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1. Abstract

This report describes work done during the period 5/1/86 -
4/30/87 on three areas of MPD research: (a) A rigorous theoretical
examination of the one—-dimensional flow of a self-field accelerated
plasma, clarifying the roles of area change, sonic vs. magnetoacoustic choking
and finite magnetic Reynolds number. (b) Continued development of
computational codes for axisymmetric MPD flows, and {(c) Results of a
first test series on two channels designed to verify predictions on
the effects of area variation, showing ability to redistribute current

by this means.
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1. Introduction . Research Ob,jectives

Our work statement for the period covered by this Report on AFOSR 83-
-0035-C inciuded both theoretical and experimental tasks. In summary, these
were as follows:

(al) Refinement of analytical models. Use of singular perturbation

methods to connect the high interaction bulk plasma to wall regions. Non-
equilibrium effects.

(a2) Numerical simulation of Self-Field MPD Flows. To refine previously

developed fluid dynamic codes and to use them in studying various parametric
effects.

(a3) Extension of the Above to Applied Field MPD Flows.

Confined to axisymmetric conditions, with no current spokes.

(bl) Experimental Study of Various Trhuster Configurations. The aim here

was to validate theoretical concepts developed previously about the effects of
electrode contouring.

(bZ2) Diagnostics Development. To apply previously acquired optical and

signed processing equipment for the measurement of various plasma parameters in
connection with (bl) above.

In the following sections we give an overview of the accomplishments in
these tasks and of the occasional departures from the original plan. Reference
will be made to three papers presented by our group at the 1987 International
EP Conference, where the details of most of the work were described. These
papers are included here as Appendices.

2. Outline of Work Accomplished

2.1 Theory 1In our efforts to clarify the dynamics of self--field accelerated
MPD flows, we had previously developed the limiting concept of a high Magnetic
Reynolds Number (Rm) plasma (1), which was useful in understanding the close

connection between flow area variation and distribution of current along the
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3
: * length of an MPD thruster of slender geometry, and also made clear the dominant
-

iz% role of magnetoacoustic waves and magnetoacoustic choking phenomena.

EEE The practical range of Rm is from 2 to 10 or 5e¢, which is not extremely

™

'.' high, and it was not entirely clear to what extent these "high Rm" results

7 o |

20 would apply to realistic conditions. Particularly troublesome to some

A

]%2: colleagues was the fact that in this limit, thermal effects were relegated to a

K

'v\ definitely secondary role, with, for instance, no mention of the delicate

Ei balance required at a sonic point, as had been discussed by several previous

'Eg authors (2), (3). In fact, these sonic conditions were thought to be entirely

? responsible for the determination of the all-important channel voltage for a
o]

ﬁs given current (2), and, following this, for the occurrence of conditions, at

]

"3 high values of (current)z/(mass flow rate), where the back emf exceeded locally

ﬁ. the channel voltage, a condition that was identified as leading to the symptoms
Lo

ﬂi? known as "onset" (3).

;ii We were also aware, as was pointed out in Ref. (1), that the

(H‘ approximations leading to the simple behavior of the "high Rm" plasma would

‘iﬁ break down in regions of high current concentration, near the inlet and exit of
E; a channel. However, the proper way to account for these regions was not known
o

f prior to the work reported here. Even at this time, the complications brought
v

'?E about by the simultaneous effects of high magnetic Reynolds number and high

:EE Hall parameter in two or three-dimensional geometries are not well understood.

h!: For example, each of these two effects contributes to the existence of a

‘A

:EE current concentration at the root of the cathode, while the Hall effect

.&E alleviates the corresponding high Rm concentration at the anode root. While

»

‘:E these factors are separately understood now, no simple theory of the combined
Ei effect exists yet. In view of the difficulties mentioned above, which were

ﬁ;? severe even with no Hall currents (as in a one-dimensional channel with

é" segmented electrodes in a Faraday connection), we decided to postpone work on
LOE multi-dimensional formulations and concentrate our efforts on a precise

i;' analysis of the one-dimensional case. The results of this work reported in

‘;é Ref. (4), which is included herc as Appendix 1.

>
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The key result is that even as Rm->® , the effects of magnetic diffusion
(i.e., ohmic dissipation) are to be retained in ever thinner inlet and exit
layers, in order to satisfy the boundary conditions on the magnetic field (for
the prescribed current). This is entirely analogous to the classical very thin
viscous boundary layers in nearly inviscid fluids. And, also in analogy to
boundary layer theory, the effects of such layers may be important for some
purposes (as for drag in the viscous case) while they may be ignored for others
(as for 1lift). In the MPD case, we show in Appendix 1 how the existence of
these sharp inlet and exit current layers, where dissipation concentrates, is
of minor consequence for voltage prediction, but strongly affects calculations
of dissipation (hence efficiency and thrust). It is also shown that sonic

passsage does occur within the inlet layer, and that proper satisfaction of the

smooth sonic passage conditions is indeed essential if this layer is to be
resolved properly. However, the major flow metering function is still found to
be fulfilled by magneto-sonic choking at a channel throat, well downstream of
the sonic point.

In addition to clarifying these points and hence for the first time
providinng a corrct solution for high Rm, the work reported in App. 1 explored
numerically the range of validity of the Rm->*solution. It was found that, for
channels that are contoured so as to evenly dis:iribute the current (which leads
to increased efficiency and reduced electrode stress), the high Rm results hold

well for Rm down to about 3 or so, and depart only gradually at lower Rm. In
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contrast, in constant-area channels, the strong dissipation near the exit at
finite Rm produces positive pressure gradients that slow the flow and reduce
the local magnetic convection, leading to thermal choking at Rm=5, to embedded
shocks between Rm=5 and Rm>2, and to subsonic flow at lower Rm. These regimes
had been previously reported by King (2). Thus, high Bm predictions for
constant-area cases are of limited validity for Rm {8. On the other hand,
constant area channels are probably impractical due to the strong current
concentrations and the attendant reduction in thrust efficiency.

Finally, we compared the voltage and thrust predictions of our models
(with finite Rm) to those reported by the Princeton group (5) for an
experimental slender channel, and found good agreement in both cases, including
a good account of the transition between the electrothermal and electromagnetic
regimes.

2.2 Numerical Simulation. Preliminary results of a developmental axisymmetric

MPD flow numerical model were included in our previous yearly report (6). This
work has been continued and refined, with the most recent results being
discussed in Ref. 7 and in our Appendix 2.

The refinements have been motivated by numerical difficulties encountered
at the higher current levels, for a given flow rate. They have included a
smoother, numerically generated curvilinear grid (see Fig. 1 of App. 2) with
concentrations near corners and walls, as well as a more rigorously calculated
Jacobian matrix, including both, flow and electromagnetic equations. The

Jacobian matrix is the matrix of partial derivatives of the various governing
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equations w.r.t. the chosen dependent variables, evaluated at all the grid
points, and is used, after inversion, to generate a new linearized solution to
all the equationns. These are re-linearized and the process is iterated. [t
has been found that this Newton—-Raphson method converges very rapidly (4-6
iterations, compared to thousands of time steps in most time-marching schemes ',
but requires large amounts of computer storage. This means that the grid
resolution must necessarily be limited, for any given machine capacity. We are
currently working with 20 x 50 grids in our Micro-Vax computer. This
relatively coarse grid, coupled with the very steep property gradients found in
certain regions of the solution, leads to the occurrence of numerical
fluctuations which necessitate an objectionable amount of artificial numerical
damping, and which, at high currents, induce negative density "pockets",
followed by generalized breakdown of the solution. It must be alsoc stated that
the stability limits of the Newton—Raphson algorithm for the kind of mixed
convective~diffusive and elliptic-hyperbolic type of equations we are using are
not known at present, and hence other factors may be at work in limiting the
method.

Within these limitations, the results obtained for 6 g/sec of Argon at
currents to 10 KA are quite interesting (see Appendix 2). The strong plasma
density concentration at the cathode tip (plasma focus) is clearly indicated
in Fig. 6 of App. 2, as is the existence of rarefied regions near the anode lip
and at the cathode shoulder. The cathode tip and root current concentrations,
well known to experimenters, are visible in Fig. 3 of App. 2.

Incidentally, the numerical instability appears to be unrelated, at least
in principle, to the expected anode depletion at high I:aﬁ. since the plasma
density over most of the cathode is only some 20% lower than that at the
cathode at I = 10 KA, and is well above that level required to supply the local

random electron flux to the anode wall.
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Work is underway now to exploit the larger capabilities of a
multiprocessor vectorized computer, of which partial ownership was acquired by

a special AFOSR supplementary grant. Two lines of attack are planned: (a) to

N

:3 explore the behavior of the Newton—-Raphson code with finer grids and (b) to

0

f:} utilize sophisticated time—-marching techniques (Flux-Corrected Transport

|:_ Codes), now available in our VAKX. The latter work will be undertaken by a new
ti doctoral student, Mr. Eli Niewood who is supported by an NSF fellowship, while
*:3 the Newton-Raphson work will be continued by Mr. J. Marc Chanty.

:i The slower than expected development of our numerical work has forced us
fﬁ to postpone consideration of applied-field cases. This is still contemplated
t
?F for the future, since no essential new difficulties are expected once the self-
. field case is better in hand (with the exception of spoke generation, which

'{A would require some form of 3-D calculation).

:E' 2.3 Experimental Work. In cooperation with Dr. Peter Turchi and collaborators
o of the Washington office of R & D Associates, we have designed, built and

% tested several MPD channels in order to learn about the degree of fidelity of
;: the necessarily simplified theories we have developed previously. This work
,, was largely carried out by doctoral candidate D. Heimerdinger, who spent

xé several months at the R&D lab. in the course of the development of the required
.é experinental apparatus and facilities. He was also helped by a second graduate
:: student, Mr. D. Kilfoyle wo installed the optical diagnositcs and participated
;f in the experiments themselves.

X The preliminary results of tests with two channels, one of constant area
, and one featuring a divergent section, are reported in Ref. 8 which is also
E é reproduced :n Appendix 3. Additional results with a convergent-divergent
:{S channel will be reported later, together with a more complete analysis of the
% data presented here.
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The tests are pulsed ( 0.5 msec), allowing a relatively simple
apparatus. In an attempt to avoid the complicating efforts of axial symmetry,
the channels were built with a fairly large cathode radius and small cathode--
anode gap, thus approaching two dimensionality. This also has the effect of
boosting the level of current that can be passed before "onset". On the other
hand, it also leads to weakened electric and magnetic fields for a given total
current, and, on the initial test series, some difficulty was encountered to
obtain smooth, symmetric discharges at the design conditions.

What apeared to be symmetric discharge conditions (as determined by sub-
microsecond frontally taken photographs) were finally obtained by a combination
of increasing the current, decreasing the flow rate, and simply accumulating
over one hundred pulses in order to condition the electrode surfaces by burning
away the inevitable adsorbed and oxydized layers. The conditions obtained this
way, which are those reported in App. 3, were well above the theoretically
expected onset, but during the test series with the constant area channel we
did not encounter the MHz voltage fluctuations which have come to be regarded
as the signature of onset. Upon examination of the channel at the end of the
tests, it was clear that large arcs had been present on both anode and cathode,
and they were visible in some of the high-speed photographs taken during the
tests. It was only later that we have been able to show conclusively that
onset was indeed exceeded in these tests, and this has come mainly from
monitoring the near-ancde voltage drops in a subsequent test series (results to
be reported later). The absence of voltage "hash" in the constant-area channel
which initially misled us into believing we were still below onset, has been
seen to be a peculiarity of this geometry, despite other clear evidence of
anode depletion. The contoured channels do exhibit voltage "hash", although

with some delay and with individually differentiated patterns.
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N Given the fact that conditions during the tests reported here were above
™
_bi onset, we cannot expect to find good correlation with theoretical results that
€
are for smooth, non—depleted operation. There are, however, clear indications
N
5: of the main effect that was pursued, namely, a significant redistribution of
': current due to the exit flaring in the second channel, in the sense of reducing
A
N the strong exit concentration measured in the constant-area channel (see Fig.
)
e~ 13 of App. 3).
>
kj As indicated before, diagnostics development has proceeded in parallel
14
- with the rest of the experimental program, and spatially and spectrally
)
'j resolved data of the near—-exit plume were obtained during some of the tests.
:: Additional measurements were made using an R&D plasma generator. These results
‘, are not given here in detail, however, since their interpretation is
i; incomplete at the reporting time. We will simply note that we use a fast
:{ digitizing Silicon Intensified Target (SIT) camera, together with a 1.26 m.

Czerny-Turner spectroscope, to obtain at once complete transverse profiles of

SO

the plane, with the spectrum either resolved over a region containing several H

-,

7 lines for Te measurements, or containing the resolved H8 line for Stark
g

) measurement of n, . Measurement of T; by Doppler broadening is also

'3 attempted. An algorithm for automatic Abel inversion of the data has been
*

: developed, which uses FFT spectral methods, allowing pre-filtering of the
o _

3 generally noisy data.

oy
:} 3. Personnel Associated with this Research

L
‘x The work was directed by Associate Professor Manuel Martinez-Sanchez, with
L
\ the cooperation of Graduate Research Assistants D. Heimerdinger ‘Doctoral
b

"l

& Candidate), J. March Chanty (Doctoral Candidate., D. Kilfoyle :M.S5. Candidate’
"

~

: and Eric Sheppard (Doctoral Candidate.

2
K,

L

&3

S
o
\

L ]

¢

s

o

!

X
S

SN

‘v\ -l\} ‘.' . -.- '.-_;_. . .,. . \ < .- :4.: __‘_., e
._n__LMA'\' " \rh')\“q_.}_‘\{__‘}. AN -,_.:._.-}.\ -: "~ .

