found that high pressure and high power are essential for
high performance. Significant increases in performance may be realized by optimizing the nozzle throat size.
The influence of injector size was examined with the 2.45-GHz MET using simulated hydrazine. The results of
the injector study showed that substantial performance increases could be realized through optimization of injector
diameter and, thus, injection velocity. With a forward power of 1 kW, the maximum calculated specific impulse
reached before plasma extinction increased by approximately 100 s by using smaller injectors. Significantly higher
chamber pressures and temperatures can be reached prior to plasma extinction with an optimized injector diameter.
This phenomenon, however, is not yet well understood.
In order to gauge the accuracy of the performance calculated using laboratory measurements of mass flow and
chamber pressure, thrust measurements were obtained with the 2.45-GHz MET using simulated hydrazine and
ammonia, and with the 7.5-GHz MET using simulated hydrazine. For the configurations used in this study,
calculated specific impulses of the 2.45-GHz thruster using ammonia and simulated hydrazine approached 400 s and
425 s, respectively, and the calculated specific impulse of the 7.5-GHz thruster using simulated hydrazine ranged
200–220 s depending on initial propellant composition. Significant discrepancy between measured and calculated
performance was observed for both thrusters with measured performance typically 20–40% lower than theoretical
calculations. The discrepancy is attributed primarily to changes in boundary layer constriction of the nozzle throat
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that are not accounted for in the theoretical calculation. More sophisticated methods should be explored to
accurately predict these changes. Significant back pressure losses were also incurred due to the low pumping
capability of the vacuum facility.
In the laboratory, simulated hydrazine is injected at room temperature. If the MET were to be combined with a
hydrazine monopropellant system, the propellant actually would be injected at the hydrazine decomposition
temperature. The microwave energy would then be used to further increase the chamber stagnation enthalpy.
Assuming an injection temperature of 850 K and the same enthalpy increase from the addition of microwave energy,
the maximum specific impulse for the configurations used in this study may increase from approximately 425 s to
470 s for the 2.45-GHz thruster and from 200 s to 270 s for the 7.5-GHz thruster. Laboratory studies should be
conducted using preheated propellants to determine actual operational capabilities of such a system.

Key Findings and Recommendations
The results presented in this study encourage further development of the MET for operation using hydrazine
and ammonia, liquid-storable propellants with low molecular weight exhaust, with the goal of outperforming the
arcjet. The following is a list of key findings and recommendations:

1.

The MET plasma temperature is significantly higher than the mean exhaust stagnation temperature.
This indicates substantial losses due to cold flow slippage and wall heat transfer. Operating at high pressure
helps to mitigate cold flow slippage. Convective heat transfer losses may be mitigated by operating with an
experimental setup in which the MET is positioned inside the vacuum chamber. In addition, using materials
with lower thermal conductivity for nozzle construction may help reduce heat losses in the exhaust stream.

2.

High power and high pressure are necessary for high performance. The power deposition and energy
exchange mechanisms are collisional and, thus, heavily dependent on chamber pressure. As chamber
pressure increases, the plasma and surrounding gas shift toward thermal equilibrium due to the increased
number of particle collisions. High pressure also forces the plasma closer to the nozzle, thereby increasing
heating efficiency by decreasing cold flow slippage. However, plasma conductivity may decrease at high
pressure due to an increase in the number of inelastic collisions that result in ion–electron recombination,
leading ultimately to plasma extinction. High electric field strength, i.e., high power, is required to
compensate. Increasing power may also increase the physical size of the plasma and further help to mitigate
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cold flow slippage. The cavity must be well tuned in order to obtain high electric field strength at a given
power. Numerical modeling indicates that the 2.45-GHz cavity is poorly tuned. In addition, numerical and
experimental studies have indicated that all MET cavities tested to date may have been underpowered.
Based on the physical size of the plasma and the results of numerical modeling of the electric field, the 1kW 2.45-GHz and 100-W 7.5-GHz METs might be underpowered by an order of magnitude or more.
Presently, the power delivered to the MET is limited primarily by the maximum output of the power supply
and material limitations of the antenna.

3.

The MET must be optimized based on propellant choice. Key areas of study for optimization have been
identified including cavity tuning, nozzle throat diameter, and, perhaps most importantly, injector diameter.
The results of parametric optimization studies with various propellants, including some that were not
reported here, have indicated that an optimized design would be propellant-specific. Currently, the MET is
not optimized for operation with hydrazine or ammonia. Performance increases may be realized if an
optimized design is pursued.

4.

There appears to be a significant difference between measured and calculated performance. The
discrepancy has been attributed to neglecting changes in boundary layer constriction at the nozzle throat.
More sophisticated calculation of performance should take this into account.

