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A new two-stage microwave electrothermal thruster concept, that incorporates
a supersonic energy addition section, is explored numerically by using a sophisti-
cated two-temperature, non-equilibrium model. This model includes the complete
system of both the Maxwell equations and the Navier-Stokes equations for the
case of a helium flow with different electron and heavy species temperatures and
with finite rate ionization kinetics. Results from a simulation of the supersonic
stage of the thruster are presented, involving a 200 mg/sec helium flow where it
is assumed that 5.5 kW is absorbed in subsonic stage and an additional 5 kW
is absorbed in the supersonic stage. It is shown that both the specific impulse
and thrust increase by 16 %, compared with the case without supersonic energy

addition.

Introduction

A microwave electrothermal thruster is a space
propulsion system that uses a microwave plasma
to heat a low molecular weight propellant gas to
a high temperature, and like in a conventional
rocket engine the propellant gas then expands
isentropically in a nozzle to produce thrust. Un-
like other electrothermal propulsion systems, such
as resistojets and arcjets,! microwave thrusters
have not been used on spacecraft. A state-of-the-
art, 2 kW hydrazine arcjet has demonstrated a
specific impulse of roughly 600 sec and an effi-
ciency of 30 % during a 550-h test.? The fact
that a microwave-sustained plasma can be created
without electrodes and can be maintained away
from the material surfaces of the thruster, may
allow for large reductions in thruster erosion and
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significant improvements in overall lifetime, com-
pared with arcjets. From a fundamental point of
view, a microwave plasma can be sustained in a
stable location in a subsonic flow only for a certain
range of specific powers.? This behavior is analo-
gous to the stability limit of a flame, and therefore
the specific impulse of a microwave thruster, with
heating only in the subsonic plenum, is limited.
One possible way to circumvent this limitation
and to realize higher performance in terms of
specific impulse and thrust is to add additional
energy to the propellant in the supersonic region
of the flow, creating a supersonic ”afterburner”.
This can be accomplished by using additional mi-
crowave energy to create another plasma in the
supersonic region of flow.

Previous Work

Different configurations have been explored for
coupling microwave power to a gas, the most
promising for thruster applications is the cylindri-
cal resonant cavity design, employing either the
TMgp11 or TMg12 microwave mode structure. The
first thruster of this kind was built in the early
1980’s and it consisted of a cylindrical microwave
resonant cavity at 2.45 GHz and a quartz tube,
arranged concentrically. He or No gas flowed
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through the quartz tube, where the walls stabi-
lized the microwave plasma on the centerline. The
gas then exited through a quartz nozzle connected
to the tube. It was shown that the ratio of power
absorbed by the plasma to the incident power
delivered to the cavity, the microwave coupling ef-
ficiency, could be made to exceed 95% with proper
tuning of the cavity for discharges sustained at
pressures from 40 to 1000 Torr.* Excessive heat-
ing and erosion of the quartz nozzle limited the
input power to less than 2 kW for mass flow rates
in the range of 100 mg/sec. Another prototype
thruster utilizing a cylindrical resonant cavity at
2.45 Ghz with a free-floating plasma inside the
cavity has operated successfully at power levels of
up to 2.2 kW and pressures as high as 3 atm with
He, Ny, NH3 and Hy as propellants.® In that de-
sign the plasma is stabilized by flow swirl created
from tangential gas injection into the cavity. The
gas exits the cavity through a graphite nozzle.
Spectroscopic measurements were made of free-
floating He plasmas in the cavity, stabilized by a
bluff body, and the results indicate that the elec-
tron temperature of these discharges is roughly
constant at 12,000 K over a range of incident pow-
ers from 0.5 to 1.0 kW and a range of pressures
from 1.0 to 3.0 atm.b