O, - .
/ et "“ _c‘-’w fw



Fors S

S e

LRI Rt

»

-~
L L% F"

-

~
L)

s

) ."\"I. sr‘:‘l‘ ]

5%

Pyl

Y WA AN A

i Y Rl Saf 4
s & e
PR S

A

FREL LN P

p -

- "'-"-'.‘

LV e

-

-~ f'.f'.'!,'-f;'.'.,‘:"“ e

4. References

1. M. Martinez-Sanchez and D. Heimerdinger "Two—-dimensiocnal Analysis of an MPD
Arcjet". AIAA paper 85-2040, presented at the 18th International Electric
Propulsion Conference, Alexandria, Virginia, October 1985.

2. King, D.Q. 'Magnetoplasmadynamic channel flow for design of coaxial MPD
thrusters'". Ph.D. Dissertation, Princeton University, Princeton, N.J. 198I1.

3. J.L. Lawless and V.V. Subramamian. '"Theory of Onset in
Magnetoplasmadynamic Thrusters". J. Propulsion, Vol. 3, No. 2, pp. 121-127
March-April 13887.

4. M. Martinez-Sanchez. "The Structure of Self-Field Accelerated Plasma
Flows'". Paper AIAA—87;1065, Presented at the 19th International Electric
Propulsion Conference, Colorado Springs, Colorado, May 1987.

5. R.G. Jahn and A.J. Kelly, '"Megawatt Level Electric Propulsion
Perspectives’". Presented at the Open Sessions of the 4th Syposium on Space
Nuclear Power Systems, Alburquerque, New Mexico, January 1987.

6. M. Martinez-Sanchez, "Performance-Limiting Factors in MPD Trhusters’.

Final Report on Grant AFOSR-83-0035-C, for the period 12/15/84-4/30/86.

7. J.M.G. Chanty and M. Martinez-Sanchez, "Two-Dimensional Numerical
Simulation of MPD Flows". Paper AAIA-871080, presented at the 19th
International Electric Propulsion Conference, Colorado Springs, Colorado, May
1387.

8. D.J. Heimerdinger, M. Martinez-Sanchez, J.F. Davis and P.J. Turchi, "Effect
of Axial Variation of Electrode Spacing on MPD Arc,jet Behavior'". Paper ATAA 87-
0998, presented at the 19th International Electric Propulsion Conference,

Colorado springs, Colorado, May 1987.

- I T T N ST N Y N A N TNt AT T et TR e e T TR e
e e L Ly ARy 4',;\-‘.;-.___\1\:._- NANAN
d ! & » f A A N S ] a! R A A




"SB! CAAC el A "."‘I‘T
|
!

—
>4
b
jan]
Z
€3]
[~
[a¥]
<
-, PP - - - PO R - s
Lol g SN SR g8 ¢ o o g L LR S LA - A W AR P (NI W D P " S \--.ﬂ Fot g0 oo ¢ any aar
REAL SERRRRRE SRS ARPPIT ﬂ\.....rr.ﬂh’ SNSEOREY NN ) DRRAREEN JR AP (S LR S
< b B SEP L < AR . .- Kook T WA e N - 4 . Voo o



oy Ay
ey

o A

A!'AA-87-1065

The Structure of Seif-Field Accelerated
Plasma rlows

M. Martinez-Sanchez,

Viassachusetis Institute of Technology,
Cambridge, VA

PRt -’

,..~.,‘__,

"y
SRR _
- e am—-

-

'
R A 2 & F D

LA
(S

A ‘:'_'(
»
S e e T 4 PR . P | . o W atmd

WAV Y NS @
. i . L S

N

e G AT\ A e M s dm b e Aala. s T s S | e i e o - e

x> ¢
4 5 &
".:.fl’r'

~ '\..

NN ol ’ -

et @)
PRSI [
s — i

Fy

XX Lo

AAA/DCLR/JSASS 1o
':'or\*vic ?r_

‘an 3 Ny W e

et
-,"-

@
<
3]

<
]

{ .

LR
O
O
@)
-~
4V
Q.
O
o))
&)
b
3
v
O
O
O =l
X
D
(@)
@)

Tar DEIM.SS.ON f0 CODY Of TeCTLD. ST, Con'alt rme Amercin metrte of Afrn1aLheg ana AGTARALY CS
L @ 1622 Qroadway, \New Yo, NY 10012




o -~

A

» s s
P
24 aaa &

’
B

N

'P
WA s

&

fff

£y

?Cﬁu~’ »

o ke

.'." Y 5

[y

e’ a

rer—
. q« »
R A AR

X

SRS
g
a & _

A
e
ata'e s

-
[y

vy @,

.
Ad =
AN
.
SN

»
s MY

s ol
S R %

- oo
2

THE STRUCTURE OF SELF-FIELD ACCELERATED PLASMA FLOWS

By Manuel Martinez-Sanchez

M.I.T., Dept. of Aeronautics & Astronautics

Abstract

An snalysis is presented of self-field
acclerated quasi-one-dimens:ona! plasmma €lows
with zero axial current. The dominance of
magneti1c convection over diffusion leads to the
formation of :nlet and exi*t conncentrat:ion layers
which are analyzed Yy asymptotic matching. The
sonic passage concdition 1s found to control
injector conditions, but not channel voltage.
Throats are shown to “e approximately magneto-
sontc. Ferformance factors accounting for inlet
convergence and nozzle divergence are derived by
explatting *he ama'iness of preasure forces. The
effact of finite magrearic Reynolds nuumbers is
seen to he moderate down to Ym= 3 for conntoured
rhannels, but to Rm =10 for rongtant-area
channe's. Contouring :s8 shown 0o be effective for
control of current and dissipation concentrations.

1. Introduction This work is nn attempt to
clarify the roles of various fluid and
electromngnetic effects on determining the
performance and the distributions of current and
denstty in MPD gelf-field thrusters. The general
prohiem, with all its atomic physics implications
and with due account for real electrode effects,
18 clearly beyond aimple analysis, and must be
tackled by a combination of experiment and
numertcal simulation. However, aven tha idealized
flow problem, where only minimal physics 1s
1inc'uded, has so far eluded analysis to a 'arge
extent. Since even at the s:mplest meaningful
'evel of abstraction ‘i.e., quasi-one dimensional
channe!l flow)! the fluid mechanics of a ==lf-field
acce'erated plasma is complex and nfami'iar, it
19 worthwhile to go throuyh its analysis in ns
complete a fagshion as poesible, The requ!*ts will
shed light on several aapects of MPD operation,
including the role of therma] choking in
determining thruster vo'!*age , the poasibility of
the back ». m.f, exceeding the applied voltage™ the
ro'e of channml contouring’ aAnd the usefulness of
the large Magnetic Reyno'!ds number approximation,
#e wea'|l aa the low gas preasure approximation,
hoth of which could be explorted in multi-
dimensional modeling work.

2. Formulation We wish to postulate conditions
under which & quasi-one dimensional flow riodel ig
tenable. For a low-pressure partially magnet:.zed
flow ne in amlf-Field MPD, this 18 complicated Hy
rhe Hall mffmct, which, *Yor mquipotent:ial walls,
producems aubatantial axial currents and subasequent
*ranavarse denatty gradients, leading eventually
*o deplation of the anodic region. - *%s-

lTHi:_;ork was supporte&vgy th;.xir force Office
of “cientific Research under Grant No. AFOSRH-86-
011490

Assnciate Professor, Dept. Aeronautics and
As*ronautics,
Vemher ALAA

.y - . F v
dx\EvH) ¢ "YH Yy

Conceptually, at least two approaches can be taken
to Yypass this problem: (&) assume a high enough
power level that the Hall effect bacomes
negligible, or ‘H) assume an Approprinte axial
alactrical field can he 1mposed through
segmentation, such as 'o cancel the axial (Hall)
current, Option (a) exists hecause ‘he ﬂal{
parameter, 3, can be shown to scale as [ , o

for a given fluid and geometry, while Baksht's
*heory indicates that, at *he initia! (onset) con-
dition m~{ 7", or, assuming operation near
nnset.‘:NL/J7 Option (h' allowa uniform
transverse conditions even in the presence of a
fin:te Hall effect, And will be assumed in this
work. The required ¢, ax1a! fi1eld can be found a-
poateriori, and no attempt will he made here to
digcuss implementation of the implied segmented
congtruction, other than to point out that the
fie!lds involved are typically of the order of 5-20
V/cm and should pose no axial breakdown prob.ems.

The steady-state quasi-one dimensional
equations of mass and inviscid momentum
conservation, written in terms of cross-section
averaged properties, are

PDUA = (1)

du , d R’
Py ta (e = 0 (2)

where 8 is the magnitude of the self-induced
magnetic *ield, which is perpendicular to the
centerline direction, ‘he total enthalpy
conservation lAw 13

L3
put—(heh = BT (3)
., CX < -

o>,
where the average current density ) is, by
assumption, purely transverse and 1s related to
the magnetic field by

‘oo — SR (4)

The condition ¥xF=0 can be shown *to reduce
in our case of rero axial current ‘o

d Vv = const, (5}

which is the same as wou'd apply tn the ahsence of
HAl! mttect, Herm Y :a the inter-e enctrade
enannal heyght.  There «, however, A non-zero
axial field givean {on average’ hy

6)
£ =B (F -uB) (
X v

where 8 18 the Yall parameter.

ngder these conditions, the mean alectrical
work €.y becomes
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and the energy equation (8q. (J)), combined with
Eqs. '5) and (7), integrates %o

. ul W V3o .
a(h + ) *d—- \yB const (8)
[}

where W ig the chennel width, which tv assumed
constant. Note that this is also the vame form
that would apply with zero Hall effect.

To complete the formulation, the transverse
component of Ohm's law (neglecting electron
diffusion effects) 1s

= G(Ev - uB) (9)

where o ia the scalar conductivity. Also, an
equation of state 1s needed, most usefully in the
form h = h:P,0), [n this work we will use e;ther
a simple perfect ges model, with constant ratio
of specific heats, or an i1onization equilibrium
model for a noble gas.

In our analysis we will take the point of
view of having a prescribed tota' current !
(implying a given Baz L,I/%W) Aand flow rate d,
with a geometrical throat of area Af. Also given
13 the inlet total enthalpy, h,., = 1y + = v .
The voltage Vy (or the field E, at some dection)
18 then to be determined. Als6 unknown are the
inlet density and velocity (but not their product,
since ® =p,u5A, is known). As to ex:it
conditions, there are two logical alternatives:
(a) Since the exit velocity 18 'likely o bm higher
than the speed of propagation of flow disturbances
(i.e., as we will see, the magnetoacoustics
sperd), we can leave exit conditions unapecified,
1n the underatanding that completm expansion to
zero magnetic field and pressure will accur
external to the channel. (h) In the context of a
quas:-one dimensional model, we can
"hottle up” this external ~xpansion by imposing,
somewhat artificially, zero magnetic rield at the
ex1* plane. This procedure will increase the
concentration of current i1n *he exit region, and
will thus lead *o stronger Ohmic losaes and an
underestimation of efficiency, but i+t has the
advantage of providing aimple and conaisvent
esat mntes of overa!! performance without the need
for two or three-dimensional external flow
calculations.

It is convenient to no non-dimensionalize
variables using reference values derived from *he
prescribed quantities. These reference quantities
are:

BIA* Ri
A - —-
Bref " :° Yref 200 M Pref Ty
ref 2uq,00 (2 ?
Cref "y - -1+1(") href * Y orer
ref B, g
. e
£ =u B = = “ref - L
ref ret 2iom 0
A - A" x - v -
“ref ref ‘ ref “ref

10)
An important non-dimensional parameter is the
Magnetic Reynolds number, Rm = -Jdgu".f'.
Its i1nverse, i

Pyl (1)

in numerically in the range 0.1-0.3 for realiattc
Magneto Plasmadynamic (MPD) thrusters.
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In what follows, we will work with the non-
dimensional variables

be8/8 . Usu . P ep/h,
p = o/ot.f . he h/href , Ee !y/!re(
* ~
J o 4/ , a=A/A = H/H , hoex/L
- -ref
(S vy/vre' (12)

In terma of these variables, the governing
equations becoma

cua = 1

(13)
-~ dy , d_ = N

g gm0 (14)

an 5= 260’ L ReR(RLD)

S 2 EY _ ndp = LR v =nip,p
©oou G J"; (15)
cJ = £ - ab (16)
Ja-52 (17

dr

Fa = V (18)

Notice that RBq. (15) is the internal energy
equation, obtainable by subtracting the product of
u times Bq. (2} trom the differentia! form of Eq.
(8). Clesrly, the alternative 1s the non~
dimensional form of Bq. (8) itself:

-2
T+t 2l ma b+ 20 (19)
< 30
where - - 1 -
Hto B ho * 7 %

Since J = -db/df, the small parameter ¢ is
seen to multiply magnetic fleld derivatives, In
the limit as €~> o the system (13)-(!R) is
therefore singular, with possible layers of
rapidly varying properties at the channel's inlet
and exit, dum to the presence of prescribed
houndnry conditiona therm, and with the hody of
the cnanne!, hetwean aucn layers, const{tuting
what mathematica!ly speaking would Ye called the
‘outer” region, in which the < tearms are
insignificant.

3. Singular Perturhation Problem - The
Zero’th Order . ton_= ‘n the limit when ¢ ->o,
the width of the ngu'ar "inner” layers near f:o

and ‘= 1 tends to 7sro, and for nearly the whole
‘ength of *he chmune', Fqa, (15 mne (6} reduce
to
-0 -

Ah 1 dn

° L (9

or T I (20)

e O

£ wuh (21)

Hare the suparscript (?) refera to the "outer”
so.ution. Ya. ‘20 indicates 1sentropic flow in
thia regqion. Ey. 121}, combined with (7, o y
und Pi'n =z 1, qives
' 9

:r « congt, « F a e § (22)
whers V is the ‘non-dimensional) channel voltage
to order zero. Notice *hat this voltage 18 the
same throughout 'he channmli, i{ncluding the
singular ".nner" layers, hut may includea higher
order perturbation tarms for non-zero ¢.
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X a The nature of the zero'th order "outer” Initial conditions for the aquations can be
;: solution can be readily seen by defining an . applied_at xpipt. as has been do?e n 227) ‘b (o)
"-('\ equivalent pressure which indludes both gas and .ll , (ht ey /:)-hw.'._ The inlet velocity
S magnetic contributions ulto) = 7, and presai¥fe p 4o) = p, are not a-
N " priori known, however.
9

" Nap+t (23) Bq.t (26) integrates to

- - -1 {2
umu,+a, (pymp) ¥ l-bT Tl (29)

';?

