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Abstract and tested 1in continuous operation. For
filow field modeling, extensive numerical

In th2 operation of MPD thrusters, various programs have been developed 3}. The
“nstacilities appear which at least partly nozzle type thruster DT2-IRS represented 1in
nave nct yet Heeﬂ identified, and the Fig. 1 has been thorocughly investigated
reascns Tor their existence are 1in most [4].
zas2s not yet fully understood. In order to
start a systematic investigation of insta-
s11it1es ccgurrin in MPD thruster flows
1 ar as well 32 nonlinear, a three-f1u1a neutral segments insulator anode
s,3zern ©F sqguaticns with cne chemical reac- ®
13 onization) for a simple thruster
m as usad to derive the dispersion re-
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or micro- as well as macroinsta-
=ili=igs. The methed of solution applied, =
“z guasi-anaiytical method (QAM), was de-
=2 oped esgeciaily for studying nonlinear
and turbulent behavior of MPD flows and em-
21573 an algebraic computer code, in the

rasented case “"MACSYMA". As a first step,

dispersicn relation was solved
sctad ¢ase of an argon jet.
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i3 ; place2 on the macroinstabili-
generated by flow conditicons. The
= instability could be identi-
g growth rates and characteristic
ies of the instability were derived
behavior investigated.
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ntr i propellant flow

ouring the eariy 1970’'s 1in the USA and
Eyrcpe, work on MPD propulsion had come to

5 comclete standstill due to the lack of Fig. 1: Self-field nozzle type MPD
zval‘able ocwer 1n space, so that most of thruster DT2-IRS.
“he effert 1in electric propulsion was di-
r2zt23 on 10N engines. However, with the
czginning of the 1980's, a renewed interest This thruster 1is a rotationally symmetric
‘n staticnary salf-field MPD thrusters with accelerator in which the propeilant is fed
arformance range of a few hundred kilo- into the arc chamber along the thoriated
<3 nad been awakened. The reasons being tungsten cathode. The arc chamber and
«2rz that for orbit adjustments and maneu- nozzle are constructed of individual water
vars, the wuse of an MPD self-field accel- cooled segments isolated from cne ancther.
aratar can result in an economization of The end segment of the noz:zls ssrves as the
mass and travel time 1in spite of its low anode. The thrust of the entire system 1s
=2fficiency, sinze the optimum specific im- compcsed of a self-magnetic compcnent re-
culse for these applications 1lies between suiting from the interacticn betwsen the
10200 and 2000 sec, as shown 1n recent mis- electric current and its own self-induced
sicn z2nalyses [1,2]. Furthermore, as a pre- magnetic field and a hermcdynamic compo-
requisite for the operaticn of a self-field nent due to the ohmic heating 1in the arc
accelarator, the development of nuclear re- chamber and the gas expansion in the
zztcrs for space purposes has been resumed nozzle. The scnic transiticn occurs at the
within the USA (SP-100) and France (ERATO). nozzle throat of the thruster. The engine
is designed to opserate from 1000 to 3000 A
At the Institut fir Raumfahrtsysteme using argen c¢r molecular gases like nitro-
{Institute for Space Systems) of the Uni- gen or hydrogen as the propellant. The
versity of Stuttgart, MPD self-field ac- range of voltage 1s 30 to 100 V, depending
selerators are currantly being developed on the choice of propellant and the
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discharge current. Within certain operating
limits, the engine forms a completely sta-

tionary, well-reproducible arc discharge
with diffuse attachments on bpoth of the
electrodes.

Since the electromagnetic contribution to
the tnhrust increases with the square of the
discharge current I and the effective ex-
raust velocity is inversely proportional to
the mass flow rate m, the MPD thruster
should therefore be operated at high cur-
rents with small propellant rates. This
will also result in a maximum efficiency.
Unfortunately, from all experiments con-
ducted with such engines, a limitation in
the operation range emerges at a certain
value of I2/m, called the critical value or
onset point. Exceeding this critical value

leads to instabilities in the operation of
the engine [4,5,6]. The resulting insta-
pilities can manifest themselves macro-
scopically in the formation of discharge
sgcots on the anode which lead to the de-
szructicn cf the anode. In the same current
region, oscillations in the fregquency range
of 200 to 500 kHz and ca. 2 MHz occur (see
Eig- 25
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Fig. 2: Current/voltage characteristic of

an MPD discharge (DT2-IRS).