5.

A detailed numerical model of the MET using propellants of interest should be developed. The
coupling of fluid dynamic and electromagnetic phenomena in the MET cavity is not yet well understood,
particularly the role of fluid swirl in propellant heating and plasma maintenance. Numerical modeling of
the plasmadynamics of the MET should be pursued in order to predict thruster performance and perform
parametric analysis for optimization. The ultimate goal should be a two-temperature chemical kinetics code
that models nitrogen/hydrogen plasma with viscous, steady, compressible, axisymmetric flow. The model
would be useful as it would yield insight into the physics of MET plasmas using hydrazine or ammonia,
realistic choices for propellant. It would allow parametric analysis of the dimensions of the resonant cavity,
propellant injectors, and nozzle for optimized performance at various operating conditions. Such a model
would be very complex and would require a substantial time commitment.
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Appendix
Preliminary Performance Evaluation of the 8.4-GHz
Microwave Electrothermal Thruster Using Simulated
Hydrazine
Interest was generated in the construction of a new cavity to be operated using an input power of 350 W at a
frequency in the range of 7.9–8.4 GHz. The power and frequency range corresponded to an available space-qualified
TWTA power supply. Analytical and numerical models were used to guide the design of the new cavity. This
represented the first time that detailed numerical modeling had been performed prior to cavity construction. A cavity
radius a = 14.7 mm and height h = 47.775 mm (h/a = 3.25) were chosen as the dimensions for the new 8.4-GHz
MET. Research was initiated to measure the performance of the new MET and to optimize the various component
parameters including nozzle throat size, injector diameter, and antenna depth. A report of the preliminary testing is
given here.
The experimental setup and procedures were similar to those described in Ch. 5. The 8.4-GHz MET has the
same outside cross-section as the 7.5-GHz MET, making it possible to use the existing nozzle plates. The 0.272-mm
nozzle was used for this testing. The 8.4-GHz MET has removable injectors to allow for parametric testing of the
effects of varying injector diameter. The injector diameter used for this testing was 1.59 mm. The antenna depth was
approximately 2 mm and a Teflon antenna cap with a radius of 6.35 mm and a height of 7.11 mm was used. The
microwave power supply was a MCL MT3200 TWTA. The microwave circuit consisted of waveguide components
with a waveguide-coax adapter immediately preceding the MET.
Testing was conducted using simulated hydrazine (N2 + 2H2) injected at room temperature as propellant. The
resonant frequency was found to be approximately 8.16 GHz, in accordance with COMSOL Multiphysics modeling
of this particular configuration. The forward power was set to a desired level and mass flow was increased
incrementally. Figure A.1 shows coupling efficiency as a function of chamber pressure for various forward powers.
At a given power level, it was possible to couple over 95% of the forward power to the plasma over some range of
pressure. As the pressure increased, due to increasing mass flow, the coupling efficiency decreased due to ion–
electron recombination and a decrease in plasma conductivity. At this point, the forward power was increased
bringing the coupling efficiency back to over 95%. Increasing forward power increased the electric field strength
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resulting in an increased number of ionization collisions. The increased electron number density increased the
plasma conductivity and, thus, coupling efficiency.
Pressure ratio, shown in Fig. A.2, and chamber temperature, shown in Fig. A.3, increased with increasing
chamber pressure and forward power. The maximum sustained chamber pressure was 172 kPa, substantially higher
than that of the 2.45- or 7.5-GHz METs. A plasma was sustained at atmospheric pressure with a forward power of
approximately 150 W, in accordance with the prediction of threshold power made for the 7.5-GHz MET in Ch. 5.
No attempt was made to accurately determine the power threshold for the 8.4-GHz thruster.
The maximum specific impulse, calculated assuming a perfect expansion to zero pressure, is also shown in Fig.
A.3. Even though the 8.4-GHz thruster reached a chamber pressure higher than previous METs, it did not
outperform the 2.45-GHz MET operating with 1–2 kW forward power. However, testing with this new MET is only
in the initial stages and the design has not yet been optimized. Figure A.4 shows the calculated vacuum specific
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impulse at operating conditions where ~95% coupling efficiency was obtained. A linear trend was applied to the
data. If the extrapolated trend is valid, the 8.4-GHz MET, in this unoptimized configuration, will outperform the
2.45-GHz MET at a forward power of approximately 500 W and it will outperform the arcjet at a forward power of
approximately 1 kW. However, the validity of this linear trend is questionable and further testing at higher powers is
necessary. At this time, forward power is limited by the maximum output of the power supply and antenna material
constraints. An effort to overcome these limitations is currently underway.
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