In terms of T , the equation of wotion (to any

! i'-.“’ order) s 30dG+d" 2 0, and since 1p thim zero'th
;‘_-.ﬁ order outer solution Soth p and b have been Two equations for the conditlons at /1) can
n“\J found to depend on ) alone, the flow (s barotropic be lﬂ.l!lp'['y ‘ound hy axpresaind the integrated inner
i ‘v_') And hehavea the same way as an ordinary tdeal gas laws 27) and (24) at their outer limit:
flow with A specia! pressure—censity 2
') realattonahip. In MPD,flows b >> p, so that, to a 3 e g, +a,lp,- ,';.0 “1 -5
i"‘- first approximation,= " !, and the effective "{" 1 ’ 970 1 L (30}
‘0. - of the flow 1s about 2. The speed of propagation . . 2 . _ -
“' nt amal!l disturbances 1in such a flow is (1in non- h, + V2, T+ 2\7b‘ = h o+ 2y
\‘ digensional terms) . : - - to (3
- = TEYTIT ‘m D I
~’$ ¢ 'Ll;_‘P'- Ji ’.‘"'(.??”) 2 3 /(CS) 2V 50 (24)
i N An addi*tional matching condition can be
N where ¢ is the ordinary apeed of sound, and ohtained from Eq. (Z2R) - since 5" must smoothly
‘,- 237 %2 2 can be identified ns the aquare of tend to b, as the iLnner variable 7,
’ \:J the A'fven velocity, and 1s, in fact, the dominant tends to infinity, we must have
: e contriburtion to Fq. (26). It 1s a known property - P N
Ty of i1deal gaos flow that the gns velocity at a v T ao"Lbl (3
) throat must equal the small-disturbance
)..21 prooagation vel!ocity, provided the downstream This is in fact, equivalent to Eq. (21), when
’ preasure 1s low enough. Therefore, we deduce the expressed at the initial point of the outer range.
oz exitatence of a magnetosonic flow choking
.:-'_. condition, which, for a prescribed flow rate and 1+ can be seen now that Eqs. (30), (31) and
~.'}* throat area, must imply a certain relationship (32), plus the magnetosonic choking condition, _
_,' among the upstream conditions. In our problem wil! determine properties at (1) and voltage V
N “upstream" conditions must be those immediately P-r-‘-’y—"»‘ffﬁ—f-’l"_l_’l‘.’-.u_’-—l.‘lg‘.t.Y_iﬂ_k!.‘.'?.":‘ fthe inlet
“-." prat *he thin inlet layer, through which we can pressure b would then follow from the given ado
1 nave near'ly discontinuous variations. Lat us and hy,1. 7 This cndicates that mome add:tional
{ denote *him locstion by a aubmeript (1), to condition rema:ns to be found, Aand thie wi'l he
1O distieguish 1t from in'et conditions (subscript seen to he the smooth pasnnge through the sontc
3N ‘o}). Since D, can be found from the continuity point (which occurs wa.l upstream ot the
:-_._ equation and K depends on £, and o, , "he magnetosonic point, 1n fact, within the inlet
,;-:. remaLning mde'bendenf. variables at (1) are i, 5? aner‘\. The importance of this condition has been
":-' and G'; 'n addition, the voltage V 1s still an erphnsized by §ing" and lawless and .
"-.‘: unknown. The condition that the throat be Subramanian “'°  who atate that it is the sonic
',:) magnetosonic is then of the form F/5 ";,b '.'.G?; ‘;) passage condition that governs the channel
= 0, the speci1fic details depending on the fluid W’,“""""' on phvslcv.nl grou{'\ds, this would seen
D) model adopted. un’ikely (1r fact, Vef, (3 apeaks of a "non-
J:-.‘ tntuitive result”’), 'ndeed, the voltage is largely
.1'"' Additional equations for E°.b°'6° and ¥ can the induced hack m.m. f,, determined by the
Py be found by asymptotic matching of 'thd “outer"” aventual gas velority, which ts many times larger
"'.: solution 20 tar discussed to the "inner" solution than the apeed of sound, and one would expect
15N thieowdh the inlet layer. Since the thickness of downstream cogndi~tons to play the major rale tn
o *his ‘myer is of order g, we can, in the zero'th determining V. That thim 1a the case can he aren
e approximation, Lgnore area variation in it; on the from the discussion ao far - the in:tial velocily
[ ’:' other hand, the . *terms in Eqs. {(l5) and (l6) are Uy “t" V'?" Sl:nl'- qu;ntt'.vd’.of irdor'O.gF. L :ur
g . ~ - requ.ts wil! show' and i1vq direct contributicn to
"i' now 'o he retained. [t }s _onvenxept to rem-scale Zas. 0% and /110 _cAn he sately ignored. On the
" distance by defining an inner coordinate A = e ‘ -
' other hand, since ©.u.m, = |, satting &, = 0
:. Y wou'ldt tmpiv an infinite denairty, and hence _
.‘. Et - f/¢c (25?2 pressura ':"); tn tact, the ama'‘, but non-zero uy
@. The "{nner” equations of momentum, iada Lo o rn'_‘\e'r‘ ATk c, o hut stitl to a amall
7 total energy and Ampere's law tollow from (14), na fof ﬁ;ﬂer 0.',,\ AR 'f'""_:":""d'_ *o rhe physical
. i13) and 15) respectively , regime o ."‘per"'\on ? e ‘.’v‘."n (s pressure
T~ L eat d (- + )y =0 <7 magnecic presaure). 11 follows that Soth u,
", =t ; (26) and p, could ha gnored 'and hance alepo & L,
| :-', 39 %Yy et Fae. 30 and 31, and T cauld be calculabed to a
-_:,- 4 (2 - q _ - “arr approximation with no retference to any gAN
- h' %y + Vb = Hto + 2V (27) thermodynamics, and no need for a sonic passage
y z condition. As we will explici*ly show in a mimple
._‘ caam, tha ro.e of thiy sonic passage condition is
'\" { 7 -{‘,i) . Ei -7 mostly to determine the precise va.ue of the inlet
%: d_?_ - - (Y ~-u : - (2%) variablea (6a, W ,etc.) once the voltage V is
*n “hy 0 0 known from the downstrenm conditions.
¢
\ -: 3
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The form of the sonic passage condition can
be seen for inatance by solving the set of
equations (13) to (17) for the individual
derivatives. This will in fact be useful for
later numerical computations. For the velocity
derivative, we obtain

T 2 2 . - =
(u -c ) du - - lna 2 (E = ub) E-kub
> ™ uc Iy i e -
A s 47 €n [

=
where < =y fE 1s the normalized tsentropic

speed ot sound, and

k=29, (34)

"l'4|

P

is a thermodynamic quantity which reduces 20}/&4\
in the case of an ideal gns with constant qpecxflc
heat ratio { . It 1s clear that when 4 = ¢ , *he
whole right hand side of Eq. /13) must be
simultanecusly rern. In the present zero'th order
approximation (¢<’1), only the second term :s of
concern (which is equivalent 'o i1gnoring aren
varintion in the "“inner” region). The t'wo roots
of this second term are ® = yb and & = Kub, and
the first of these is reached at *he outer edge of
the tnitial layer. Since 1b {ncrmases from near
zero, and K>1, the condition
- 4
g T ey (35)
is reached inside the layer, and mus* be the sonic
passage condition, Here the 1ubsqr1pf 8 ndicates
the sonic point. Together with G- = ¢_ and with
the conservation equattions »xpreﬂnﬂd a§ *he sonic
point (Eq. 27V, (29)), this a''ows mlimina*tion of
all vear:ables at s, yielding the final required
equation for *the calculation of all proper‘ies at
atations ‘o) and (1) and of the voltagme ..

Once these values are known, channe! exit
conditiona must be calculated Sy solving & second
set of "inner’ equations similar *to tqs., (2R)~(28)
for *he rapid variat:ons *hat occur near the
channel ex.*, where the condition h = o ia *o be
itmposed. The task is now simple, aince the
=1ganvalues of the problem, 1.e., V and u, are by

~him *1me known quantitiew: physically, if the
exi* speed is greater than (or equal to) the
ragnetnaonic speed, axit conditions cannot
influence upstream conditions. We thus can
calcuinte ex1t vejocity, and henca *thrust,
estficrency and specific impulse of the *hruster at
the specified current and mass flow.

The thruat, normalized by P FA#. is
re
ey +pa

(35a)

where the second term contains no magnetic
contribution hecause of our assumption that B=0 at
and Yeyond the ev:it plane, "h4 tqruster
etticiency 18 det:ned here aa

" = Minimum_power_ for a_given_thrust and_ flow
thr Actual puwer

= 122(k/m) v
Ve
or, in terms of the dimensionless variahles,

= _1‘ 2;‘1‘ :l'o

v 135b)

The existence of an inlet discontinuity in the
magnetic fimld distribution for a constant-area
channe! (and hance of an inlet current
concentrntion) when R=>» was already suggested {n
Re 4, but (ts -ngni?ude wAS erroneously given as
1-b‘ = 1-2/3 = 1/3 The error arose from *the
identification of u, with U,. In the aame paper,
the inlet dxuconrinuicy was tgnored when dealing
with a convergent-divergent channel, we will are
that thia s ustified onlv in the limit of very
!argme inlet contraction ratio, although it may be
a reasonable approximation for practical
contraction ratvios.

4.1 Sample_7erg'th_Order Resulte We have
implamantad *am ahove procedureas for hoth, A
conmtunt- ¢ gue model and an eaquilibrium Argon
mode | allowing first tonitzation only, and verified
these mode (s ngainat each other i1n low temperature
cases. Two axamples will be presented here, on
for a convergent-divergent channel with a JEALA =2
and the other for a constant- ;area channel (a = 1},
‘n hoth cases we assumed W/A o 0.5 g /aec,

B =0.1 Tesia , T . = 400K,

tot,
This menns reference quantities u .¢= 7960 m/sec,
P = Q950 N/m o, 0y f 6.28 x 0 ~Kg/m°

Tef
g_ .= 79% V/m, nnd a'so h- = 0.0032K.

ref

Tahle 1 shows thes principal results for the
converdgent-divergent channel. Severa! features of
theses results are noteworthy:

a) The flow is sub-magnetosonic (but mostly
supersonic)! in the "chamber” part ot the channel.

b) There is a weak current concentration at inlet
(carrying 1 - 0.2401, or X, of the total
current).

¢} PRecausa of this last feature, the actual Argon
“emperature in the chamber s only 2100 X, too iow
for equilihrium {onization. Non-equ:'ihrium
effacte should be accounted for, Hut thia result
emphasizes the "of f-loading” of the channel inlet
aren,

d) There is a drasatic denatty drop through even
this weak current laver, This will hamper efforts
At straight numerical simulation.

e) The ratio p of pressure to magnetic pressure
remains at a few percent or below *hroughout the
flow,

Yor comparison, Tah'e 2 ahows the results for
A non-contoured, cons*ant-mrea channe| with
ntherwise the amme data. The entire channe!
(axcept tYor ‘he inlet and mxit "layers”) 1s now
mAaymerosonic. The tnlet region carries (' -
3.4y, ar 37X of the current, the rest haing
carried by the ex1t current concentration. The
exra 1nimt di1asi1DAt 10N ratass the Argon channel

tempernture ta TARD X /2.03% 1onization, = 1.18)
Sar 1t and the exit concenteation' lowers the
et firiancy, na ghown 'n the avit nand itmensionnl
rhrust of about 1.6 1 from ‘M affacta, 0.'F from

~'scrrothermal sxpanmion', compared to 1.5 for
*he asa \n "mhle !, 'n fact, for the perfect
evpangion of Tah'e 1 tne thermal energy resulting
trom the {nlet diasipation 18 “ully recovermd, and
the thrust afficiency 18 unity: hut even 1f we
Asqume nn recovery heyond the throat, an

affir ancy of 0. 14 calculated 'ignoring, of
~Hyream, &l transport lomses:. By comparison, the

A
.‘._ .._‘ . ._ o~ . D . : - L \ \ :*p, .J' ."'.-_ -‘_,- h) \ \J\ 3
maxi.a;ig“.“4lLL.;‘i;L.A;A.AAKhKQKIILAAK :AEKLKEA:RXXBRQKQRL,\

