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Injected Propellant Ionization in MPD Thrusters

Rodney L. Burton* and Nicholas Tiliakost
University of Hlinois at Urbana— Champaign, Urbana, Illinois 61801

A model is presented for the self-magnetized, weakly ionized preionization region at the entrance to a
magnetoplasmadynamic (MPD) accelerator. The model is steady, one-dimensional and inviscid, and assumes
supersonic flow of argon plasma with zero current in the region. Heavy particle temperature is constant, and
electron temperature 7, is determined by ambipolar diffusion and by photo- and electron-impact ionization
processes. The plasma continuity, momentum, and energy equations are integrated numerically with appropriate
boundary conditions, giving a region width Ax ranging from 3 to 17 mm, depending on density, and a degree
of ionization « increasing from an initial value of @ = 1077 to « = 4 = 2 X 10~* at the MPD accelerator
inlet. The electron temperature rises monotonically from 7, = 1000 K to T, = 18,000 K, a level sufficient to
sustain MPD accelerator operation. The total electrostatic potential across Ax is AV = 12.5 = 0.6 V. Reducing
the injected particle flux Q, increases Ax, until a critical Q, is reached below which no solutions exist.

Nomenclature
B = magnetic field, T
E., E, = laboratory electric field, V/m
E, = average excess energy of ionizing
photoelectrons, eV
f = photon fraction with hv > E,
G = electron temperature gradient, d7,/dx
h = Planck’s constant, J-s
j = current density, A/m?
L = arc length in flow direction, m
lress = Rosseland mean free path, m
n = particle density, m~3
n, = neutral particle density, m~3
ng = total heavy particle density, m—3
P. = electron pressure, Pa
i = coulomb cross section, m?
0., = electron-neutral cross section, m?
Qo = particle flux ngu, particles/m?-s
q. = electron heat flux vector, W/m?
r, = Larmor radius, m
T, T, = heavy particle, electron temperature, K
T., = excitation temperature, K
u,v = axial, transverse mass average velocity,
laboratory reference frame, m/s
|4 = electron/ion ambipolar diffusion velocity, m/s
V., = neutral diffusion velocity, m/s
Ax = preionization width, (x; — x,), m
o = degree of ionization
| = excitation rate, excitations/m3-s
T, = electron impact ionization rate, electrons/m3-s
r, = recombination rate, atoms/m3-s
T, = photoionization rate, electrons/m?*-s
K, = electron thermal conductivity, W/m K
v = collision frequency, s~!
Q, = electron hall parameter
Constants
E, = argon ionization potential, J
e = electron charge, C
k = Boltzman constant, J/K
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ion mass, kg
electron mass, kg
slope of argon excitation cross section, m?/J
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I. Introduction

HE magnetoplasmadynamic (MPD) thruster is one of a

class of j X B accelerators being investigated for space
propulsion applications.'-*> The interelectrode region of this
device has been well studied, both experimentally®~!¢ and
numerically,!”-% generating an understanding into the com-
plex physics of the acceleration process. However, little at-
tention has been paid to the upstream region, where no cur-
rent flows and into which the cold propellant gas is injected.
Numerical models of the interelectrode region have therefore
been forced to assume an ionization boundary condition at
the entrance to the acceleration region, typically using a =
0.01.%-%-24 In this article we find that a lower value of « is
more appropriate.

Previous efforts at studying the upstream region, which we
call the preionization region, have adopted various physical
models. Sheppard and Martinez-Sanchez?® neglected radia-
tion processes and assumed infinite electron thermal conduc-
tivity, giving constant electron temperature. The electrons
were assumed to be energetically decoupled from the ions
and neutrals, resulting in a nonequilibrium three-component
plasma model. Burton and Tiliakos?¢ also neglected radiation
processes, but assumed a nonequilibrium three-component
plasma model with finite electron thermal conductivity and
electron impact ionization, resulting in a preionization region
with electron temperature varying over a narrow range.

In this article the goal is to develop a consistent description
of the preionization region of a MPD accelerator, from the
point of cold gas injection to the entrance of the interelectrode
current region, with plasma properties dependent only on the
selection of appropriate boundary values. We adopt a physical
model which includes radiation processes and the effect of
the self-induced magnetic field on electron thermal conduc-
tivity.