Since the cccurrence of these instabilities
1imit the range of application of the
tnruster, is of great interest to in-
.2stigate thair nature. The anods spot fcr-
mation was investigazec by Hugel [8].

it

=e explained the cccurrence of these anode
spots as a result of a depletion of charge
carriers cn the anode. For this reason, a
tangenzial gas inlet in front of the anode
#as incorgorated 1into the DT2-IRS thruster
dssign. Threugh %tne injection of a small
fraction of the propellant on the anode,
the engine 1is able to operate at higher
values of the scaling parameter I2/m; the
csciliations commence at higher values of
this parameter [7] (see Fig. 3).

Szhrade {3] showed through a stability in-
/2stigaticn of the plasma column that the
zolumn does become unstable at nearly the
same critical value of the parameter I2/m
as determined by Higel, but this analysis
allows no prediction of growth rate or fre-
gquency of this instability.
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Fig. 3: Frequency spectrum of the

oscillations (DT2-IRS).

Kuriki and 1Iida [5] carried out a spectral
analysis in the critical regime of the MPD
thruster. It turned out to be very diffi-
cult to identify the waves or instabilities
found without having a dispersion relation

at hand. Therefore a theoretical dispersion

relation was derived by Choueiri et al. (9]
from the kinetic theory of gases, and ex-
periments were carried out to find the

dispersion relation
as well.

by experimental means,

While Choueiri et al.
theory to derive their
from Boltzmann (Vliasov and BGK Approxi-
mation) and Poisson equations for
electrostatic microinstabilities (neglec-
ting transversal effects), the work pré-
sented here forms the first step for a
nonlinear investigation of both micro- and
macroinstabilites 1in MPD thrusters. The
basic equations wused here are the complete
nonlinear differential equations forming
the model of a three-fluid system with one
ionization reaction [10,11,12]. This model
describes the flow in an accelerated argon
plasma jet. The thermodynamic properties of
argon were taken from Vargaftik [12]. The
first order equations of the quasi-
analytical method (QAM) [14] were used to
obtain a linear dispersion relation
employing the symbolic computer algebra
code MACSYMA [15]. In a follcw-on work, the
higher order equations of QOAM shall be used
to include nonlinear phencmena, as well.

used a linearized
disperion relation

Simplified Egquations for the Thrae-Fiuid

System
The selection of the basic equations 1s
discussed in detail in another report Dby
the authors [16]. For the case presentad
here, the transpgort coefficiants such as
collisional reaction rate for ionization

Seas COllisional momentum exchange parame-
ters vy, ion  viscosity 1, electrical re-
sistivity nq, thermal equilibration times

Teq: thermal conductivitiss of slectrons A,

and heavy particles),, as well as radia-
tive energy flux S were assumed as con-
stants. Thrse equation of continuity
follow:
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where nk are the number densities, yk the
flow velocites, and Ke the equilibrium con-
stant fér the components. With the excep-

tion of the equilibrium constant, where the
subscript e refers to the ionization
process, the subscript a refers to neutral
atoms, 1 to the (simply charged) ions and e
to electrons.

In the =squations of motion, those of the
neavy particles (ions and atoms) were
addea. assuming 3 rapid collisional momen-
tum exchange. The resulting equation bears
the subscript 1. Thus there are two equa-
tions of mction
e
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symocls not yat defined are k the Boltzmann
zonstant, Tk the temperature, E the elec-
tric and B the magnetic field strengths.
1133 in the case of the snergy equations,
thase for the heavy particles were added,
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the two Maxwell equations

o€
at

rot(B) - uoeeg - uo(njey; - ngevy) = 0, (8)

rot(E) + - =0, (8]

where the current density j was replaced by
its definition

g Zq-. vy = e(ny, - (10)