Calli-abl |
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:-' ' thrust efficiency of the constant-area channel is we find
- only 0.730. Note a'so the even wore extreme - S
‘\: density drop through the inle: layer in this case. a,e / (:4-:\‘ - (43)
. WX it V=
:-' Notice that in both examples above the and then '-h'_VOU-IIO is
. channel length is not specified, beyond stating 7 o {itug/agy” 1o
that 1t must be large enough to make the Magnetic 6 JT3 =) 144)
A Reynolds number large. For O = 4000“‘1/1 we have < /x
e, fusing Eq. (11)), R_= 40L, with L inm. A JO cm. and the velocity at station (1) is given by
" 'ong *thruatcer would thus have R_ = 8, ar = Y
'.“ 0.105. wWe will see 1n Sec.5 that this value is Y (L -4y e, (1 - ’;—) (45%)
“-_' smal! enough to enaure A rensonnhly good s
“'\' approximation from our zero'th order solution, Asatigning values to x between ! and 3 we thus
A tncluding all the main qualitative features " ohtain the resulta shown i1n Table 3, covering the
\ discussed. range from no inlet contraction ‘A, = A") to
i infinite contraction (A >*A ). For = 1 and a,
" . 4.2 Explicit Zero'th Order Results = 2 these results can be compared *o those in
. Neglecting Pressure . [t waa atated in Sec. 3 *that Tables 1 and 2, which include the preasure
-.::- qAs preasure lorces play a secondary role in MPD forces. For a, : !, neglecting O gives V . 0.393
” thruaters (m~xcept as discusaed in Section 5.', tor 1f we take up = 0.0147 (Table 2), or Vv = 0..85
B low Rm, constnnt aren cases) and this 1s to some with u, = 0; the resuit 1n Table | ts 0 = 0,453,
O axtent veri1fied by the low values of p :n the Metter approximation 13 obtained for a, = 2 (V =
results presented. 1t is thorefore of intersst to 0.543 uaing uy = 0.2144, versus 0.956 from Table
- simplify the formulation by dropping p from the Y. It seaems clear that neglecting thermol
L, momentum equation (Fq. '4). This allows us to #ffecta dnes give the correct treands, particularly
e tgnore the internal energdy equation /(fq. '5), when we compare other quantities as weil.
\‘:- whise role 19 to determine p consistently, and
s also to drop any consideration of sonic passage, To calculate the exit conditions’ we need to
'-:,. since the nbsence of anv thermal effacta apecify the ex1t area rati1io a, = A /A . The
. easmntially implies a very large inlet Mach magnet1c field just prior to the exit current
o number. We could now 'anve the inlet velocity u concentration is not yet zero; denoting this
3 as an arbitrary parameter, or, orovided we ° location by the subscr:-pt (2) we can calculate b,
:-': renounce cnlculation of p_, simoly set it %o by substityting a = a, into Kq. (38) and then
ot zero. To t'lustrate the smallness of the eaffect u, T V/ah. . [ntegrafing the momentum equatton,
'.':; of a finite 2 , we will carry it as a parameter in in *he “orm of Eq. (26), across the exit | inner”
S the calculations. layer then gives for the exit velocity (be = 0):
e ) _ 1
o Neglecting B, Eq. (14) reads Ug = Ya + ae(bo,_) (46)
‘ u €4 +25- 95‘ =0
- de 77 dg 36) 't is noteworthy that this exit velocity can
o e - be explicit'y written down as the product of two
v and in the "outer" region, uhereg. =V, this factocs, one depending upon contraction ratio, A,
_:z_ integrates to o - AQ/'\*. the (' her denending upon exparsion ratin
o8 - /—g‘—_—,‘—— fa = Ag/A*. The result, afler some a.gebra, 1s
o uem F(u)) +4V(b, b (an - X
) o e R - (ag)e (a,) (47)
i At the same time, V = uh a, so that the magnetic T A o e
. t1eld b |n this outer region is related to the whera @ ©
B, . channel area through 2
e I x+1. €
“n a = v € = (--=7) A
. VST . (38) ° P (x given by Rq. 43) (48)
> Vo Tt egmy oy Y] . 7
N : Imposing that a = 1 when da/db = 0 (throat) PR RN ¢ = By (7 + 2 cos -t (49)
is equivalent to i1mposing magnetosonic choking. e esind ° & a, o
,
:\. _’”]’ ‘j‘v:" ‘;zh. Co"d‘_":.o" : ? . _¥ The effictency of the thruster reduces in
’\: 5o saib, ) as JAVH 1 A bT (39) this limtit *o , .,
T o no /2 et
o In the "inner” - "R et A (50)
" In the "inner” region, equation (29) reduces v w0
K. now to Gi ey +a (l-biz) Combining Fqs. 747) and (44), this can also
. ’ ’ (40) bYe axpresaed ‘in the present approximation) as the
‘: . product of “he factors
‘._.: which, when substituted into the matching Amm o (adn fad (51)
_J_‘\ condition (32) gaves oo e’ e .
-._.\ " Y e (1 02y, where
-, : a‘o‘ - bl Lty ao “-bl ) /41) / -
- "o TVYatavayy
ot Eliminating 7 between (31) and 74') gives an ° " Ro\('/‘“o (52)
®. equation for b. as a function of A,. The solut:ion
u 18 best expressed inversely. Defining an S
',:: intermediate variable x through "o '(v':'“) (53)
,\ ? .vt,-. a 142)
{.‘ b1 -/— -3 ‘ox L)
o
3
)
o 5
':i
:‘,
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The fectors f and n _ are thus the exit velocity
and aff!ciené‘ of a purely convergent channel with
a variable amount of pre-throat cunvargence, while
fa and n,are the velocity and efflciency of a
purely divergent channel of varying expansion area
ratio. The limiting values (using U = o) are
shown in Table 4. °

Notice the strong beneficial effect of inlet
convergence: divergence past the *hroat is also
beneficial, but to a lesser exrent, Fven though
no enerdy equation hns Heen used, the 1mplication
of an efficiency less than unity is that aome of
the alectrical energy [V, has heen lost as thermal
energy 1n the exhaust. The efficiency limi*t of 1
tn the strongly convergent-divergent case 18 due
to the climination, tn that ‘imit, of the atrong
current concentrations both at inlet and at exir;
1t ts *"hese dissi1pative layers "hat are
reaponsible for the 1nefficiencies in the other
cases.

A word of caution is in order here, We have
ignored the physical proceases leading *o
1oni1zation a* the channel tnlet. The nmount of
tnlet contraction must he carefully hHalanced
hetwren the deaire for high efficiency and *the
need for aubstanttal ionizat:ion to anaure smooth
plasma tgnition.

5. Finite Magnetic Reynolds Number Effects

Reyond the zero'th order approximation
in €, mnalyticsl solution bhecomes much more
di1fficult 1n the general case, although some
additional resultws can be obtmined for conatant-
aren channels, Numerical methods muat chen He
used %0 study the effecta of fin.te magnetic
diffusion, We will discusa separately the
constant-nrea case, which 13 easier *o nnalyze,
but somewhat singular in its properties., Area
variation etffects will be then studred.

5.1 The Constant-Area Channe!  From the work
of Martinache “and X:ng 1t 1s weil known that
when Azl the quasi-one—dimensional conservation
equations admit m full ser of ir‘egrals by means
of wnich all variabh!es can he expressed as
func*ions of the magnetic field, which can finally
be re'ated to distance through Ohm's law. In our
notation, the firat integra's are Rgs. (13) and
(19 , plus , from Eq. /.4,

- - 2 - -
u+p+hH = ug + po + 1
(54)
The integration of Ohm's law (£q. (16) and
117)) for the whole cpnnneL then gives
m - 0 t-yh

for a constant- das mode' the conservation
'aws ran he combined to yield a quadratic equation
for belf 2 - (o1 B
L Do (1 +p -b° Jyaeil (5, *FL-5)0 =0
P [} 4 (56)

The two branches of the solution ‘o (5A) are
the subsonic and supersonic velocities for a given
%. Smooth sonic pAssage can he assured by ‘orcing
the discriminant of Xq. (56) to have a minimum
value of zero at some b = b . This gives two
equations relating the parameters b and U ~po to

the field E. _Therefore, one can pick a value of
K, calculate uo‘po, solve (58) for u for each b,
and ca'culate t(R) by perforwing the integration
in (55).

The least R possible clearly corresponds to
the maximum of the quantity u b, since otherwise
gq. (55) is mingular. For B just slightly nhove
this maximum, the magnetic Heynolds nusber Wm 3 1/€
1s very 'arge, and 1'a valug {ncrensss ns F s
increasad. An axampla for F very near b (i, 18
shown tn Fig. 1, where one can see *he strong
inlrt Aand eaxit current concentrarion and flow
acceleration regiona, the small 'evel of p nnd the
predominance of the back e.m.f. uh over the ohmic
fal! *~u % over the hody »f the channel. Notice
A's0 that, deapita the amallneas of p, its
gradient e srcongly positive near the exit, due
*o tha ohmic heating 10 that region with
negligible magnetic acceleration {amall - bdbh/de}.
This pressure gradient 13 seen to decelerate the
flow near the exi1t. Thie “eature becomes more
gevere ag the magnetic Reynolds number 1a reduced,
cventually leading to thermal choking, nnd 1s n
peculiarity of the constant-area geometry,
aggravated by the somewhat artiticial 3 -0
conditton.

For an Pm of about 5, Fig. 2 shows
auhstantial deceleration near the exit, with the
Mach number (dotted line) approaching untty.
Further reduction to Hm = 1.4 (Fig. 1) leads to
ex1t thermal choking, which forces a muid- ‘channel
shock (mathematically, a transition from the upper
to the lower branch of Eq. (56)) and a subsonic
downatream section anding at M=i. In this section
the pressure (¥ 18 no lonqer amnil. 't s
noteworthy thait positioning the shock further

upatream leads to a lower Tm, but, 1f h 19 held
constant, there is no change in X or tho exit
conditions, as long as *he flow hes m aupcrmonic
section. A more remjizahle condition would be na
conatant h ‘dimensvonal’, which can be seen to
tmply h ©Rm : const. , but numerical
cn!l rula;?ons show on!y A secondary effect of N
nver the range of physical interest.

Eventually, as Rm decreases, the shock
reaches *he sonic ‘ranstition point, and the whole
chnnnel| becomea asuhaonic. Beyond thig condition,
further reductions of m do increase ©
‘mathemarically, once tha freedom offered by shock
location 1s loar, #m cnn ba raduced in tq. (55}
only by increases of ). Since by now u h<<C E
(most'y Ohmic vo.tage), the extreme
‘electrothermal) limit of kq. (55) is

mo (57)

The terminal charmcteristics of a series of
channe'a with constant (nlet entha'py (rough'y
cotreaponding to WU Aryon: are ahowm in Mig. 4.
Tha leveling of B, ane ¥ oin the mixed-flow
regima s annrlv v;(tblp, as 18 the sventunsl
Ohmic electricn' hehnvior (K 4L, Bm tmplieas VarT)
and electrothermal thrust variation (bol/ ke
implies ~wy. Notice that for this saimple
grometry © w | would he *he purem alactromngnetic
reqult, 40 that tha excean sa~en {n F at low Wm is
the n'-f'rothnrnnl contrihutinn ‘which, as noted
in Sections 4.!, 4.2, 11 non-zero even at Rw-lwx’
Notice, tlnatlv the quadratic behavior of K/e) as ¢
~-*0: this can He analyticelly proven hy expanding
R-ub mbout its sinimum value, which contrihutes
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the moat to Eq. (55). The Rm—> ® approximatiorr is
seen to provide “1CX accuracy for ‘e »>.0. Once
agnin, much of the inaccuracy is tracealile to the
strong localized heating peculiar to the constant-
ares geowetry, as will become more clear in the
following.

5.2 Convergent-Divergent Channel For a z a(f)
the momentum equation does not integrate
tmmediately, and the «ast of equationa (13)-(18)
must be integrated numerically in 0<.< L. For
this purpose, the derivatives must be exnlicitly
solved for, as was done 1in Eq. (J3) tor <3 In
terms ofdu , NS

a’, . -
do L bgd s g gy, (58)
[ 4 deg [

and, of course,

. - Z(E-3b) (59

-

[23Y29

ST

Alternatively, equation (58) can bea replaced
by algebraic so}ut\gn_of the total energy equation
(Eq. ¢19)) for p = p(u, b).

The only known initial condition (at €=o) is
blo)zl. The inittial velocity w o) must be
guessed, and then p(o6) can he calculated from
puasy and the given h Wa also need o guess
the parameter B = U/%° . rNe correct values of
G, and F_ must Ratisfy®(iteratively) the two
downstream conditions

‘a) Smooth passage through the ordinary speed
of sound
) b(l) = ¢C

Notice that the last condition replaces the
condition of magnetosonic throat choking which was
used 1n the Oth order solutton. In ‘act, it is
only for € 20 that str::t magnetosonic choking
occurs, Jjuat as it is only for purely inviscid
flow that an ordinary nozzle flow Hecomes sonic at
A throat. In the rresence of finite magnetic
dtffugion effects (finite Rm), the effect of the
downstream condition b(1)=0 can be felt, althou &
weakly, throughout the channel.

Forward integration of these equationa is
made difficult by the axistence of the critical
sonic point and the near-critic-al magnetosonic
point. The procedure followed was to select
valurs of u, and F_  and integrate usirg the 4th
order Runge-Kutta method to tne monic point, whare
rapid divergence was usually encountered. The
valus of ¥ was then modified and the calculation
re—atarted, until a sufficiently amooth =onic
passage was “chieved. Once this hnppened, a
arronyg divergence was typically encountered near,
Yut somewhat beyond the throat, this torced
repetition of the whole process with A new ;o .
until eventually the h(1):=0 condition was met.

For illustration, a convergent-divergent area
distribution was generated with a 22, sucnh as to
ohtatn a linear pressure profile Hetwean Mach
numbers of M =0.297 and M :5 1n cold Argon flow,
Thie aame area waa then used for MP" ca'culaticns
with €2 0, 0.1 and 0.2, using an .deal ¢as model
with 1= 5/ 2 and h = 0,008, The results tor ¢
9.1 (%m=3.333) ari’shown in Fig. 5, where savaral
features can be noticed:

(m) No current concentration is seen near the
inlet or exit, and the current density ie about
uniform in the channel.

hY T™ere is no positive pressure gradient
(in fact there is a negative one) near the exit,
80 the flow 1s nevar decelerated,

‘e’ The Mach-Alfven number (MA) is slightly
less than unity at ha thront, and crossas to MA>!
\n the divargent part of the nozzle.

These features generally confirw the ana'ysis
made for Hmw-)> ., deapite tha fairly low %m chomen.
In contraat, the ronstant-ares channe! of fig. 1,
for a comparablae Pm, aqowed strong electrothernal
features. This difference clearly 1llustrates the
potential of area contouring for 1mproving MPD
thruster efficiency and, by reducing current
concentrations, extend electrode [ifm.

Fig. £ showa how the inlet fieid E(o), inlet
density (o' and Mach-Alfven number at *the throat
‘MA thr, 11 eyvolve as the magnetic Reynolds number
decrrmases from infinity to adbout 3. Clearly, the
salient featyrms of the Hm=e limit are
recognizable down to “m= 3, with only a slight
increase of £ throughout this range (this, of
course, implies a nearly cubic V(1)
characteristic), The throat speed is confirmed to
He quite close to magnetosonic in this range of
fm. The largm values of [7(0) reflect the
smallinesn of u(o); since u increases rapidly away
from r=0, there im in all cases a very rapid
densiiy declina, which will he very difficult to
resolve by numerical grids in mult:dimensional
computations.