The initial creation of electrons upstream of a MPD arc
region by a photoionization mechanism is related to the
creation of precursor regions or ionization fronts ahead of
radiating shocks. Precursor regions and related ionization
processes have been studied by a number of authors, as ap-
plied to the electromagnetic shock tube,?” to shock fronts in
air,73! and to the ionizing region of a plasma focus device.?
Radiation effects of ionizing shock waves in various gases have
been discussed by several authors.33-3¢
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II. Model Geometry

The analysis is applied to a self-field MPD accelerator, for
which the flow is assumed steady and one-dimensional, with
flow velocity in the positive x direction in Cartesian coordi-
nates (Fig. 1). The preionization region, in which j is zero, is
bounded by dielectric walls, the surface charge on which sus-
tains E, and E, at the boundaries. Argon gas is injected at
flow rate Q, through the porous dielectric injection wall at
temperature Ty, located at x,. The porous structure of the
injection wall is assumed to be equivalent to a large number
of converging-diverging micronozzles, from which the argon
emerges at position x,, flowing supersonically toward the inlet
of the MPD accelerator located at x, (Fig. 1). The region
width is Ax = x;, — x,. Electrode fringe fields at x, are ne-
glected, and between the MPD electrodes the current density
is j,, with j, = 0. The constant magnetic field B, in the preion-
ization region is in the +z direction.

The argon in the preionization region is weakly ionized («
<< 1), with mass-averaged axial velocity u. The transverse
velocity v is assumed zero, a condition which requires an E,
field. Energy coupling between the electrons at temperature
T.(x) and the heavy particles at temperature T is weak, so
that T is assumed constant in the preionization region. Vis-
cosity is neglected, and electron-ion recombination is negli-
gible. The flow does not accelerate in the region, because
j X B =0, and for « << 1, u, = u = constant.

III. Governing Equations

A simple ionization model is adopted in the preionization
region by incorporating two possible processes: 1) electron-
neutral impact ionization and 2) photoionization. Processes
such as photoexcitation plus impact ionization, or impact ex-
citation plus photoionization, are not included.

The electron impact ionization process is two-step, and the
rate I'; is limited by the excitation rate of argon neutrals from
the ground state.>**”# Since T, is negligible below T, = 10*
K and @ = 103, photoionization is the only process by which
« can be elevated from its initial low value at x,. Bound-free
photoionization has been previously identified as the appro-
priate process close to ionizing shock fronts,*>** equivalent
to the near-arc region here. Although photoexcitation is oc-
curring, for @ < 10~° there are too few electrons present to
ionize the excited atom. We therefore assume that bound-
free photoionization pertains, with the rate I', generated by
arc photons with energy hv greater than E,. As @ and T, rise
in the preionization region, a level is reached where T'; be-
comes dominant, leading to a value of « high enough at x,
to sustain adequate current conduction in the interelectrode
region.
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" Electrode X,

Fig. 1 Geometry of the interelectrode region of the MPD accelerator
and the preionization zone. Cold argon propellant is injected through
a series of micronozzles at x,.

Electrons

For steady, one-dimensional conditions, with n, = an,, and
n, constant in x for constant u, the electron continuity equa-
tion is

=T, + 1T, (1)

Solving for the gradient in electron species velocity

du, i+ T,
dx  ang

u, da

o dr @

The electron momentum equation is expressed by Ohm’s
law. Since j,, and v, are zero, and since ion and neutral particle
pressure gradlents are neglected the axial electric field is
given by*0#

E = - )

ange dx

Rearranging Eq. (3) with p. = angk T, gives an expression
for the gradient in «

da aeE, oG
2 )

e

dx kT

e

The electron energy equation is written in the following
form:

3m dp. du,
M anok(T Ti)Vc V dx pe dx
— T,3kT.12 + E,) — T,(3kT.I2 — E,) (5)

where v, = v, + v,
The first term on the right side of Eq. (5) is the gradient
in the heat flux, given by*

dT,
g, = —kK, <dxe) + SankT,Vi2 (6)
where k, is*!
_ Sank?T, Q,
A P (1 n Qg) )

For a typical magnetic field of B = 0.25 T, Q, is O[10?],
and the electrons gyrate around the B, field lines. From Eq.
(7), k, varies as a/(1 + Qe?), and since & << 1 and Q, >>
1, k, is small in the preionization region. We therefore make
the simplifying assumption k, = 0. Thus

q. = SangkT,VI2 (8)

which represents electron heat transport driven by ambipolar
diffusion.