NeVe)

with the drift velocities of the electrons
Ye and ions yi being determined from the
pertaining equations of motion (4) and (5).
For details concerning the transport coef-
ficients, reference 1is made to another re-
port by the authors [16].

rivation and Solution of th
Linear Dispersicn Relation

As a method for the solution of systems of
nonlinear differential equations, QAM [14]
establishes a hierarchy of linear inhomoge-
neous equations to be transformed into
Fourier space. The first order solution
corresponds to the solution of the linear
dispersion relation. In this order, all
possible instabilities are defined, ac-
cording to Nyquist [17] also for the non-
linear case, and the linear growth rates
can be derived. Higher order solutions
yield the nonlinear instability growth and
the transition to turbulence. In this pa-
per, the investigation is restricted to the
first order solution.

At first, the full
(10) were linearized,

eguations (1) through
using the development

Tulo.t) = ¥+ Youle,t) 3
" M ke viz: ¥, = ¥, + ¥,
‘P“(;.t)= Zl" Y“”(L.t)

x=1

according to QAM [14].
Fourier ansatz

With the aid of the

Fjule.t) = f’l’,,‘(k w) eTlke- 0t g3k 4o (11)

(2 j
the transformation into Fourier space is
performed. Both procedures are carried out
analytically by MACSYMA. For detaills on
these procedures see [16]. The rasult is
the implicit 1inear dispersicn reaiaticn
which constitutes a compls pclyncmial cof

the 18th order.

In order to be able to handle this 2xten-
sive system on the DEC VAX 83C0 computer,
the numerical values for the various physi-
cal parameters were intrcduced. At the same
time, the particular state of the plasma
flow to be investigated was specified.

As a first example,
jet emerging frecm
the nozzle

elactric and

the state of the plasma
the MPD thruster clcse to
~was selected. In this case, the

magnetic fislds for the equi-

librium state are zero. Ccnsequently, thers
is no preferrad spatial orientation, and
the direction of the wave vector kX can be