In addition to these experimental efforts, nu-
merical work has been done to model the phys-
ical processes occurring in microwave-sustained
discharges. The size, shape, location and peak
temperature of the free-floating He discharges,
stabilized by a bluff body, discussed above have
been reasonably well predicted by a computa-
tional model consisting of a low Mach number
formulation of the Navier-Stokes and the Maxwell
equations.” Thermodynamic equilibrium was as-
sumed, in the sense that both electrons and heavy
species have the same temperature and that the
electron concentration is determined from the
Saha relation. Subsequently, the model was ex-
tended to include a converging nozzle section so
that realistic thruster configurations could be sim-
ulated, and a parametric study of the effect of
nozzle throat area, discharge pressure and ab-
sorbed power on the location of the plasma in a
resonant cavity thruster was performed.® For sim-
ulations at a microwave frequency of 0.915 GHz, a
helium mass flow rate of 1.9 g/sec (1 atm plenum
pressure) and an incident power of 40 KW, a

toroidal plasma was observed off the cavity center-
line. As the cavity length was changed, detuning
the cavity from resonance and reducing the power
absorbed by the plasma, it was shown that the
plasma would move back on the centerline. A sim-
ilar single-temperature, equilibrium model was
used to show that a stable plasma could be cre-
ated in a supersonic argon flow, using microwaves
at 2.45 GHz.? In this work the plasma forms
a toroidal shape, with most of the energy addi-
tion occurring in the boundary layer at the walls
of the diverging nozzle. In the region of max-
imum heating the assumption of equal electron
and heavy species temperatures was shown to be
inaccurate and would predict an electron density
which was too low, by at least an order of magni-
tude.” Numerical models including the effects of
distinct electron and heavy species temperatures
have been developed and used to simulate arc-
jets!®11 and MPD thrusters,'?13 however until
now such a two-temperature model has not been
used to study a microwave thruster.

The goal of the present work is to simulate
the supersonic energy addition section of such a
two-stage microwave thruster, with helium as the
propellant, using a computational model which
includes the effects of separate electron and heavy
species temperatures and a finite ionization rate.

Outline

The physical model and the numerical tech-
niques used in the present study are described
briefly in the next section. The results from a
computation of the supersonic energy addition
section of the two-stage microwave thruster are
presented following the description of the physical
model. These results are compared with previous
work and an outline of necessary future work is
given in the conclusions section.

Physical Model

The physical model used in this work shares
many common features with a previous model, de-
veloped by the authors to study supersonic argon
plasmas.” The microwave field in the cylindri-
cal waveguide, which forms the supersonic energy
addition stage of the thruster is solved, using es-
sentially the same finite element code as in the
previous work.? This code finds the axial and ra-
dial components of the complex electric field, with
each field component described by the Helmholtz
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Fig. 1 The geometry used to simulate a

two-stage microwave thruster. The subsonic
plenum is labeled as A, the converging nozzle as
B, the diverging nozzle as C, the transmission
section of waveguide as D and the dielectric
wall as E.

equation. The fluid model incorporates the same
Navier-Stokes solver as well, with two additional
equations, one for the electron density and an-
other for the electron thermal energy. There are
three types of particles in the model, electrons,
ions and atoms. It is assumed that the heavy
particles, atoms and ions, have the same temper-
ature. Multi-level ionization is neglected, and it
is further assumed that the number densities of
electrons and ions are equal.

Flowfield Configuration

Since the main goal in this work is to study
the supersonic energy addition concept, and not
to evaluate the merits of various propellants, he-
lium was chosen as the propellant for simplicity.
A practical electrothermal thruster would use a
storable space propellant such as hydrazine, am-
The geometry of the two-stage
microwave thruster considered in this paper is il-
lustrated in Fig. 1. The thruster consists of two
cylindrical waveguides sections, one waveguide
which brings microwave energy for the subsonic
plasma, labeled Stage 1 in Fig. 1, and another
which brings microwave energy for the supersonic
plasma, labeled Stage 2. Stage 1 has a radius
of 5.08 cm and Stage 2 has a radius of 7.63 cm.
These values, and all the other dimensions to fol-
low, were chosen to match closely a prototype

monia or water.

two-stage thruster which is currently being built.
In this ideal representation, microwave energy en-
ters each of the waveguides separately, through
one of the planes indicated by a dashed line in
Fig. 1, and both of the waveguides are terminated
by a perfectly conducting plate. Only supersonic
energy addition is considered in this study. The
complex electric field is specified at the microwave
input plane of Stage 2, using a theoretical ex-
pression for a cylindrical, TMy; mode with the
amplitude chosen so that the desired amount of
power is absorbed by the supersonic plasma.