6. Comparison to Experimental Data. A recent
raper hy 7.GC. Jahn and A.J. Xally providea a set
of thrust and voltage data from a small M09
thrusater with an area diatribution which is flared
at fire*, Aand *hen continums for the greater part
of its length with constan” crosa-section. Thess
data are doubly usefu! in that they are prescnted
in non-dimensional <erms, using parameters which
arm, however, diffarent from ours. The oparameters
are choarn to emphasize <he importance of the
Altven critical tonization phenomenon. Thum, the
chovce reference vo.tage .8
v =2s oy T

ref . ac (60)

' r e, L/2
-2 - A
> ar In r ac Mo (61)

[a}
—

where r and r are the anode and cathode radii, R
v the Yonizatlon energy, and m, the ion masas Aand
Vi '3 the Alfven critical velocity. The
referance current s
A ac, L/2
Tree T LT (62)

Wa have converted the reqults of Fig. 4 of
thia paper (constant aren, ¥ :5/3) to theae new
parametaca, and superimpoand them on tha curve of
A menaion'esa voltnge va, dimensionless current of
Waf, Y, This 18 shown 1n ¥Fig., 7, which aleo con-
tains the predictions of the Alfven critical apered
modm!l. !t can he seen that tha fit ia vary good
At high current (the un-choked range), Hut the
theory undar-predicts the linear part of the
vo.tage (the subsonic range). This is posasibly
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dus to our neglect of any finite. ionization

) effects in *he results of Fig. 4. These calcula-
tions should be repested using A more realistic
(equilibrium ionization) gas wodel. The important
point, however, is that the linear—to-cubic trans-
1tion appears naturally with no need to invoke
rritical ionization events, and is therefore seen
to he a reflection of the basic gas-dynamics of
the device.

To conclude, {t must be recalled that
throughout this analysis we have assumed no net
axtal current, and hence no gross transverse
nonuniforwity. Wwhile this in a realizable
condition, many experimental accelerators are in
fact strongly affected by axial current and
pinching magnetic forces, 30 that our reaults have
only m qualitative validity in such cases: 1n

[

whh AR
WLPLPURUN,

s:}

N particular, the dramatic electrical effects of
Nit We have also compared the thrust vs. current anode depletion ("onset”) are not predictable by
predictions of Fig. 4 to *he data reported in this type of taeory.
ef . 9. fheae da'a are norma'ized to emphas1ze
the quadiatic dependence on current at high ! /m
vA'ues. The results nre shown in Fig. R, The

theory overpredicts thrust in the mlactromagnetic~

dominated range ‘probably due to some miarenre—

amnration of the geomatr:cal effects plua rne

reg.nrct of friction, hut 1t reproduces very well

the transition %o *he electrothermal-dom:nntwsd
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K agsumling congtant area, T 0ol m,
. ‘edcm KT /We. L, argon gas.
'
4
-
T A

E'dls
o

.



. X l_'."'_'i"'?r'i'Y'T'd'V'IVT

APPENDIX 1II

RERD ) A

..q,fl.u_(!f\iv\f“ ; v N .n I‘\hv-



..:.. ‘ «‘\ - // \\ \‘\ - ;::\\ j—
& :
S 0 AJAA-87-1090
- ' Two-Dimensional Numerical Simulation
\ H
! of MPD ~'ows
£ , J. M. G. Charty and M. Martinez-Sanchez,
| Massachuset's '"s**ute of Techno'ogy,
2 . Cambridge, VA
) |
.
I
L {
!

. -“. "‘. :'-:'

5
® e,

.

“y '-_'r b

. .
' Ny 3 ~

@ Py s, @000

3

AAA/DGL/USASS “9*h 'm*arpationa’
T'ectric Pronuvisinn Confarpanpce

N~ow b

Viay *“7-12.*19087
Ce'orado Sorine

-

.
r S N

0N
@)
O<
@)
X
N
L
®)

m—

[ W ¥
-~

F2r perTiSSICN *0 CODy 27 TADUT ST, CONaCT tUe Aimerncan nsityte 0 Anraralics anc As'ronas' cs
1677 Qenzagway, New York, NY 10010

L

[N

W

................. e e e e e e e e o h Mt Bt A e e e e
PR T T R e R W L o IR AR el e (ORI Y. w [ I R e e I TR Sl S S
NP A A A NS g e e o A e W M N e S e e N e e e e S T
A i p g Al Al p il A o p ) 3 A )

O
o




PSRN Y

‘5& y y .‘I .I.'j

AL i At o aRd gl o arShh B.og ol o Bl Bal Bl GE R Ahi &) i ah) 4

A Uad Sl ol el Sk St Sl A A etk AR i R CaliSalitaias . o Sat fob RS S5 Rd B I ]

AlAA-87-1090

Two-Dimensiona! Numerica! Simu'ation of MPD Flows

J. M. G. Chanty*

, M. Martinez-Sanchez'

Space Systems Laboratory, Department of Aeronautics and Astronautics

Massachusets Institute of Technology, Cambridge, MA. 02139

Absatract

A two-dimensional numerical mode! has bHeen developed
in order to analyse electro-magnetic p'asma accelerators
as0 called Self-Field Magneto-Plasma-Dynamic Thrusters.
This mode! uses a Magneto-Hydro-Dynamic description of
the gas considered as a fully ionized, inotherma! peasma,
and takes into account the Hall effect /non linear conduc-
tivity) and the interaction between the magnet.c field and
the fuid dynamics of the plasma. The system of equations
is discretized into finite volumes, and is solved by a Newton-
Raphson acheme. Results from the MHD model weare calcu-
‘ated for a mass flow rate of 8 g/s 0f Argon and for currents
up to ten kilo-Amperes.

Tntroduction

During the past years the development of high current
plasma accelerators (also caled Magneto-Plasma-Dynamic
Thrusters ! has heen aimed, amonyg other things, at im-
nrov:ng the eficiency of energy convarmion from electrical
70 Xinetic ensrgy. Several remsarchers have observed that
the aficiency increases with thae current, hut at soms va'ue
a “ransition occurs to an unstable and cestructive regime of
the discharge (called onset of instability in the 'iterature),
when tne ratio 1;? exceeds a critical value which depends
on the nature of the prope 'ant and the thruater geome-
try. Some researchers ‘3’ _11‘ have proposed a theory for
vhe transition to an unstable behavior Hased on the deple-
t:on of the anode from current-carrying e'sctrons, tha for-
mation of a starvation layer along the anode characterized
Dy current densities in excess of the rancom thermal fux of
»'ectrons, and the reversing of the potential drop Hetwaen
the the plasma and the electrods. In order to study the
‘ormat.on of this starvation layer one neecs %0 taka the geo~
metrical properties of the dischargs into account, or in other
words, to look at a two-dimena:onal mocde! of the discharge,
Eventually this model can Se used t0 “nd optimal shapes
that maximise certain parameters Lke efficiancy or elecroce
Lfe,

Various attempts have heen made to develop numerical
two-dimensional modeis of MPD diacharges using finite oi-
ement or Anite differance descriptions. I. Kimura et al. 17
have presented a two dimensional mode! for the electromag-
netic 4eld f(aelf de!d}, inciuding the Hall efect. The model
was primarily designed %o calculate the current distribution
near the cathode. They later extencded their mode! 27' to
syatems that work with an external focussing magnetic feld.
These models, however, ware not designed for an accurste
modelling of realistic thruster geometries, and did not :n-
ciude the affect of the convection of the electromagmnetic deld
hy ¢he plaama. This last Limitation was partially removed
in a later paper 28! whera a simplified calculation of the
fow was made and coupled with the magnetic fleld. Ao and
“iilwara ‘U hava attemptad to devalop a one-Quid Magneto-
Rydro-Dynamic mode' of the nlaama whers the equationa
descihing the motion of the p.asma, considersc as A neu-
tral conductive duid, are coupled with the magnatic %-=.d
throug® the Lorents force and the ohmic heatinyg.
vAn meode! was Lmited <0 a very simp'e geomaetry.

However

"t was decided to cdevelop a two-dimensional anumerical
model Yaned on a VI deacription of the plaama n tha
co'laion dominatad reyiine, .n ordar to caiculate the stealy
state ¢ stribution of the electro-magnetic fald and the mo-
tion of the plasma in the accelerator. We focused our atten-
tion on the phenomena chaervad at the slactroces, especially
at *he anode, 'n an eFort o cetect the onaat of the turbulent
regime.

The system of partial di¥arential equations is discretised
using a3 Anita voiume technique used extensively in Compu-
tational Fluid Dvnamic algorithma. The syatem of equa-
tions was so.ved uring a Newton-Raphson mathod, derivad
from an initial calcu.ation of the mawvnetic Held alone for
which thia method works wel Zue to the dom:nant a.liptic
hehavior of the equationa. The mathod of diacretisation of
tha equations (finite volume method) as well as the idea
of the addition of an artific:al viscosity. was derived from
Jameson and Yoon 5. A confirmation of the possibility
of *he Newton-Raphson method waa found in the lecture of

*Graduate Student Jespernan '16', as wall as in the doctoral theses of M. G:les
TAssoclate Professor #' and M, Drela 7
Cipyright D American [nstitute of AeronAaut.cs and A1t
nautics. !ac.. 1987, All rights reserved.
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:-'; ’ Phygical Model introduces three non-dimensional numbers: N, = Nl‘: for
:&r the magnetic difusion due to conductivity; Ny = ,7: for
":v The equations describing the mode! are derivad from the the non lnear Hall efect; Ny = f,',!:' for the electron d:f-
. general Magneto-Hydro-Dynamic approximation which in-  fusion. Re = wo0suoLo 8 the magnetic Reynolds number,
! cludes the following equations: conservation of mass, mo-  Hased on the distance hetween the electrodes; M, .s tha Hall
o’ mentum and energy in the inviscid fuid; the Chm's aw  parameter;
-:\ {derived ‘rom the electron momentum conservation); and H.= ?odo = wor
- the quasi-static Maxwal's equations. "0
'_’,~ \ where w.. !s the electron cyclotron angular frequency and
‘. 8p+Vipn) =0 re = 1/v, is the electron collision time . [ is the plasma-3;
_— = = ratio of the pressure to the magmetic pressure,
L epu +DivipgTu - S -M) =0 1
.‘ = = 2u0 P,
,: Where S is the pressure stress tensor, and M in the Vaxwell B=- Hﬁ_
T stress tensor. ’
.'r?_ ¥ xR The values of these non-dimensional numbers give an indica-
» :'.., 3 (Epom+Ei+Ex)+V ((E;+Fx+Plu+ A—’—“—o—~— +q) =0 tion of the ralative importance of each phenomenon: Insice
' the channe! N, & 0.5, N3 sy 0.6, Ny &5 0.03. Therefore wa
D Where Ewpae, £, Ex are respectively the elactromagnetic  take the Hall efect and the convection into account, hut we
N energy ( B’/2u0), the internal energy, and the kinet:c en-  negleact the effact of the electron pressure gradient on the
y ‘:: eTgY, per unit volume; P ia the pressure; ‘_f;:_‘!_ is the Poynt-  conductivity. (Notice that a maguetic Reynolds Number
.. ; L . -~ L hased on the channel length would be of order 5 to 10},
N ing v‘?c%or, q :n the heat conduc.ion: T heyen‘ergy-oquauon is »
:\ Jsuany completec by a '“:“’ ﬂ“"“f”‘ relating the pressure Constant temperature approximation: Tn a plasma like
to the internal anergy, for instance : the one considered here, the energy equation is the most
\.7 P=(n=1F difcult to iustify. At. h;gh tempen'jure (around 12500
o ) ‘ XY the gas is strongly ionised and radiates energy. These
:: The generalsed Ohm's law can be written as: processes are not nocmui}y in equilibrium and thersf?re
o cannot ha accurate'y descrihed by the energy conservation
.' Esux®= "23 N -‘—J < R VP, ec:ation used n the Auid theory at ‘ow '..nmperatu'rel. As in
", o4 en, n, moat MHD mode s tha energy conservation equation w:L: be
( ' The Maxwsl!'s equations reduce to: droopad and rap,.\cef'. wqizh the an-u'gp!iou that ".He‘p'.uma
b~ . 4 mawghly sothearmal. This assumption can be fustifed by
::; UxE the sfact of lanxat on which tencs to cppose any change
- xE=-8, B vAR=9 n terinerature ‘v a ' .sp.arement of the on.gat.on equi’: »
.'-: V x B = uglt *um, oy the thermal conduct'vity of the nasma, and by

the value of tha prassure relative 10 the magnatic pressure
We nave assumed that the feld is quasi-static and that the / € 1. Thenon-.mens:ona number descri'yng the halance
D aama s apnroximately neutral. Setween kinetic energy ancd heat conduction {equivalent of
the “evnolda number ‘or the erargy aquation) :a:

-’
l‘
L2 . . . .
B Y Let us now !ook at the possible simplifications:
Col Ch = Lopo!??
'n Geometry: The flow and the electromagnetic Asld are TR,
" ax_symetric. There is no sxternally imposad magnet:c deid.
.- The Magnatic %e'd .s thersfors asimuthal. Tte value goes from & 200 in the cathode jet, to & 1 along
- *he axternal surface of tha anode.
t. The Ohm's Law and the eleciromagnatic equations are
) . vty ¥ i 3 ; H
-7 combined in orcder to eliminate E and J. Dne obtains an Conductivity: In the Spitger-Hirm aproximation the ‘0‘;"
‘ :": equation in B that deacribes the dius on and convection of  Cucuiv ty of a fully onrad olasma s proportional to T
.: e magnetic feld in a conducting macd um: Tonmequently we have a constant valua ‘or ‘he elactrical
‘A cenduct:vity @ = 290Sm.
v x VxR xR ¢
® Vx(—uxB-»-——B-*- -——~~-—~—-—F—"<‘=-8.B \ ) ; ; ‘
4 P porn, en, Fven though the enrgy balance is not written, the fact
N - that one part of the a'actrica’ work ¥ -J 8 7.an Dated ohmi-
Dawriti ion odi i ‘ " Do
e awriting the equation ‘n non-dimensional form, cally aa % 'a ‘mplcit in *he rest of the fsrmulation, and
» »
, :~, —ATB 4V xnt x B = therafore o mean:ingi il thrustar eficiency can Hea comnuted.
v' N ‘ What ia ignored 8 the u!*imate ‘ate of *he ohmic heat and
1 - ’V' < R* " (’V° xBY\x R 7 v-r,\:-r:\“ “ts anport onmeant to lonisat.on, heat conduct.on, rad.ation,
— x —— — s —— ——— e e
,. T ‘oo ¢ n; 2 no e
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Since ionisation proceases are not covered in the model,
the pl'asma s conmdered ful'y ionised when it entern the
inlet of the accelerator.