selected arbitrarily. The ogcillating vec-

The instability of

interest 1s c¢learly that

tor of the electric field E; is then ori- classified as zaro No. 1. Its eigen values
ented in relation_to k. As k 1s selectead in and eigen vectors are given in Table. 2.
the xzdirectign, E, belongs to a iongitudi-
nal, E, and E, to transverse oscillations.
As mentioned before, the transpcrt proper-
LIES Jech A INCERG. TOr BR7UIINTID: FREANS - wave vector : X 0.390380380380D+00
ters and, for the example on hand, frozen complex frequency : W= 0.109729767200D+06
equilibrium for the ionizaticn resacticn was -i%0.343485757500D+05
assumed, hence Sea = 0. This leads to
x = 5/2 for three translaticnal degrees of g : gggggggggggggbogg 3.0080000000000000
fraedom. Furthermore, for equilibrium A D+ -000000000000D+00
ne = n:i. The data selected for the argon EX : -0.109949182244D-17 -0.147827976479D-17
oo i h i Table 3 BZ : 0.0000000000000+00 0.000000000000D+00
jet are shown 1n Table 1. BY : 0.0000000000000+00 0.000000000000D+00
BX : 0.0000000000000+00 0.000000000000D+00
TI : 0.215069015647D-15 -0.717171546634D-16
° 3;2 3 8838888388888&88 o.ggoooooooooowoo
Y nNe X 3 . D+ 0.000000000000D+00
T =10 000 K p = 10"* bar el 0.47 VIX : 0.581423253002D-14 -0.182136606619D-14
4 1 NI g;g;g:gg:gg;gmoo -0.148239343266D-03
) L1019 e .1018 eI 5 D-14 0.802703676489D-16
i o e = VEZ : 0.0000000000000+00 0.000000000000D+00
S s k VEY : 0.000000000000D0+00 0.000000000000D+00
=12-10" —9- VEX : 0.581499940866D-14 -0.182026220206D-14
NE : 0.7042667706490+00 0.0000000000000+00
vl = 4.569 - ,03‘ 2 =1017-1031— NA : 0.899003268196D-01 -0.189241427595D-04
i - » s
1 Table 2: Eigen values and eigen vectors
vo= 1.233-10"; v = 1.750-10°— for the instability of zero No. 1.
0= 0.147- 1074 L AP = 8.303 - 10-6 . “f(
mK m Below that, the variation 1in the complex
t.. = 4896-10"7 s plane, the phase velocity, the group velo-
eq Ccity, the dependence of w.and @ as well
Tacle 1 Cata for the basic state of the as vpn (phase velocity) on pressure and
argon jet temperature are given in Figs. 4 through
’ 12.
t z==2Yiminary <calculation of the zeros of
Tne  23808rsicn realaticn for' the rangs
19-2 < Kk £ 108 [m~'] showed that the range o W.p
of the wave vectcr of interest concerning k-]
‘nstabilities is given by 3‘_ 100
34 14K S VE0 i Emtiik ait
T2 gvzluaticrn of the czercs was performed
vith 2 SCRTRAN pregram numerically. A modi- -100 f
“i231 version of the program CPZERO from the
SLATEZ iibrary was used [16], which permits -200 b
trz Zetermination of all zeros of a complex :
colynomial also without employing estimated el
initial values Besides the zeros, the ei-
32n values and si1gen vectors of the deter-
mined instabilities were calculated. B S S T S0 100 110 120
Essentially, three instabilities were wgl10%§)
f‘::::d;“hefe ;1‘35?’_7190; A zgr:os Hos., 1_:‘ Fig. 4: Variation of zero No. 1 in the
fa*-fs 3 k=vaiues for maximum growt complex glane.
No. 1: k = 0.39038 [m'] o o
o/ r
@ =109730 - 105 - i-3.43486 - 10* [sec™'] | 2
Vo = 2.81084 -105 [m/sec] kRt /
an unstable longitudinal wave iy
(E, =E,=0),
No. 2: k =123232-102 [m'] 80
@ = 492604-10' - 1-3.55936 - 103 [sec”"] s
Von = 3.99834- 10~ [m/sec]
an axtramely slow longitudinal wave and Sk
No. 3: k = 764646 [m'] Wl TR N N TR T
© = 364397 10* - i-1.89546 - 10* [sec”'] wgl1034]
Von = 4.76556° 103 [m/sec] Fig. 5: Phase velgcity for instacility of
A zarc No. 1.
alsc a ra2latively sicw icngituginal wave.
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Qiscussi f sul
For discussion, the data of the unstable

wave of particular interest here are given
together with characteristic data of the

werking filuid:

maximum growth rate
circular frequency

phase velocity

group velocity

sonic velocity of Argon
sonic velocity of electrons

1
O 108 1
. vi= 4.569- 10° =,

froquencies \g=1233-10" 1,

electron plasma frequency

ion plasma frequency

Zonsidering o

Faciulvis - Ainstability 3¢
the =lsctron acoustic
{17,131, appe

plasmas

static

fus2gd with the electron
~Hnich

v37uz of W/wpe=32-10
sTrong

the ad:

{12 ra

E:w;a::

s L WA

u/up.< 1, if the ratio
STt ic

nore

INCws

Cf=y Te/T: = 1,

Te T; cf. Table 2.
The elactron accustic
Jains 1ts en

the slactren

this lesads

7=-0.=3A~w‘%.
e s

w.= 10 S
=28.105™

von = 28:105 T,
=12.10¢ 2

vge= 1.2:10 2

c~.=1.86-103?.

Cet= 5.03-105 %

¥3a = 1017103 1,

v3a = 1.750- 108 1,

1
« B
Wpe = 3.47-10°

"

1
<10 =
wg = 1.29-10 B

hase veleocity and eigen vector

can be defined as
wave instability

aring 1in incomplietely ionized
This 1is a macroscopic electro-
instability and should not be con-

sound instabilty

is migroscopic _electrostatic. The

might indicate a

damging of the wave, at least for
atatic case. However, Mcrin and Kann
2 shown in an investigaticon of the
abatic case that the electron acous-
Ve can be unstatcie also for