The sixth term on the right side of Eq. (5) is the energy
lost from the electron gas by impact ionization at rate T},
including ionizing energy E; and the cost of raising the new
electrons to energy 3k7T,/2. Similarly, the seventh term in-
cludes the energy cost for new electrons 3k7,/2 and the heat-
ing of the electron gas at rate I',E, from photoionization at
rate T'y.
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The conduction current is given by -
je = _neeV = anoe(un - ue) (9)

where V is the ambipolar diffusion velocity.*! The total col-
lision-frequency v, = v,; + v,, is evaluated with cross sections
of Q., =2 X 107 m?, and Q,; = 3.9 X 10710 4 A/T?2 m?,*
where 4 A is taken as 10, and 7.(x) is in Kelvin. Combining
Egs. (3) and (9) gives j.E, = V(dp./dx), and cancels the
second and fourth terms on the right side of Eq. (5).

The impact ionization rate is dominated by the rate of ex-
citation I',, of the first excited level of argon above the ground
state, resulting in an ionization rate for ¢ << 1 of*7:38

I, = T = [SC)YH(mm) Y andT¥X(T,, /T, + 2)e T'Te

(10)

where § = 0.0044 (m?7J) is the slope of the argon excita-
tion cross section for energies above threshold, and 7., =
133,500 K.

An estimate of I, is required. Both the preionization and
interelectrode regions are optically thin, with a Rosseland
mean free path large compared to plasma axial length. The
photoionization rate in the preionization region is then given
by

Fd) = ¢i/(1Ross)pre (11)

The ionizing photon flux ¢; is approximated by assuming that
the arc radiates as an optically thin gray body, with

¢i = d)BBf,(L/lRoss)arc (12)

The MPD arc discharge length L is typically 0.2 m, and
lRossarc iS given by43

lross = [(9:3 X 10°)/n,|TZe(E,/T.,) [m]  (13)

where T,, and E; are here in Kelvin, 7, is in m~3, and a <<
1. Typically, the arc is optically thin with (L/lzes).e = 0.02.
The blackbody photon flux ¢yp is*

“ | 1T = 207c?
bus = | [ L ] av = | 7 (19

The parameter f' is the fraction of photons with sufficient
energy to ionize

2v2/c
f = _j th/kTel _ 1 V (15)

For an arc with temperature 7,;, = 18,500 K, f'= 0.0026.

For typical conditions in the arc and preionization region,
I, = 10%2-10% electrons/m>-s, constant throughout the
preionization region since (/ross)pre > Ax. Each photoioniza-
tion event heats the electron gas by energy E,,,, = hv — hp,,*
except for a region near x,. Within distance r, of x, [~2 X
10~ m] the gyrating photoelectrons collide with the injection
wall, transferring energy and reducing the electron energy to
the wall temperature. Photoelectrons which do not strike the
wall drift downstream at velocity u,,. If r.. is the equilibration
time for energy transfer, these electrons drift a distance u,f..
before giving up their energy to the electron gas. E, is there-
fore taken as

Es = kT,/e[eV] for xo <x <r, [near wall]
E, = E,,[eV] for u,ft,, <x <x, [far from wall]

(16a)

where

= (hv)(2v¥c?)
f (e"kTer — 1) dv

Eon = f ( Qv
e

hvlkTe1 1)

—~ E, [eV] (16b)

and v, = E,/h. E,,(T,,)is approximated by E,,,, [eV] = 1.4T,,,
[eV] — 0.3, and is typically 1.9 eV. For x in the range r, <
X < Ugyt,., E, increases monotonically to E,,,, with a complex
functional dependence derived from the tail of the Planck
photon energy distribution, the coulomb cross section, and
a(x). Because u,t.. = 1072 m, small compared to the width
of the region, E, is for simplicity assumed to increase linearly
from E , to E,,, for r, < x < uyfte,.

The energy equation with x, = 0 in Eq. (6) is now written
as

d(3kT,/2 d 3m
ang [u %] =~ OpV2) = 55 (P — p)ve
-p. ‘(’jx ~TGKT 2+ E) —T,(KT.2 - Ey) a7

Heavy Particles

For u, = u,, « << 1, and u, and T, constant: V,, = «a(u,
—uy)andV =V, =V, = —(u, — u;). Neglecting ion pressure
and inertia terms, the ion momentum equation in the preion-
ization region is?*26:4!
anOMVin(un

—u)2 + MT,; + Ty)u, — u) + angeE, =0

18)

The ion-neutral collision frequency v, includes elastic and
charge exchange collisions, giving a momentum production
rate balanced by ionization and the axial electric field. The
ion-neutral collision cross section, Q,, is taken as 1.4 X 1018
m2'45,46

Equation (18) gives for the axial electric field

eEx = _M(un - ui)veff = MVVeff (19)

where
Ver = [Vnf2 + (I, + Ty)ang) (20)

From Egs. (3) and (19) it is seen that eE, is generated by
dp./dx, and opposed by the momentum transfer of ions dif-
fusing through neutrals with an effective collision frequency
Vegr, the result of elastic and charge exchange collisions, and
the net ionization rate (I, + T,).

