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Annual Technical Report

Fundamental Studies on
X MPD Thrusters

< . John L. Lawless
Carnegie-Mellon University
Pittsburgh, Pennsylvania

/
1. lntrodnction/,"’
This report summarizes progress made during the first year of this grant to study MPD
thrusters. L'l'ﬁe major goals of this work are to determine erosion rates and the limits of diffuse
mode operation. Major accomplishments of the first year include: ~

- o" identification of a new mode of "onse'/'

e identification of a nondimensional flow scaling parameter

/
® a proposal for an improved design , &/ ..{

® prediction of an anode thermal instability .

3 These and other accomplishments are described in section 3.

2. Research Objectives
- Reliability is a major concern in any space engineering problem, and the reliability of MPD
thrusters is limited by erosion. Not only are the erosion rates of MPD thrusters poorly kmown,

- the erosion mechanisms are also uncertain. Spots. evaporation, and various mechanisms for

Z:: sputtering are possible. The objectives of this research are to determine when low erosion rates

-. are possible and to quantify them.

i Major differences in erosion mechanisms are expected between quasi-steady and steady -
. operation. In quasi-steady operation, the electrodes remain cold except at local hot spots on the

cathode through which the current is conducted. In steady operation, the electrodes become warm

_ and current may be conducted diffusely. As opposed to steady operation, quasi-steady operation

i (1) allows smaller power supplies to be used, but, however, (2) requires large power conditioning

- equipment, and (3) is expected to have erosion rates over a hundred times than in diffuse mode.

: A This work concentrates on the finding erosion rates in the diffuse mode and the limits of diffuse ;‘I:‘
e mode operation. This work and that of Dr. Shrade are thus complementary since be is X
: investigating spot erosion rates for MPD thrusters. ,.4

<
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In the diffuse-mode, evaporation and sputtering are possible erosion mechbanisms. Sputtering
rates are determined by how and where high-energy ions are created and how they travel to the
walls. Kuriki and Onishi' hypothesized that high energy ions are created in the anode sheath and
subsequent acceleration through the plasma to reach the cathode. This mechanism requires (1) the
plasma density at the anode must be low enough that at positive sheath drop occurs, and (2) the
plasma density in the bulk must be low enough that the high speed ion may pass through it
without collision.

Alternatives to the Kuriki-Onishi' mechanism involve thermal processes. lons from the

high-energy tail of a Maxwellian distribution, for example, may cause sputtering. Also, if the :'.'_:,'
plasma, which is at temperatures over 10,000K, heats the electrode surface, then evaporation may ,d
be be important. Both of these processes depend strongly on the plasma sheath structure, the s
plasma temperatures and densities just outside the sheath. Consequently, both of these depend on %
the nature of the supersonic boundary layer and its recovery temperature. ‘

In all the erosion processes, multi-level ionization/recombination kinetics play an important ""4
role. This is because (1) sheath structure is determined in part by the ionization fraction at the .'1

wall, (2) sputtering rates would be greatly altered if doubly charged ioms were present, (3) "'.‘:
inelastic collisions play a major role in determining the electron temperature, and (4) radiation -_::'-
~ from excited levels may change the electrode heat balance. F"‘
;:f: As seen at the beginning of the reporting period, the following were conmsidered important: f;::
'.:: ® Develop and extend a simple flow model. -\
2 ® Anslyze non-equilibrium effects ﬁ
- ® Quantify the Kuriki-Onishi' erosion mechanism. :E:‘
:'_.' ® Analyze the stability of the diffuse mode discharge. ::;_:
. As the work progressed, the flow model development lead to new and unexpected results +
- concerning onset and erosion. These results indicated that other erosion mechbanisms may be more T
.r;_ important than that proposed by Kuriki and Onishi'. The reasons for this are discussed in ;fr:
3::f subsection 3.1. It mow seems that the thermal erosion processes are more important. This lead \i
2 to new goals: v
® Quantify the the thermal boundary layer behavior. 1
. '-T:
- ® Analyze the cathode sheath )
' ® Estimate sputtering rate. N
® Estimate evaporation rate. .'1
- %
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3 3. Status of the Research Effort o
R o
3.1. Analytical Flow Modeling
- (J. Lawless, and V. Subramanian) h'\
> B
S -
o .. The anmalytical flow modeling effort effort bas yielded a major new result: the prediction of :\
N a new mode of onset. This has important implications for the nature of erosion near onset. The :-r"
model bas identified a scaling parameter which characterizes the flow. This parameter is S°, the R
~ magnelic force number cvaluated at the choking point. It has also suggested possible design
: improvements which may lead to more efficient thrusters. :ﬁ;'-j

" This modeling effort attempts to discover basic physics of MPD flows. Consequently, some .
simplifying assumptions are necessary. The model assumes one-dimensional channel flow bim

neglecting friction and is based on the approach of King et al>. The numerical work described :::_
in later sections will be used to confirm and refine these predictions. -

Previous theories bad assumed that onset was associated with a change in sign of the anode

sheath voltage drop. Kuriki and Onishi’ pointed out that this change in sign may lead to the ..