The propellant gas, helium, enters the plenum,
section A, at x+ = 0 in Fig. 1, and is subse-
quently heated by a microwave-sustained plasma
in Stage 1, which is not part of our simulation.
The flow then moves through a converging coni-
cal nozzle, section B, which connects to a throat
region with a radius of 1.59 mm. The supersonic
energy addition section is labeled as section C and
it is a diverging conical nozzle with a half angle
of 15 degrees and a length of 2.03 cm. In this
paper the fluid properties in section C are de-
termined by solving the Navier-Stokes equations,
with the throat conditions specified. We choose to
study a case with 200 mg/sec flow rate and where
5.5 kW of microwave energy is added in the sub-
sonic stage, representing one possible operating
point for the prototype thruster. For such a flow
the temperature at the throat would need to be
4000 K, and at this point we further assume an
electron temperature of 8,000 K and an ionization
fraction of 107°, in order to provide some initial
electron density so that microwave heating can
take place in the supersonic section. In Fig. 1 the
diverging nozzle is labeled section E and consists
of alumina ceramic, which has a dielectric con-
stant of 9.0 and a loss tangent of 8 x 1074, The
nozzle fills the entire cross section of the waveg-
uide. The supersonic energy addition section of
the real microwave thruster would have a radial
antenna protruding into section E, which would
act to couple microwave energy into sections C
and E. The three-dimensional field pattern asso-
ciated with this radial antenna is not considered
in the present model, but rather it is assumed
that microwaves propagate through the waveg-
uide from the input plane into sections C and E,
without interacting with the exhaust plume of the
thruster in section D, and in this way the section
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of waveguide between the input plane of Stage 2
and sections C and E acts like an antenna in the
numerical simulation.

Navier-Stokes Equations

The unsteady axisymmetric Navier-Stokes
equations, for a two-temperature monatomic gas
with arbitrary degree of ionization, can be written
in cylindrical coordinates in the following differ-
ential vector form!'

oru n orF(U) N orG(U)
ot Ox or

where x and r are the axial and radial direc-
tions, respectively. U = (pe, p, u,v, Ep, Ee)' is
the vector of conservation variables, with total
mass density as p, electron mass density as pe,
axial velocity as u, and radial velocity as v. The
total heavy particle energy density (thermal plus
kinetic) is expressed as

=S, (1)

3
E,=p <2RhT + 1/2[u® + vQ]) + Bpe,

where Rj is the heavy particle gas constant, T
is the heavy particle temperature, and Bp. is
the internal energy contribution due to ioniza-
tion. The electron energy density is taken to be
E. = (3/2)peReTe, where R, is the electron gas
constant and 7 is the electron temperature. The
kinetic energy of the electrons has been neglected,
as well as the contribution of the electron mass to
the total mass density. The flux vectors, F(U) =
F¢(U) — F4(U) and G(U) = G°(U) — G4(U),
are functions of the conservation variables and
contain both convective and diffusive terms, rep-
resented by the superscripts ¢ and d respectively.
The convective flux vectors are!*

Pelh
pu
pu? + P
puv
u(Eh + Ph)
L u(Ee + Pe) |

Pev
pv
UV
Gru)=| B, |
U(Eh + Ph)
L v(Ee + Pe) |

while the diffusive flux vectors are

0
0
F(U) = Taw

Txr
—Qhe + UTgy + VUTgp
—ex

0
0
d T,
-]
—Qhr + UTgr + UTpyp
—er

In the previous relations P is the total gas pres-
sure. The heavy particle pressure is expressed as
P, = pR,T and the electron pressure is P, =
peReTe. The viscous stresses are given by

4 Ou 2 ov v
Tor = 3H9r 73 <(97“ r>’

4 ov 2 ou v
[ L P (aﬁ)