The assumption that the flow is one-dimensional with j =
0,dp,,/dy = Oand v, = v; = v = 0 requires the existence
of an E, field, where E (x) is established by a charge layer
on the dielectric walls. Using Ohm’s law for a partially ionized
plasma,*! modified for @« << 1 and T, << T,, and combining
with Egs. (3), (19), and (20) gives

ui)(veff/vin)]Bz

The transverse field E, is therefore equal to u,B., corrected
by ion diffusion and ionization rate.

Ey = [un - (u,, -

Boundary Conditions

The temperatures and temperature gradients are specified
at x, and x,. At x, (Fig. 1) the gyrating electrons within one
Larmor radius of the wall are assumed to equilibrate at the
injection temperature, giving 7,(x,) = T,. Furthermore, 7,
= T,is assumed for the range x, < x <r,, giving the condition
G = dT,/dx = 0 at x,. This condition assures zero conductive
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heat flux by the electrons into the wall, despite k, # 0 for
Xo <x<ry.

The preionization solutlon is patched atx;toa prev1ously-
determined one-dimensional solution for the arc region, in
which T, is assumed constant, and for which 7, is typically
18,600 K.2+2647 With G = 0 in the arc, the same condition is
assumed at x, for the preionization solution, and is used in
the numerical integration as a condition establishing the x;
location. The value T,(x,) = T,, is not specified, but must be
in the range of 18,000 + 1000 K to allow arc solutions with
reasonable lengths L < 1m. -

Arc solutions were previously found to exist for a. narrow
range of the parameter B2/mnu,,>*?% equivalent to the coax-
ial MPD thruster parameter J2/(dm/dt), where J is thruster
current and dm/dt is propellant flow rate.! All calculations
are performed here for a single value of B2/mpnyu, = 0.022,
mks, equivalent to a J%(dm/dt) value of ~20 [kA%/(g/s)], a
stable operating regime below the critical “onset” mode.?>

Flow through the injection wall is assumed isentropic, with
total temperature 7, = 1000 K, and the flow Mach number
treated as'a variable, with 1 < M < 3. The neutral particle
veloc1ty is assumed constant for x, < x < x; and is g;ven by
u, = agM/(1 + M¥3)V?> with a, = (yRT,)V?> and y = 3

It is assumed that a low background level of ionization o
exists at x,, created by photoionization. The lowest «, which
can be used with the continuum assumption for the electron
gas is &, = 107, at which level the mean free path is several
millimeters, as determined by coulomb collisions. Conditions
at x, are found to be insensitive to the choice of a, for ¢, <
10~°. The ionization level at all x < x, is not specified but is
determined by the model, as are E,, T,, and u,. .

Since G(x,) = 0, E.(x,) is analytically determined. Com-
bining Egs. (2), (4), (17), and (19) with &> << land I, = 0
gives a quadratic equation for E,(x,), where E (x,) is a func-
tion of ay, T, and T'y. E(x,) is typically found to be —200.V/
m for ', = 10?2 electrons/m>-s.

~IV. Numerical Method

Equations (2), (4), and (17) represent a system of hlghly
coupled first-order nonlinear ordinary differential equations.
The equations are solved using a fourth-order Runge-Kutta
routine with adaptive step size control. The procedure solves
for the first derivatives of u,, «, and T, from Egs. (2), (4),
and (17). The integration begins at x, = 0, and steps to x,
where G(x,) = 0, the inlet to the MPD accelerator.

Solutions are sought for which the electron temperature
and .ionization fraction increase monotonically from x, to x,,
yielding profiles of 7,, «, E,, and u,. Monotonically increasing
T, and « requires du,/dx < 0 from Eq. (2), and E, < 0 from
Eq. (19), resulting in higher ambipolar diffusion ve10c1ty and
gradlent dpe!dx near x,.