Te/Ti exceeds a

al value c¢f the order of unity. The
rigorous treatment presented here
that this instability already occurs
particulariy because

wave instability

argy from the thermal snergy of
ns. In the partly ionized plasma
0 an energy transfer from the

electron gas to the neutrals and thus to
heating of the neutral gas. The energy loss
from the electrons can be calculated from
quasi-linear theory, yielding a cooling
rate (see, e.g., [20]),

Qe"= <2Imluyxe(k,w)] >y ¢¢, (12)

where xo is the susceptibility of the elec-
trons, calculated from the dispersion rela-
tion

180 C X 42, 0] (13)

The braces <...>x indicate the mean value
with respect to the wave vector k. &g is
the total fluctuation energy density

o = [ dk . (14)

Besides this anomalous cooling rate Q3"
for the electrons (= heating rate for the
neutrals), the anomalous contribution to
the effective collision rate is given by

2!;
Me¥thg

van = <iml-oxe(k,w)] >y (15)

In order to calculate Q* and v*", expres-
sions for Xe must be extracted from the
implicit dispersion relation establishead ty
MACSYMA.

The instability is damped by collisional
effects (viscosity, thermal conduction).
Considering only the "laminar”™ collision
rates cited above, a damping is unlikely.
However, the inclusion of an anomalous
(turbulent) collision rate, eq. (15), may
either temporarily stabilizs the wave, thus
giving rise to intermittent appearance of
the 1instability, or establish a gquasi-
stationary turbulent state.

Similar to the results by Morin and Kahn
[19], the phase velocity of this low fre-
quency electron acoustic wave 1is smaller
than the sonic velocity of the electrons,
indicating a strong coupling of electrons
and ions which leads to a slowing of the
wave by the inert ions.

Considering the group velocity, Fig. 6
shows that it is negative within a wide
range and only becomes positive in the im-
mediate range of the instability itself as
well as for large k (voh—>0 for k—>m), It
should be kept in mind that the 1mmediate
vicinity of <the instability <cntributes
most to the wave and that here ths 2nergy
is transported in the direction of the wave
vector. On the other hand, Mcser [21] has
shown that negative group velocities are
common in the case of convective instatili-
ties. This may be an indication that the
instability here 1is at least in parts con-
vective. This will have to be investigated
further.

Figs. 7 through 12 show the dependence cof
the instability parameters on pressurs and
temperature for a limited range. Especially
frequency and growth rate show a strong
variation, with the extrema of the curves



iying in the vicinity of greatest change of
the degree of ionization with pressure and
temperature. Below 9900 K, the instability
vanishes. This seems to 1nd1cate that the
acoustic wave instability preferentially
appears for low concentrations of the non-
ionized component.

Conclusions

It was shown that the electron acoustic
wave instatility appears in the plasma jet
of an MPD thruster under conditions which
are of interest for its operation. The in-
stability causes an anomalous energy trans-
port from the electron gas to the neutrals.
The behavior of the instability was studied
in a temperature range of 9900 < T < 12000 K
and a prassure range of 1074<p<2-107*bar.
The results seem to indicate that this

snstanility wiil likely also cccur in other

zarss of tha thruster where the eguilibrium

27gztric fieid 1is nct equal to zero. This

accustiz wave instability may be a good ex-

olanaticn for the experimentally found fre-

jusncies in  the hundreds of kilohertz re-
]

n. These oscillations occur at high cur-
=s where the plasma is almest fully
1ized. Especially near the cooled nozzle,

<hsre occur the largest gradients for the
P-

“ 3@
BBOO WO
53 C

O W

iocaily which then cause the
est heat transfer from the electrons to
neutrals due to the acoustic wave in-
tability. It was stated above that the in-
ability seems to be favored for a Tow
acentration of neutrals. Increasing the
:¥ neutrals and lowering the tem-
peraturs seems to stabilize the electron
accustic wave. This may explain why a local
additicn of propellant will move unstable
czeration te higher I2/m values.

ki

0 nmmﬁ

udies it is planned to include
It temperature and density gra-
and equilipbrium electric and mag-
ialds, and tc calculate ancmalous
rates and collision frequencies as-
¢ with the appearing instabilities.
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