(o
xr - /‘1’ 87" ax 9

with u equal to the gas viscosity. The heat fluxes
are

Ghe = —kh%,
qhr = —kh%,
Qex = _ke%7
Qer = —ke%,

with kj equal to the thermal conductivity of the
heavy particles and k. equal to the thermal con-
ductivity of the electrons. The transport coeffi-
cients, u, kp and k., are discussed in the section
on transport properties. The right hand side of
Eqn. 1, S, contains source terms that are due to
the cylindrical symmetry of the problem, the fi-
nite ionization rate, the energy transfer between
electrons and heavy particles, and the microwave
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joule heating. The source term is given below

TQion
0

0

S =
p‘{’%(Txr_QTM)

T(Qe + Qm)
| 7(—Qe — Qin + (i~ E)) |

In the above expression i is the current density
vector and E is the electric field vector. The
microwave joule heating term (i- E) is described
later, when the microwave field equations are dis-
cussed. The energy transfer from electrons to
heavy particles due to elastic collisions is Q). =
3peveriky(Te — T')/mg, where m, is the mass of
an atom, vp is the electron collision frequency
with heavy particles and k; is the Boltzmann
constant. The inelastic energy transfer term is
Qin = €Qion/me, where €. is the ionization po-
tential. The ionization source term is calculated
as Qion = peS(N, — N2/Q7), with the first term
in this expression accounting for electron impact
ionization and the second term three-body recom-
bination. N, is the electron number density and
N, is the atom number density. S is the ionization
rate coefficient for helium,® and Q7 is the ratio of
N2/N, at equilibrium, which is determined us-
ing the Saha equation. The ionization kinetics
are controlled by the electron temperature in this
model.

A conservative finite-volume numerical dis-
cretization, incorporating first-order scalar dis-
sipation, is used to integrate the governing
equations(1) in time until a steady state is
reached, an approach that has been thoroughly
validated by several authors.'*16 The criteria for
judging when a solution is properly converged is
the reduction of the density residual by at least
five orders of magnitude. Unlike the approach
taken in previous work,” where time accuracy was
achieved by marching the fluid equations with a
single global time step, determined by the flow
properties on the entire grid, in this work the time
step is determined individually for each cell on the
grid and the electron and heavy species equations
are advanced with their own characteristic time
step size. This last point is essential, because the
addition of an electron energy equation adds stiff-
ness to the problem. A simple grid was used for
all the simulations in this work, consisting of 80

radial cells and 80 axial cells.

Transport Properties

In this work estimates of collision cross sections
involving electrons and heavy particles are used to
calculate the transport properties from first prin-
ciples. The transport properties are defined in
terms of energy-averaged mean free paths.!” It is
assumed that all particles have Maxwellian veloc-
ity distributions. The energy-averaged mean free
paths of the particles in the model are given by

)\e - = )
2N6Q€€ + ﬂNeQei + 2NaQea
A= !
' V2(NeQii + NoQia)’
1
“ \/i(NeQm + NaQaa) ’

where A, is the energy-average mean free path of
an electron, )\; is that of an ion and A, is that of
an atom. In calculating the energy-averaged mean
free paths of the atoms and ions, collisions with
electrons are neglected, because me/m, << 1.
The energy-averaged collision cross section for
electrons colliding with helium atoms is Q¢ =
4 x 10720 m?2'7 and for electrons colliding with
ions it is Qe; = 5.85 x 107 %log A/T? m?, where
A = 1.24 x 107/T3/N.. Tt can be shown that
Qei = Qee = Qy; for singly charged species. In
this work the energy-averaged collision cross sec-
tion for ions colliding with atoms is estimated as
Qia = Qcq- The corresponding atom-atom colli-
sion cross section, Quq, in units of m?, is taken
as

—0.145
Qun = 414 x 10719 (1147 | L.
5.67

[l )

which was derived from a theoretical expression
for the viscosity of helium atoms.'® The average
molecular speed of an electron is C. = \/8R.T, /7
and of a heavy particle is Cy, = /8R,T /7. Hav-
ing defined these quantities, the viscosity and
thermal conductivities can be written as

no= maCh (Na)\a + Ne)\z') ;

]Ch = kb (NaCh/\a‘i‘NeCaAi),
ke - k?bNeCe)\e- (2)
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Next the quantities that are required to calcu-
late the gas conductivity are presented. The total
electron collision frequency with heavy particles,
Ver, is given below as

vew = Cp (NaQea + NeQei) .