Although the real Reynolds number is of the order of 100
to 200, the plasma is considered inviscid, which means that
second order derivatives appear only in the elactromagnetic
equation,

The fnal set of equations after simplifications ls then:
1
8,(pus) + —'-8,(rpu,) =0
Bl
8. pusu, + P+ ;——) + ~8,(rpu,u,) =0
2o '

] - B
B P+

8. (pan,) + }0.(r(pu.u' +P+ N+ —rﬂ—'ﬂ- =0
P = pRTs
fEdJ =0
E.=—1'a8-_f s.8_usn
Moo T Hoeng
Eo=-—08--L_'0,,B4unB
oo Boltn, r

The boundary conditions were taken as followas:

The tangential electric Aeld ia sero on the alectrodes. The
e.cctrocdes :nclude the conducting surfaces of *he anode and
the cathode. The voltaye drop across the nlaama-sheath,
which extends over a few Debye lengths inside the plasma,
w.l be neglectad. Consecuente'y the voltage ¢rop acrosa the
channe. will He underest mated when the anode is atarved,
~a. at high current censities.

The entrance surface (the back plate' in an insu'ating
surface which carries the injector holes. 1t is assumed tha-
tha yas 19 injected uniform!y across the back plate, which
wouid be the case with a porous back plate or with a plate
conta:ning a large number of ‘njector ho'es. A transition
hYetween the gas state, character:zed by a 'ow temparature
ard a ‘ow conductivity, and tha p'asma state, where the
gaa is ionised and is a good conductor of alectricity, arinem
wnte *he gas is in the annular chamber. This ‘onisation
takes p.ace in a region close t0 the hHack plate aurface. The
ca cilation starts after the lonisation 'aver assuming that
the gas has reached a uniform temperature of 12500 K, at
whicn the electrical conduction in suticent'y high %o consider
the zas as a plasma. Acrosa the ertrance plane the magnetic
fed 80 B = uol/2vr. The dynamic var:ables p, pu,,pu,
are apacifad a.ong the antranca surface ' pu, = 0; pu, =
spacited by the mass tiow rate:

m
Py = —- —

Aintake

»

The exintence of a ateep dennity gradient immediately ad-
iacent to the back plate makes it very d:Fcult to resolve this
‘ayer numerically. Fortunately one of us has shown 22 that
the deta:a of tha Inle’ gradients have only a small influence
downstream. In our cajculation we assign an arh:trary value
to p.

On the outer boundary of the computationa! domain /i.e.
far into the plume) B = 0. This conditlon meana that there
is no currant going outside the boundary of the calculation,
which is therefore an insulating surface. There are no gra-
dienta of p, pu,, pu, along the cirection parallel to the fow.

On the axis of symetry 5 = 0.

Numerical! Method

The system of equations is solved by the Newton-
Raphaton method using the technique of Finite Volumes
for the discretisation of the equations of motion, and a tech-
niqua similar to the method of finite volumes for the mag-
netic fleld. Artificial viscosity is added to the equations of
motion in order to avoid non-linear instabi'ities at places
of strong density gradients. The conservation equations are
discretised according to the method of fnite volumes: The
computational space is divided into 20 x 41 quacrilaterals.
The gr:d ‘s shown in fgure 1. The variables (p, pu,, p%., B)
are anproximated by their space-average on each quadrilat-
aral. Uha aquat one are written in the:r inteyra. form:

{ pad’ =0
s

[(pﬁ-?—ﬁ)d’ﬂ:O
i e

where the the tensor piiu — S — .M has the following physical
componenta in cylindrical coorcinates ‘z,r o) :

r B? 1

J pULu, + P+ 33 PU L%, 0 [
3

PUL Y, purt, ~ P+ 5%—-0- 0 ‘

- B

. 0 0 LT

Since the problem is axiaymetrical, the volume elements
are obtained by rotating the cuadr:laterals that defne the
gr:d calls by an infinitesimal angle Ae¢ around the axis of
symetry. The surface integral around each e'ement :s hro-
ken into six integrals, one for each facet. Fach of them
is dlacretized by aasuming that the fuxes are constant on
each facat of the hLoundary, “or *he electro-magnetic fe'd
one uses a <'®arent integral! "ne ‘ntegra. over a ciosed con-
tour’:

/ ¥dl =0

.

The contnours are dafnad Hv the same quadrilaterals aa
above. Yor each iteration the Newton-Raphson algorithm
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inverts a matrix of order 3200 which represents the system
of partial diferential equations inearized at the current es-
timate of the solution vector. This takes about 10 minutes
on a microVax. One needs about 10 iterations to attain
convergence.

Experimental Rackground

Experimental studies have identified three modes of op-
eration for the plasma accelerator: e'ectrothermal mode,
for which the dominant acceleration mechaniam is the ex-
pansion of the heated gas across the thermodynamic pras-
sure gracdient; electromagnetic mode, ‘or which the dom-
‘nant acceleration mechanism is the expansion of the gas
acroas the magnetic pressure gradient; fnally the unstahle
regime which set on when the critical ratio ’;‘1 in excaecded,
For argon as propellant, Hiigel 11’ gives an empirical vaiue
‘or the limiting current,

2

I w25 10" (AT xg™'w),

m .

which gives a current of the order of 12 kA for vh = 8 g/a.
More recent work at Princeton and esewhere has raised
this by factors of up to 3, depending on the geometry and
the injector configuration. An onset prediction baasd on
ths total starvation of the anode was proposed by Baksht,
Moishes and Rybakov 3',

I'm?

me

_ 945 ek7:L

B out d*

which leads to a critical value of 19 kA for our geometry.

An explanation which does not include the Fall e%ect
has heen proposed by Law!less and Subramanian 19, hased
on the machanism of an excessive back UMF induced by »
strong convective sffect u x B in the opposite direction of
the applied driving feld E. Neglecting *he Hall eFect tney

obtained, from a one-d.memsicnal analyais, an evpreasion
for the lLimiting current:
-2 a*
— Ry 8.52-— (A’ kg~! )
m o

where ¢® is the apeed of sound at the choking point and u, is
the permeability of the vacuum. This gives a current o7 the
order of 20 kA for a* = 10* m/s anc v = 6 g/a. However
the physical basis of their argument is open to criticism 22'.

Assuming that the magnetic fle'd ia conined Hetwean two
coaxial cylindrical electrodes and does not extend outsicde
the exit piana of the thruster, ons can integrate the effecta
of the Maxwell stress tensor, and one can predict the thruat
d 16 to the electro-magnetic effacta by the formula:

711 Newton at 10KA for 2 = 3) The ratio T4m givas the
axit velocity e,.

. .
-l‘ -f\-f $-f'

= - u_u. ..
.f.‘-( q(-* N.r\a fﬁr.f.(f‘\. N

The voltage Is axpected to be linear with the current for
low currants ‘Jouia heating), and to increase st a higher
rate ‘or high currenta as tae fleld acceleratss the plasma
and competes against she nduced back EMF, showing a
cubic depencdence with the intensity,

Results

We have run fully coupled calculations for a maas flow rate
of B grams per second and for various slectrical currents be-
tween O and 10XA. 'ncoupled calculations {i.e. calculating
the electromagnetic fleld with a {rozen 4ow fleld) have been
obtained for currents between 0 and 10C XA.

A maximum of the magnetic fleld is observed along the
cathode. Figure 2 shows the contours of constant r5. Foran
axisymetrical geometry these lines alio represent the lines
of current. The infuence of the magnatic feld on the con-
ductivity tensor (Hall efect), Is seen in the way the current
I'nes concentrate at the tlp of the anode and at the root
of the cathode. As the current increases this efect beacomes
wore pronouncad., This afact can also he ohearved on fgure
3, which shows the current density at the electrodes.

Figures 4 and 5 show the density contours for 0 and 10kA.
For 10kA (fgure $) the censity shows strong gradients and
large €uctuations. At the inlet the density drope abruptly
over a few cells, The compression of the plasma, under the
influence of the Lorents force (inward pinching effect’, can
h:ohbserved a ong the cathode and along the axis of symetry.
Fgura 6 showa an en'argement of the density plot for 10kA,
whara one obaearves: the ~ompression of *he plasma along the
cathode; the strong rarefaction that follows the expansion
of the plasma arcund “he cathode corner, which reaches a
minimem of 1.5 107" m™%; the recompresaion along the axis
of svmeatry, where the denmty reaches a maximura of 10R.
197% m~3 at a distance of * cm from the tip of the cathode.
On the anode s:de *he plasma expands monotonical'y from
22,1077 m™ 10 0,15 107 m 7%, Figure 7 shows the density
acroas the thrueter a.ong three ditferent rows of ce''s. !:
shows the conaiderahle incrmasne in density in the cathode
let, Jownstream of the cathode along the axis of symetry.

A plot of the velocity vactor obtained for 10kA (fgure
8 } shown 3 sirong acceleration in the surface layer that
surrouncs the cathocde. The existence of this layer can he
‘nferrecd from the high vaiues of Hhoth thae a'ectr:c #e'd and
the current deusity along the cathode ‘about an order of
magnitude highar than a' the anode).

The olot of the Hal! number 2% (figure 9) shows con-
n.dera%ie gradients on the anode and cathode t:ps. These
grac.ants are related to the elactron denaity gracienta cre-
ated by the saxpanaion of the plasma as it folowa the e'ec-
trode aurfaces. The Hal! efect /Tensorial conductivity® ‘s
‘kely to ha responsible for the computational inatab.lties
ancounterad at Yigher currents along the mlectroce surfaces.




[y

-

Pl
A

>

- LWL
o S,

s

z
2

P
.t

" e

B A A

. e e e

4 F
YesLCENg !,

PR T

1 .D-.

O RK

Dt e S 2]
[P A M

Ltels

\:. ot

Pl AT,
[y
(Y

P EEEL@ N N

~ o e

SNLe

s &
‘l.l"'

The thrust was computed for various currents and is lsted
in table 2. The thruat increass due %o the current is appar-
ently very modest /9.8 N at 10kA), but is comparabie to
the thrust due to the Maxwall stress tensor pradicted by
the formula :

Ton = Bl Te
Jn—‘4’ =

11 N at 10kA for 2 = 3 ). Thus the thruster is still oper-
asing at this condit.on mainly in the electrothermal regime.

Conclusions

The calculation of the MHD mode! was done for three val-
ues of the current: 0, SkA and 0kA. The mode! doas not
converge above 10kA. The probable cause of the computa-
tiona! ‘nstability is the excessive value of the Hall parameter
along the surfaces where rarefaction is presant. Above a car-
tain value of the current this rarefact:on will ha increased
by the action of the Lorents force, leading to a failure of the
windel along the houndaries.

The sau:e cause may be responsible for the onset of insta-
bilties ohserved in experimental devices. (The onsat cur-
rent expected ‘rom Hiigel's formula is 12kA, the value from
the Baksht et al. is 19kA, and the value {rom Law!ess and
Subramanian is 2CkA).

The artificial damping introduced in the equation of mo-
tion in order to o%tain a reasonahbly we!l-nosed prohlem
modifies the solution by an amoun® that reaches 5 percent
of the momentum fux 'for 10kA}. The largeet contribution
to this error appears at the sharp turn around the anode
corners.
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Symbola
e’ Speed of sound at chocking point in the
theory of Law!sss and Subramanian
B Magnetic fleld (T)
Ce Exit velocity
Ci Non dimensional parameter
in the energy equation (Clausius Number)
d distance between electrodes
e Charge of the proton
E Electric fleld / YV m™!)
Egne Electromagnetic energy per unit volume
E, Internal energy per unit volume
Ex Kinetic energy per unit volume
H Average perimetar of the inlet
H. Hall parameter
I Current at the threshold
of the turhulent regimae.
J Current Cenaity f Am™? )
Bo!tzman constant
L Average length of the channe'
m, Molecn'ar mass of the gas / kg)
M Maxwel! stress tensor / N m~2}
" Mass flow rate of the propellant (kg #~!)
m,,m, 7- and r-momentum (= pu,, pu,)
n, Density of electrons ! m™* )
P Pressure / N m~?)
Q Heat flux ( Wm™?)
R Gas constant { J kg™' K~')
Roen Magnetic Reyno'da number
3 Stress tansor { N m~?)
T Temperature { W
a Velocity { m ™! )
e Diad (w4, it cartesian coordinates)
SRR

Te

Woe

Plasma-Beta /vressure/magnet c pressure’
Specific heat ratio

Heaat conductivity

Permittivity of vacuum

Mass density { kg m ™% )
Conductivity { Sim™" )
Flectron collision time

Axisymertic coordinate

Electron gyrofrequency fangular’