V. Results

Solutions are shown in Figs. 2—7 for baseline conditions of
T, = 1000 K, a; = 1077, neutral particle flux of (Q,), =
4.27 x 10% particles/m?-s, B, = 0.25 T, and I'y, = 10?2 pho-
toelectrons/m-s, for neutral particle Mach numbers for 1 <
M < 3. These baseline conditions are known to produce valid
solutions of the arc model.?*?¢ The resulting 7., and «, at
x = x, are shown in Figs. 2 and 3. T, lies in the range of
17,600-18,850 K and «, falls in the relatively narrow range
of 3.4-5.6 x 10~* for 1 < M < 3. The width Ax of the
preionization region increases with Mach number, from Ax
=32mmatM = 1toAx = 59 mm at M = 3.

Profiles of E, and u, are shown for baseline conditions in
Figs. 4 and 5. E, rises rapidly near x, from —230 V/m to
~—1500 V/m, plateaus, and then increases to a second pla-
teau at x,. E,, varies from —5800 V/m at M = 1 to —3400
V/m at M = 3. The electron species velocity u, at the inlet
is observed to follow the same plateau behavior as E, as the
Mach number increases from M = 1 to 3. At all Mach num-
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bers u, is less than u, at xo, and decreases to minimum at x,
of ~130 m/s.
An electric potentlal across the region can be calculated,

given by
*1
e
xg
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which is found to be relatively constant. For M = 1, Ax =
3.2mm and AV = 11.84 V. For M = 3, Ax = 5.9 mm and
AV = 12.86 V. Note that AV is on the order of the ionization
potential E,. ‘

The sensitivity of T, and «, to the photoionization rate I',,,
for Mach 2.0 and (Q,), = 4.27 X 10% particles/m?-s, is dis-
played in Figs. 6 and 7. Reducing I, by an order of magnitude
to 10?* has a small effect on a(x) and 7,(x), narrowing the
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Fig. 10 Electron temperature profiles vs Q,/(Q,), at M = 2.

preionization region by <1 mm, and reducing «, from 4.9 x
107 (', = 102) to 2.1 x 10~* (I, = 10?'). The effect on
T,is appreciable far upstream, but is negligible near x,, where
the difference is only a few Kelvin.

Not all values of particle flux Q, lead to solutions which
match arc conditions. For Q, sufficiently below the baseline
value (Q,),, no solution is found that simultaneously satisfies
T,, and E,,(T.,). The solution boundary, which depends on
Mach number for 0.55 < Q,/(Q,), < 0.70, is shown in Fig.
8. For Q, and M values to the right of the boundary, solutions
exist with 7,, > 17,500 K. No solutions are found at any Mach
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Fig. 11 Profiles of electron temperature gradient G for flow rates
appreoaching the critical value.

number for Q,/(Q,), < 0.55, thereby establishing a critical
value of Q,.

As shown in Figs. 9 and 10, reducing Q, has the effect of
increasing the width of the preionization region. As Q,/(Q,),
is varied from 1.50 to 0.5595 (with M = 2 and I', = 10%2),
and B2 is also varied to keep B2/m,Q, constant, Ax increases
from 2.9 to 17.5 mm. This variation in Q, changes T, by only
a few Kelvin, and has a relatively small effect on «,. The
electric potential across Ax varies from AV = 13.1t0 122V
over this range.

VI. Discussion and Conclusions

The results show that while photoionization is essential for
initiating the ionizing process, the a(x) and T,(x) profiles are
not sensitive to an order-of-magnitude change in I',, sug-
gesting that ionization cannot be solely supported by radiation
throughout the region. Proceeding downstream, « rises by
photoionization to a level of ~1073, accompanied by a rise
in electron temperature to ~15,000 K, where T', becomes
dominant. This process is then followed by a further increase
inato~4 x 10-*at x,.

Reducing the particle density #n, in the region, either by
increasing M at constant Q,, or by decreasing Q, at constant
M, has the effect of increasing Ax. This behavior is presum-
ably connected to the impact ionization process since I'; > T,
over most of the preionization region, and from Eq. (10), I’;
varies as nj. Since AV = — [E, dx is approximately invariant,
increasing Ax reduces the average (E,) = AV/Ax in the region.
This rapidly reduces dp./dx, which varies as n,E, from Eq.
(3).

With «, = 0, electron heating occurs primarily from am-
bipolar diffusion, and to a lesser extent from radiation. Rap-
idly reducing dp,/dx reduces the electron heat flux g, [Eq.
(8)]. As shown in Figs. 10 and 11, at the critical value of
particle flux Qy/(Q,), = 0.5595, the gradient G = dT,/dx
decreases by several orders of magnitude in the center of the
region. A slight further reduction in Q, drives G towards zero,
halting the ionization process and preventing solutions which
satisfy accelerator inlet conditions.
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