The complex conductivity is responsible for the
coupling between fluid and the microwave field.
The complex conductivity is a function of N, vep,
and w, the microwave angular frequency, accord-
ing to the following expression

N, 2
o= e—e" (3)
Me (Verr + iw)

Maxwell Equations

For a TMg; mode in a cylindrical waveguide
there are three components of the complex elec-
tromagnetic field, E,., E,, and Hy. When calcu-
lating the electron joule heating term, only the
electric field components are needed, as shown
shortly. In cylindrical coordinates the Helmholtz
equation that describes the axial component of
the complex electric field, E,, is!”

10 9E, O°E,
— =T +
ror Or Ox?

+ B%E, = 0. (4)

The corresponding equation for the radial compo-
nent, E,., is'”

ror " or Oz2 r2

10 OE, O%E, 1
- + + (52 - ) E, =0. (5)

In these equations the complex propagation con-

stant, 3, is such that 3% = ‘*C’—; (1 — 1%%), where ¢
is the speed of light, ¢q is the dielectric permittiv-
ity of free space and o is the complex conductivity
of the plasma, which was defined earlier. The fi-
nite element method is used to solve both Eqn. (5)
and Eqn. (4) separately.® Using the computed
values of the field components the microwave joule
heating term is determined as given below

Q-E) = i (0+0") (B.E +E.EY).  (6)

This completes the discussion of the equations
that constitute the physical model.

Boundary Conditions

In this section the relevant boundary conditions
for the equations above are reviewed, starting first
with the microwave field components. E,. and F,
are specified at the inlet port, for each waveg-
uide, Stage 1 and Stage 2, as discussed previously.
Along the walls of each waveguide it is assumed
that £, = 0, and OrE,/0r = 0. On each of the
two terminating plates the following conditions
hold true, E, = 0 and 0F,/9z = 0. Finally on the
centerline, the cylindrical symmetry of the prob-
lem implies that E, = 0 and 0FE,/0r = 0. This
paper concentrates only on the microwave fields
in Stage 2.

Because of the cell-centered scheme used by the
Navier-Stokes solver it is necessary to specify the
values of the flux vectors, F(U) and G(U), at
the physical boundaries of the domain. Along
the wall and centerline boundaries the convective
fluxes are specified so that there are no mass, mo-
mentum or energy fluxes through these respective
boundaries. In addition to the above specifica-
tions for the convective fluxes, the no slip condi-
tions, u = 0 and v = 0, are applied at the wall
boundary and the temperature of the wall is fixed
at 500 K, this facilitates the computation of the
diffusive fluxes, F4(U) and G4(U), at these lo-
cations. In addition the electrons are assumed
to be adiabatic at the wall. The diffusive fluxes
are zero at the gas inlet and exit planes. At the
gas throat the fluid properties are prescribed, as
mentioned before, and at the nozzle exit plane the
convective fluxes are calculated by extrapolating
the flow properties from the interior of the do-
main. Cylindrical symmetry is enforced along the
centerline, by setting v and all partial derivatives
with respect to r equal to zero.

Simulation Results

The results of a simulation involving 5 kW
of supersonic energy addition are now presented,
starting first with temperature and electron tem-
perature contours. Fig. 2 shows the gas temper-
ature contours in degrees Kelvin. The maximum
temperature of 4700 K occurs at a point 0.8 mm
downstream of the throat, where the electron tem-
perature is 40,000 K. The electron temperature
contours, are shown in Fig. 3. It is readily ap-
parent that inside most of the nozzle, the electron
temperature profile is markedly different than the
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Fig. 2 Temperature contours inside the super-
sonic diverging nozzle section of the microwave
thruster (in K).

o r
© o
RN W SN NRR

°
2}

Radius (cm)
o
oD

o
N

0.0 0.5 1.0 1.5 2.0
Length (cm)

2000 9500 17000 24500 32000 39500 47000

Fig. 3 Electron temperature contours inside
the supersonic diverging nozzle section of the
microwave thruster (in K).

gas temperature profile, by an order of magni-
tude. The regions of maximum electron temper-
ature correspond to the locations of maximum
electric field strength, as one would expect. The
disparity between the electron and heavy species
temperature occurs, even though the gas pressure
is several hundred Torr. The total pressure con-
tours, in Torr, are shown in Fig. 4. The maximum
pressure is roughly 460 Torr, just downstream of
the throat.