W v, v
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. Cathode radius 7. 2. cm
: Anode radius fe 8. cm
- Cathode length 8. cm
X Anode length - 12. em
e Inlet density Puntar 2.21 1074 kg m™?
: Inlet pressure = P,.ia 1144 Pa
N Inlet velocity Uz,ntes 2700 m/s
L~
i Inlet X-sec. area  Anie 1077 m?
_. Temperature To 1.25 10* K
~ Conductivity oo 3.8 10° Si/m
= Mass fow rate m 8g/n
. Current ! ., 5., 10.) XA
4
" Gas constant =~ R 0.416 kJ/kg/X !
- Table 1: Parameters for the Calculations
.
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- RESULTS OF THE. MODFLS
3 ; S
‘) Current Voltage Thrust lsp
‘ MED mode!l (MHD) (MMD)
L (xA) (V) NV (xm/a)
. 0. 30.2 5.0
K 5. a7 32.2 N
2 10. 16.2 40 AT
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SFFECT OF AXIAL VARIATION OF SLECTRODR SPACTNG ON MPD ARCJRT AENAVIOR

0. J. Heimerdinger and M. Martinez-Sanches
“assachuset*as ‘nstitute of Technu.ogy

Laboratory

Cambr dge, Massachuamt'g 2139

P, . "urchy

RDA Washinyton Yesearch laboratory

ATAA-RT-0998
SPACH Syatems
S FL Lavis and
Alecanaria,
Abs*tract
™wo annular vagmetoplasmadynamic MPD)Y

thrusters were constructed and ogerated 1n a
regime where anode stAarvarion processes .imit the
thrusters’ performance. vagner:c *Yiem_d  and
floating potent.al measurements were ~onducted ‘*o
determine “he cperationa. J:iflerences HYetween a
channe. with constant intere.ec*rode geparat:on
ancd a channel witn an i1nitia. constart separar.ion
and a livergen®t exit. The caannel with the
constant elactrode separation shows evidence of
strong concentrat.ons of current a* »oth 1nlet and
exlt, along with srrong tncrcations bAd
accompanying =lectrode erosion. n *he divergen®
sact on, current deana bt 2a wera greatly diminished
w.th daacreased evidence of abiat:ion. rmvidence
tends ro LN LCArte thAat @& ec'roie eros.on (R ]
unavoldable for a starved anode: however, *through
spat.al variation of “*he 1ntermlectroc spacLng
‘ocal ohmic heating can He conrtro’led to minimize
ab a~1on of *he otner componenzs, such A rhe
cathode and hackpiate i1nsu.ator,

Nomenclaturs

aagnetoacoustic speed
maynetic induction *reld
e.ectric Tield

D Lhrust

J tota. current

) current density

m nass flow rate

b a8 constant

" anode radius

cathode rac:.us

p.aama temperature

mean mass ve .ocity

4a.l oarAmeter

syec1y . c heat ratio
permaabilitv of ‘ree space
p.asma sca.ur conductivity

Y

o

4« YaGi-gny

3

Introduction

The goal of *he designer of an MPD arc et 18

to obtain desirable overa.. perfornance. bt
achieve ‘*this Joal, 1% s u8='u. ", sAanipula’s
intarnal diatrioutions of current ensity and mass
flow. ‘n A previous naper, MAartirer -Sancnez and
He perdiager dear:ved an qaonroximate
rwo-d.mensional hycrodyramic “PD  arc er moce L
which :ndicared *ha" *he perfrrmance and ‘e
\ntearnal distributions of the previoualy descrihed

This work was supported by *the Air Force Office of
Scimntific Research unzer Lrane number
AFOSR-865~0119D.

YA 205104

quantities can %“e w®anipulated by an axlal
variation of the intere . mctrode separation.t  Th g
pHper presents preliminary {Aata ‘rom an experiment
cased on the analvais from reference

MPD arc_ ets can be distinguished froam other
alectric thrusters by tneir use 5 +ne IxB Loraent:
force as tneir primary source of “hrust. AN
Hpproximate overal! thrust ~Quartion snhows *his
feature Sy the quadratic Sehavior of ‘*tne  *hrog®
wi'h the app.ied current ancd A weak depmrdence .n
geometry !

1
T o= L‘ﬂ.—-" f 'n . g
- RY

For a given *thruater geome'ry and mass ".ow ratae,
the afficirency a.a0 1h.reases w' 'h urreant bhecause
of *he rransition ‘rom a.ect-0'hema. accelerattion
due to *he ohmic heating of the plasma to
promar: !y an ~lactromagretic accm.eration,
nfortunately, Aan operationa! | .mit called "onset’
L9 reached where hnth ercsion o The *hruster ard

overa.. voltage “ave Hewen nored o ‘Norenye
CoAamatca Ly, The rarm orset ariginated Yrom e
ADeATAN - af megnnerty termwina. Vi tage
e LAt e whio el X ¥ KT AP L oae

Ni'u.nh im? . ned oraet A *nat  evel where vo 'age
cmc L 'Aation reamcn 0N 7 'he  Avaragms ‘arm o tal
(ST Y L N A viven yeometry, ‘e anmet Lome

4.6 APPrOXiIMAte v wi’Y e pDarame’~r 1 m o
‘this corte ates with the exhaust vaicity ¢ 8

N rafureaces |, 'nA gupearAnce  of  anaat  |s
Artrihyted *a  an  anode  starvation  phennmenon
caused by Axia' daflacrcin oY che  ncml current
YeoLOr by the HmL, etiece 'n fiure ', *ne
‘renty Forem, wh'o-h 18 orrthogonal bo'a o 'he
mugmet ¢ vtuction “eld and the current density
cac e, hma 4 comoonent  liracting  che  plasma
*wards  ttie At hOUe. As *he pDlmsTAa ad)acent o
the Anode Hacomea rarmfied, darection of the
crrany veo g 18 rxacerbatad  us  the Ha' .
JArUDN @r Jr o we Adue to e ocal lecrease N
Y elonm oty "Me ragiron adgncent to *ne anode,
el V. 1.4, ] Y VOt A Ab) A UrAct Q“,QC'.I'OY\S and
mrgure current floaw,  Sventually the magnitudm  of
*a18  poltenrial grows .arge enough for electrical
Srenkdown *o wccur whoch a. . ows concertrated ar
o Yorm an the anode.  Thia effect 1a intrinsic to
MPTD Arc_oet  operation un_asse aAn external electric
cheld s applimd to halt the growth of axial
current,
'n addition to plasma depletion at the anoce
At Mg currante and low mass *low rates, *he WFN
wreoert  can operate at oa gignificant  magmet:ic
imyTi s ~umher wrich mplies A “endency *owarda
convection Hf 'he maghe':c '.e d with "h\e p . aamna.:

.

“uch convection tends to produce strong
conceantrat tone ot current at  the entrance and
axit, dua to tne presence of a low bacx

-"‘
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slectramotive force ‘emf'. From Ohm's law, axpansive and sesier to M&cChine into the required
feome'ries *han gther mores desirable mater:a.s.
T e DB =0 f + GxB) A ARt ronx data acquisition aystem s
utilized for iata co..ectlon, wmanipulation, and
the p.asma wust take the entirs mlectric fleld 1in ann vs.e, "t La kep® 1N@1de & .arge Varmday cage
the abesence of back emf, thus forcing strong "or srialding ageinst stray electimagna’ (( 10.se.
current concentrations to occur. Because of ths, A Hlock diagram of 'he MPU thruster aystem is seen
local heating of the insulator and electrodes o “igure 4
occurs, accounting for their associated ab’ation. ‘nitiattion of *he discharge nccurs after ‘*he
™e alm of this paper 18 ' present fata ‘rom bank 18 nargqed ‘o '"a appropriate operating
an experiment Sased on a rheory *hAat cla:ims e VH.1@. AT thja pOLNY, "NAe vA.vas are Lpenad wi'n
abrlicv "o contro., *the disrtrihution of *he a1 kY pulae and are hail vpean unt L. e required
magneric Yield, nence currenrt denatty, 1n Aan MED 4'eudy state mnss Tlow “Ale 8  reached. Afrer
ar.- et channe. “hrough carafyl ax:a. variation ot s de Ay Approximately J ns . ‘ne caquired
tne (nNtere.ec roce SePArat on. LWt one qre triggered, several <i1lovol's appear
7O " ha e, actrode JAD, DreAKAoWN Ansues, ana,
The Experimental Apparatus ¢rer A snort transient period  cvpioallv G0 ss
CUAS L4t eAdyY ODerar ion 19 reached.

A Joint experiment between MIT and RDA Tnrister voitage .8 measured hy a (000!
washington HYesearch Ladoratorvy 1in Alevardr.a, Textronix voltage orohe optically 13olated froa
virgin:a was ~onductea at 'he RDA faci.i'.es, A ‘e fata ACquis:t on SvA'em. F.oaring votentia.
00 WJ capaciLtor Yank was @modlfied t1nto an  e:gh’ L9 Mensyred  re A%V ) the Anode 'rom o4 93D,
st age o _adder ne'work rta provide a  f_at Langmult orobe througn a0 L voltage lin s ozer
quasi-steady current pu.se ‘0 “ne MPD urcoer,  The e YloArnyg porential  probe s _onstrucred
man< has a total capacitance of .0 mF wnere euch promariiy from a  snort plece of  rthin Cungsten
section 18 separated by a 'V «d solenoid .nductor. Wi, The total current is measured by a .4t je
The pulse forming network °OFN- i3 Jeaigned witn a “oduwakl loop surrounding the carthode s_eeve it
Nigh vo.tale 1gnitron switch ar each stqge 20 *hat "ne  nase of rtne power connection.  “hie prote
the output waveform can be modified depending on measures the time rate of change of the »pciosey
the sequencing of 1gnitrons ‘reter 3 F.ogure 2. madnetic  flux, which 13 1ntegrated 0o Jive 'ne
(f a s:ingle 1gnitron  igni%ron #3: s fired, *he aanetic field, and, from Ampere 8 .aw, the total
resylting waveform has a ‘uration »f anout C.R ms. #nclosmd  current, AN Active :ntegrator with a
This system reaqulres a ma‘ched ioad of 0.. 477 us integrat:ion t.me constant swnd a 70 ms
providing & maximum safe curren® pul'se of 12 xA ‘o Aassociated ‘roop time 18 used with “Mis Nogowskl
e “PD arcyert. £ 1gnitrone sl an! 8% are fired ‘oop.  Enclosed current, at points .nside the
sisultaneously, the impedance of tne Sank (drope .n piasama, 18 weasursd ‘rom 8 wmal! ') furn Yogowakt
MalY and a pulse of apout .45 ma s  Aachieved, "oup mncloaead a4 long Fyrex  tubae. Again, W
Wirn othis  configuration, A maximum 4afe current Active  intagrator with a 3. 09 us integra’ion time
levml of B8 KA can “e supplied *o *he arc et. conatant ant & 0 e Assoclated roop  (he (s uA~!

Thn PFN 18 connacted *o *hm arc et, wnich s to intedrate *he time Jderivative of the mayne’ .«
si1tuated .n A cylindrical sthRin’leas steel vacuum wnduction e .d.
rank b & long and 0.5 m \n diamerar, "he  vacuum Yor thim experiment, *the HYank was fired with
ts malntained at a static level of < 10'Y torr Hv #! and #B (initrone &o tnat an >perarting point of
two si1x nch diffusior pumos. The rank and W xA at 4.0 g8 of Argon was obtained.
assoc'ated pumps are electrically *“loatiag 'n WO MUN arciat cnanhe 4 weres conatructed and
prevent spuricus alternatm current patha for the diagnosed. A conatant area chaanel consis's o7 o
J¥N-arc et circutt. The MPD) arc et assemh v cv oadrieal Anoda and concentolc catnode with a
drawing 1n fijure ! shows the relation o7 itae conatant ntarele trode separa’ion of % om. A
VA lous components. "he extarior of "he arc_er .w smcone Chaine cne Mottt ied Ulared channal, waa
constructed Aas  an Anode t1leeve which S 1soiAted huaed on A onlculat.on ‘rom Che theorv N
from the vacuum tank Yy a Plex:glas *lanve. The ratermance ! for i form current denaLty
a.eeve and "n@ outer portion of "aa anode are distribvutions alony “he »_ ect:odes. Ty wminimice
hardcoat anodized wicn a 2 mil layer *to ohidit cv wndrical atfac 4, the annular channel geome'ry
current  attachuent. Sevond *he anode lip. The wns 2ag9ed AN A _arde cAthode Jdlameter compared o
rathode and sass inject.on assembl.2s Hoth slide F e nrerealectrode  Jap. Yor a4 mass flow rate of
Lnto *he Aanode slemve. A boron nitride insulatar, 4.) g,8 of Argon «t an operating point »f  avout
seated 1n A P eviglas assembly, aolates *he anode ) XA, A channel wi*h “he area varci1ation shown 1n
‘rom the cathode while a ™y ar .. m and rape figira 5 18 precicted Dy the *heorv.  In order *o
racket surround the cathode slemve comp.eting *na Axamn@ the nahaviar of *he fwg cnannals, we chose :
anodm/cathode insulation. Yy  copstructiag tae t0  perate  'n the vicinity of onset, whers onset
‘eeds to the arcjet 1n this coaxia. wmanner, ‘he .8 predicred hy rha theorvy as the  q0o utlon whiere
parasitic .nductance of ‘tha evice 14 «mp. fo a zero deneity 13 encountersd somewhers along 'he
L RE.BY T anoude, The degign tMmory, Yor wnich this

v“ass i9 provided *o the channe! ‘rom a large calculation 18 mged, qeglacte ‘e 1nitiAl
regervol” placed c'osa %o the PN arcrer Channe . CHNLYAT LOA DPFOCARReA “ AT occur N oA region of the
51N vAalves feed a oreexpansion  chamber direc' .y discharge dmina'»nd Sy snmic "eating wherae arge
apstream of AR choxed or.fices. “he gAan t owa changen (n uviaama ve ooty and censity oeccyr.*
*~rough the choxad sri'.ces and expande through a For *him remaon, A low mpead near the entrance ‘or
horon nitride insuliator, which A .s0 nAs iH arger A glven masa "low rate ‘eada ‘o lArye variations
diameter holes, nto "he channa!. n [V nraralmct rode  saparaton, fhis s

o Th® anode 18 made »f al mirm, primarily for .mmediately mean N figure 5 at the channel
i\d 1t machinab . li'y, Low weigh ', and  w omt, “ha Al e spelreaam “rom e point of mLNiIMUE area,
'5‘ ~a'hodes are uade ‘rowm copper primart.v "ot 'e Hmpmvar, f .0 'nNig axparteent, 1n order tu ensure
r Yy e.ecrical properties, and 1t s Hoth less caliauim  igni’ien At the inlet, only the porcion
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of mnsum area was
’ixed at
mod)fied

downetream from the point
flared, The upstream portlion remains
..3 cm. Hence this ‘ev.ce 1s called rhe
f.area channel. [n Soth gecwmetries, the anode
remaing the same and all charnel variat.on s
caxen 9y the cathode. This i1s Jdone for s WPilCl'y
:n the machining of the electrodes.