The contours of the axial component of the elec-
tric field are shown in Fig. 5, where the solid black
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Fig. 4 Pressure contours inside the super-

sonic diverging nozzle section of the microwave
thruster (in Torr).
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Fig. 5 Time-averaged value of the axial compo-
nent of the complex electric field inside Stage 2
(in kV/cm). The solid black line indicates the
boundary of the dielectric nozzle.

line indicates the boundary of the dielectric noz-
zle, section E in Fig. 1. The electric field is sharply
attenuated, due to the presence of the plasma,
from a value of 410 V /cm just above the dielectric
nozzle boundary to a value of 2 V/cm just be-
low. The corresponding radial component of the
complex electric field is shown in Fig. 6. Unlike
the axial component, the radial component of the
field is not effected strongly by the presence of the
plasma.

For microwaves at 2.45 GHz the critical electron
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Fig. 6 Time-averaged value of the radial
component of the complex electric field inside
Stage 2 (in kV/cm). The solid black line indi-
cates the boundary of the dielectric nozzle.
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Fig. 7 Electron number density contours in-
side the supersonic diverging nozzle section (in
cm~3).

number density is 7.45 x 10'°%cm™3. The electron
number density in this problem is considerably
larger than this, as shown in Fig. 7. The max-
imum electron number density is 8 x 10%cm™3,
which occurs in the vicinity of the maximum tem-
perature point, roughly 0.8 mm downstream of
the throat. The electron number density drops
to 3 x 103cm™3 at the nozzle exit where the gas
pressure is 10 Torr.

The Mach number contours inside the nozzle

are shown in Fig. 8. The Mach number at the
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Fig. 8 Mach number contours inside the su-
personic diverging nozzle section.

point 0.8 mm downstream of the throat, on the
centerline is 1.02. The subsonic, laminar bound-
ary layer is clearly visible. The Mach number
increases to a maximum value of 3.0, 1.5 cm
downstream of the throat and then decreases to a
value of 2.6 at the nozzle exit. This Mach num-
ber decrease, and the increases in temperature
and pressure that are associated with it, are due
to energy transfer between electrons and heavy
species which occurs in this region, on the order
of 1 kW /cm3, as indicated in Fig. 9. The energy
transfer rate, Q¢ + Qin, is the sum of contribu-
tions from both elastic and inelastic processes.
The heating rate of electrons by the microwave
field, the joule heating rate, is shown in Fig. 10
for comparison. The joule heating rate just down-
stream of the throat is 440 kW /cm3, and of this
value, 315 kW/cm? is transferred to the heavy
particles due to elastic and inelastic collisions. In
the vicinity of the maximum temperature point,
0.8 mm downstream of the throat, the joule heat-
ing rate and the energy transfer rate are roughly
the same, on the order of 200 kW /cm?. Without
supersonic energy addition the Mach number on
the centerline, 0.8 mm downstream of the throat
is 1.47, and the corresponding exit Mach number
is 4.63. The axial velocity contours for the case of
energy addition, are shown in Fig. 11. The axial
velocity at the exit is 7.9 km/sec.

In order to see the effect of supersonic energy
addition on the performance of the thruster, we
ran an additional simulation of the supersonic
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Fig. 9 Energy transfer rate between electrons
and heavy particles inside the supersonic di-
verging nozzle section (in kW /cm?3).
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Fig. 10 Joule heating rate of electrons in-

side the supersonic diverging nozzle section (in
kW /cm?3).

stage, this time without energy addition, starting
from fixed conditions at the throat, as specified
in the flowfield configuration section. As men-
tioned previously these conditions correspond to
the absorption of 5.5 kW of power by the plasma
in Stage 1. Without supersonic energy addition
the thrust of this hypothetical two-stage thruster
is 1.25 N, for 200 mg/sec mass flow rate, and the
specific impulse is 640 sec. The results of this
calculation show that of the power absorbed in
Stage 1, 958 W is transferred to the wall in the
supersonic nozzle section due to thermal conduc-
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Length (cm)

400 1150 1900 2650 3400 4150 4900 5650 6400 7150 7900

Fig. 11 Axial velocity contours inside the su-
personic diverging nozzle section (in m/sec).

tion of the heavy particles. As before, the wall
temperature was fixed at 500 K in this calcula-
tion. Turning our attention once more to the case
of supersonic energy addition we see that when
5 kW of power is added in the supersonic nozzle
section, the thrust increases from 1.25 N to 1.49 N
and the specific impulse increases from 640 sec to
744 sec. In both respects this corresponds to a
16 % increase. In the case of supersonic energy
addition, that amount of power transferred to the
wall by thermal conduction also increases from
958 W to 1812 W. These results are summarized
in Table 1.

Table 1 Thruster performance without super-
sonic energy addition, 1, and with supersonic
energy addition, 2.

Power Thurst Iy,  Heat Loss
(kW) (N) (sec) (kW)
1 5.5 1.25 640 0.958
2 10.5 1.49 744 1.812
Conclusions

A fully coupled calculation, solving both the
Navier-Stokes and Maxwell equations has been
performed for the supersonic energy addition sec-
tion of the two-stage microwave thruster. A case
has been considered for helium propellant where
5.5 kW is deposited in the plenum and an addi-
tion 5 kW is absorbed in the supersonic stage,
Stage 2. Unlike the previous results with a su-
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personic argon flow, where a single-temperature
equilibrium model was used and a toroidal plasma
formed with most of the energy addition occur-
ring in the subsonic boundary layer, in this work a
plasma forms on the centerline, just downstream
of the throat. The heat transfer to the wall is
markedly reduced, compared to the argon plasma,
with only 17 % of the power absorbed in the
supersonic section being conducted away to the
wall. Another profound difference between the
results of this study and those using the single-
temperature, equilibrium model, is that the elec-
tron number density is more evenly distributed
throughout the flow field, as opposed to being
sharply concentrated in one location. The ques-
tion arose as to how much of this was due to the
inclusion of non-equilibrium effects in the current
model, and how much was influenced by use of
helium rather than argon. To answer this ques-
tion we performed another simulation of the argon
flow, using the two-temperature non-equilibrium
model, where the mass flow rate was 200 mg/sec,
and 660 W was absorbed by the subsonic plasma
and 1 kW was absorbed by the supersonic plasma.
We conclude that the toroidal plasma formation
is a characteristic of the argon flow and not the
helium flow. However, although the equilibrium
and non-equilibrium models both predict the for-
mation of a toroidal plasma for argon, the non-
equilibrium model shows that even with 1 kW
supersonic energy addition there is no increase
in thrust or specific impulse for this case, with
none of the absorbed energy being transferred to
the translational motion of the heavy particles.
This study highlights the importance of including
separate electron temperature and heavy particle
temperatures, even at relatively high pressures of
several hundred Torr. Any model that describes
this kind of microwave heating problem must in-
clude a separate electron energy equation.

Now that a fairly complete model, including the
effects of separate electron and heavy species tem-
peratures, has been applied to simulate the super-
sonic stage of the two-stage microwave thruster,
several tasks remain in exploring the physics and
performance of this thruster. The next step is to
do a complete simulation of the entire thruster,
both subsonic and supersonic stages, using a more
sophisticated numerical grid. This will remove the
need to make certain assumptions at the flow con-

ditions at the throat, as discussed in the flowfield
configuration section and will allow a detailed
study of the stability limit of the subsonic dis-
charge. One would like to operate the thruster so
that as much power as possible is absorbed in the
subsonic section. Once this limit is determined, a
parametric study of energy addition in the super-
sonic section should be performed, involving cases
where the supersonic power is increased further,
and where the nozzle geometry and the microwave
frequency are varied. The results of this paper
show that the specific impulse can be increased by
16 % through the addition of a supersonic stage to
the conventional microwave thruster. The model
presented here can be a foundation for future
parametric studies that can answer the important
question of what the performance of a two-stage
microwave thruster can ultimately be.
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