Results and Discussion

channels were probed to determine
Yloat:ng potential distributions.
~esponses Are scen N Figuresa H and
-urren’  and  Yloating porenfial
ConPtours *or "ne "wo ChAnNnels Aare found 1N fLlgures
3 and 3 respectively. etermina‘tion of "he p.asma
corentia. from  tloating potAntial wmeasuremenrs
neceagli’ates <nowlecge Ol the electron temperanture
And and 1on:iC species.’ DO%her work has 3hown *hat
'8 ‘emperature var.A%ion i3 sma.. 30 1At *ne
J1fferences 1n  ‘YloATing poftent.al 13 sufr.cient
the ca.cu.atlon cf e _ecrr:ic ds .

n Soth cnannels, arge Ax:a. urrents
cund 1n  the anode reg.on. “Mis 3p..es
.ocal values of 'he Hall oparameter, From
floating porteNntlAL CONTOUrs, ""mre A_80 apoedrs
he a .arge posift:ive potential rop At Mot
A .arge Hal!. paramerer mp.i~s a A Jeficlercy of
Ccharge carriers wihlich JOrre _Atee w 'h ACY.
positive Aarode fal! requ.: to pase Al 0 ‘.
surrent., Rased on reference ., 1" 8 ADPparent
*hat  Yoth channe.s are operat.ng Seyond ftne oneet

9oth
currant
Typioal
7. The enclosed

and
probe

tor e

ares
large
t e
©o
AN tes .,

‘e

e

Level,

Jymical terwminal voltage
displiay the nigh frequency
*YpPiCA.ly characterize onset, Meganer.z voltage
omcil.arions area seen, nowever, n "he flomating
votentiai Jcharacterist.cs. "mrminal vo.uage
aca.ing shown :n  figure 0 does no" ~ispiavy t.e
cunic tependence of vo.tage "hat one wou.: expect
*o precede onset.?!

Turchl  suggests *hat an increase in ablation
as the exhaus’ speed excemds the A.'ven cC-il'ical
speed, Haned n ablation energy, mav prec.uyde a
cub i~ dependence of VOiLTAR® oun  Cur-ent i WP
arcjet operarion, even L€ re dominan®
ACCe(era’1on mechanism 18 = ectromagneric.?

KExamination of Hoth ‘*hruste-a snows strong
evidence of ablation. 40%h anodes ghow ernsion
primari.v at their extt lip. 80'h  catnoces  ilso
show =roasion, especially in the entrance reg:on.
'~ fact, af*sr leas than (00 a:ischarges, copoer
from the cathodme 13 plated on rhe doron nitride
neulATINg N ector pla“e. The Anode  wear (8
a:ml.ar .0 Hoth ge metriea, however, the cathode
wear '8 marked .y d-ffarent.  For the cons‘an?t ar=na
cnanne., Sands about m ha.f A centimeter wite are
at Hoth the entrance and “Me hanc
a* the eantrance looks l:ixe ‘“reaniy mAchLined
coppar, ndicative of strong and even eromion.
e Hand at the axit 14 we!l <“efinead hHut 18 not
quite am clean as "he onm a* ‘ne entrance. The
nand at the entranca ars~ _arge.v composed of
semiCircular clean reglors  aAd_acent %o e mass
.n ection sitea. More c_emn 8nc.s are noted about
A hAalf *o one centimeer ‘urther Hownet ream
directly tn line with "he mass 1nj~ction hoie~s 'n
*he boron ni"ride insu.a‘or,. "ne remaining
cathode shows strong evidence of “ine "1ne arc
srtructures extending ‘rom the athode .lowns'ream
and a.most o the cathoda root. These fine
structures are branch-.ikma and tend to hranch n
an upstream direction.

n the wmodif:ied flared

traces do
osci! ations  thart

not.

seen e et

channel, the clean

" AL T S ) ) \ - -
X .~ 1\’ *wf\f\f ’MM’( . J% "’ '.'s:
5 ANy ] ’

1s abaent, but there 1s s wide
the entrance hatween 1.75% ca ‘o
.l cm in extent, (nlixe the o'har Sands, ‘hie
one "AS A veary poor'y de‘ined (ownstream edge.
"Ne fina ling atruc’urae are completelv absent oun
th:s cathorda. Jrawings of »oth cathodes are founa
tn figures (1l and 'U.
Yifure 13 shows a
density along Soth cathode surfaces.
casem, stronf concentrat.ons are found
tritial portion of thea channet. rhe
area channel, the curren' Jdensity drops
va..e Ar mid-channel and *hen
drumatically near the exit. The current
In "e modified tlared channel remainm nigh
cust  hetore the heginning of the “lared region
wrare |t subsequentl!y drops s gnificant. De o
'1e level touna in the constant irea channel.
“he theory *encs to dupport 'he trends seen
n figure 3. At the channe. s»rrrance, tne plrasma
.3 mOviIng 3.0wly SO0 the nacx em! s ow. N
chanrce (s, the ntermal'ectrode d.stance at
sAatrance 1Y "ne same, and both plasmas  mus‘
*ne ‘oral e_ectric  ield in the aosence
4ignLficant Sack emf. At the ex:tq ''le  magne’ ..
‘re.d irops towards zero and osnce again
‘n this region, *he p.asma
AyAin MuAa' 'ake *he 'outal electric Fie.
Ve el Tt flaree  hannei, the AL e e e
‘et FEORE TV YT Jue Lo
tntarelectrode separation, 80 a
concentral Lon mitigared.
density 18 luwer 1n the flared
aamae current 1s passed as 1in
cnAanne;, the current dJdens:tly
portion of the modified f_
Incraase. This ®may Aaccount
Yeat:ny whicn wmav lead ‘o
‘emperatur e, ara rnerefore
“raction  and elactrical
moditied 7 ared channe!
e ‘*Yeory ma.so indicates that high wmagnet:c
Reynolds numter f owa 1n cona‘ant aren anne . s
tend *o MAve strong current concentrat ons at ‘he
Ayl ar *ne magmaetl. fiald (oes Also "
snows  'ha' ‘he magnetic tield “'ared channe!
s more aven. v distributed Jdue the contralied
D ARMA AXDANK L ON and the convection s he
magmer1c Fra @ with tne flud ar h.gher magne’ .-
Neynolds numhers, n rhis operar .y ~egime, °*he
manes.7ad p.asmAa  henaves  Ana . ogously 0 an
sroipary compressible gjas except At *he speed of
40Nl 18 repiaced by ‘he magnetoacoustic speed,
datined as

band at *"he exit
C'man Hand at
1

the current
in »otn

in 'nNe
constan*

.~

graph of

In
to A
N reases
iens .’ v

s

Cne
MRV

of any

tRe aox

»mf s smai.. sne=

Ty er,

the 1 reaged
8'TONg Ul ent
Since the current
region, and the
the constant area
in  *“he upstreams
ared channel muat
for nigher ohatc
an elevated plasma
~igher
conducriviny,

té

tonlzation
tn *he

"0 zero.
in A
to

5

QT e e

eda

which its a comhtnation of the speed 0f sound and

cam Al ven apeed,
'm%ma ¢ the constant area channal does not
Seem 'O e@exhiblt this hehavior. "he ' nenry
neg WC's the e!mact of viscosi®y which may ac -ount
tor mome of the differances. ‘n *his channel, '"Na
nregence 0¢ A .Aarge axial component of the current
c'a 'o deplete the anode and presaurizes ‘e
cathode, e woving DiAasme, Hiovxe~d Hv "Ne
carhone nuat nove Aa‘ong t, which may e
asflclent for viscous Aiss:ipation ‘o slw  the
P ARRA, f the p.asma Apeed 18 sufficient'y
Lowared, ‘the corresponding magnet1c Reyno . ds

numbar for the arcier may ba low enough for a more
un.form Axial decrease of magnetic f.eld. [f *he
nagnetic fia'd s sutf:cieantly low at ‘the exi’,
3
N SR
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ordinary gas dynamic choking can occur ‘as in *the
case of ordinary gas dynam:cs with fanno f.ow for
flows with fricrion and Rayleigh flow ‘or flows
with heating), -aus limirting "he nffec’.va axnaus®
velocity to that corrmapond:ng ‘o Mach ..

Howaver, the wmodified flare: channel does
exhibit some of the trends anticipated by “he
theory. Although pressurization of 'he cathode 1
ev:denced hy the current contours, the flaring of
the cathode tends to reduce the ovbatruct:icn of the
P asma motion, Also, an increased p.aama
remperature can lead to a strong Jrop 1o pluama
viscosity as shown in “igure !4.!'% Ts cou.d act
"0 suTficlently lower @ viacous losses ~xpected
tn this region. Thermfora, the magnetic Revnolds
number may not bYe recuced significant.y: in ’ac*’,
*the rhermodyramic expanstion encountered n  the
nozz.a region wou'd al.ow for an increase 'n e
p.asma velocity deyond the appropriate  soun.c  or
magnetoacoustic speed, which would “ranslare "0 an
1acrease 1n the magnetic 1eynolds numher

"Mie 3 Flrtaer evidenced Dy e dtffarance
1n the “erwinal vo.’ages measuced N e Aaro e~ts,
Mar *LneZ-SANCNAZ  SNOwWS “NAl "ne 'ArminAl v ' age
jecCrenaesg witd ncreasIny muagrer o Revng . 's
rumoer.! !n this expmrimpent, ‘ne Constan’ ares
channal s secn to operate gt m  medan vo.'ajge o
SHLL Y LD volts, while *he aodified Clared
cnanne. operates at 70.2 ¢ 1.3 vol's.

The p.asma discharge near 'ne Aanode appears
quite different from t"he carnode. The anode
current densities and voltagm Jrocs are plaftted in

figure .5, Aoth feometries axniht .arge
notent1a. drops indicat:ve of starved anodes. For
the most part, *‘he magnitude of the voltage drop
follows the magnitude of rhe curren” densitv. The

oply piace where "here 1s a deviation “rom ‘his
~ehavior :s At 'he anrtrance to the moaified flared
(1annel. Here, high ~urrent density ‘a4 associated
with A low voltage drop. This tends "o sulgeat
the deve lopment of concentrated At cs,
supstantiated tarough eaxamination of “1e ancde,

‘n *his init:sl region, thers :« a high
demand "o pass curcent due to the _.ow Dack em*,
Yut the gas *as a .ow conductivity since 1t ~as
not yat become fuilly ronized., The .ocal ~lestric
Fields may no" yet Se sufficien’t ‘o suppor’ a
d1vfuse discharge so *Y» plasma may “ave "o other
chylce but  to Aarc strong.y ANt oCnl.¥Y heat *ne
D.ANRA. AS the p.asama 18 ocoavected lowmstream,
.rte conductivity incrrases, and "nNe arc mav He o ome
more diffuse. Svenrtually, no savere arcing A
necessary, as the concuctivity and *he ack em!
have risen *o A 'evel g0 ‘tnat a nmore diffuse
1.scharge may Ye asupported. This 8 evidenced ov
*he wemr pattarn 30 the ns:de of the anods.
Arcing., adgacent to *he :njecrors At the anode, s
seen with "racks rhat Appear v _oantinua
downstream. Aa "he arcs continue downstream, “hev
Appear "o broaden and weaxen urtil 'ne wear on ’ne
anode surface Decomes more nzimutially uanitorm
*n18 occurs about A "hird of ne wav  cown Te
anode from “nhe cnanne' entrance.

S nificant  eroAlON CAn OGCIr 10 OtheAr ArAas
of the ™P)D arciet “or reasons “TAL Are Aol
necensarily assoctatad wi h AN careant
conduction onse’. 'n this experiment, =rosion ¥
rne  cathode has been .ocally ler-eased Hy “larung
rne cathode. Tmeory suggesta that  ‘nis s also
valid for *the ~ntrance region.: v dec-masing *he
‘ncal electric fFleld, *ne currert e spreac ou’,
rhereby dec-easing 1% Aensity and the AssoCiAred
"sral  onmic  neating.  Thls "0’ oOnLy procoats Tne
catnode, Hut the insulator region As we.

L AVE AN o
LA™ - .v“_v'_'_w—!-"-".'-‘_

Tonclusion

Preliminary examination of 4ata ‘rom an W)
Aarc et exper .ment nag «N0OWN Yhar arciert operat:ion
“an he modified tarougN A variat.on of Ly
irtere ecrtrode sepaAation, Yurtner
experimentation ghoutd He done to qrydy the rffec
of i1ncreasing the .nrerelectrnde distance a'  *ne
entrance in A siml.AC BANNAr A8 was Jdone At the

exi1® 0 Alleviate *he 1A . oncentrattion X
current a.ong ‘he .athoce. F rne expecteqy
decrease 'n  current censity .8 ancountered,
AvdLtional  experioentation using Ye'’er catho'e
materials witnh superior AbLAtION proper® - es suCn
W Choriated tungsten o DArium oxille .mpregdgna’eg
tangsten - SR0U. ] De 1ONE, AS we . AS cont oL aaed

Aty 2f the MPD arc el D ASBA DProper’.eq 80 48 0
nce-erand 098 BECHAN MM duch A% riction in fae
Al ArC Jer, Ay “ina.lv, ACLT Lona
“~wperimentyt on shou.d e contucted to gt Ldy e
Tr et er Dperatt o0 DM Ow Onee’
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