- production of high energy ions and hence cause erosion by sputtering. In the new model, onset -
-::f is caused by a large back-EMF blocking the current flow. Experimental evidence as to which
mode of onset occurs first under which conditions does mot yet exist. P
- The new theory of omset lead to a proposed design change to overcome the back-EMF o
':I problem. In the new design, segmented electrodes are used to vary the electric field along the :Z;-j
i channel. The electric field is increased in the middle where the back EMF is largest. The jfff

' segmented electrodes may also be used to decrease the electiric field near the exit if the anode

N sheath limit is important. o
:o The results of this work indicate that the Kuriki-Onishi' mechanism may not be dominant. .':::
o The reasons for this are: o
® The anode limit will not be important if the back-EMF limit is reached first. »
": ® Even if the anode sheath limit occurs first, the Kuriki-Onishi' erosion mecbanism may
3 be suppressed by: -
® Operating not 50 near onset. )
- ® Using segmented electrodes. o
-:: '\‘\‘
- ® Injecting mass through the anode to increase the density there. b
- %
7, -
o
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‘ 3.2, Stability of the Diffuse Discharge '
J_ (J. Lawless, and V. Subramanian) -
P W
- An amlysis of the heat transfer across the anode sheath has lead to an important result: b
. the anode may be thermally unstable if a critical current denmsity is exceeded. The analysis was
E perfgmed assuming that the MPD thruster was operated continuously, as opposed to quasi-steady, ‘
::: and that the anode was cooled by black-body radiation. ey

3.3. Numerical Flow Modeling: Steady =
(J. Lawless, and D. Cox)

To extend the anmalytical work, a computer model is being developed to solve the quasi-one-

- dimensional steady MPD flow including non-ideal gas effects such as varying specific heats, .
".: ionization kinetics, and channel area variation. This work is important for obtaining more -
\ quantitative estimates of flow temperatures and densities. At the close of the reporting period, :;f‘_

this program was in the process of being tested and debugged.

o 3.4. Numerical Flow Modeling: Unsteady
{;’.: (J. Lawless, and E. Richley)

T
2y
ASVYR N
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s %

A much more sophisticated and also computationally-demanding program is also under
e development. This program models unsteady quasi-one-dimensional plasmadynamic flow including
separate electron and heavy particle temperatures,, and chemical nonequilibrium. Species diffusion
velocities are found by simultaneous solution of the species momentum equations rather than the

_ simple and, in this case, imaccurate Fick's law.
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;'.;' A major feature of this program is that it is user~friendly and quite flexible. It is very R
-";{ easy to change the species included in the model and add new reactions to the kinetics. Such l:::
: changes are made using a simple control language. This is done using an operating system, e
THOR, specially developed for the purpose.
) -
-..:.‘;'- Because of its user-friendly and flexible nature, we expect other researchers in this field to “
-.j: find the program useful. When development is completed, we will distribute it. :::-
R .
oy
E" 3.5. Multi-Level Calculation of Ionization/Recombination Kinetics o
::'. (J. Lawless, D. Konopka, and V. Subramanian) -\
f:'. o
b A computer program has been constructed to determine the ionization/recombination rates in
-.:'.: stomic plasmas, which we will need for determining such rates in gases of concern for MPD -~
A S
f
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:._ thrusters. The program considers both single step and multistep processes and includes both
'Tg’j electron-atom collisions and radiative tramsitions. It can handle a large number of atomic levels
" =~ thirty or more may be used in a typical calculation. For each pair of levels collisional and
- radiative rate constants may be specified. The computer program outputs the mnet ionization rate
'_;33 constants, the recombination rate constants, and the populations of the excited levels. The program
LA
e algotithm follows the formulation of Bates, Kingston, and McWhirter’.
-~
o
Activities underway and/or planned for the next year to enhance the computer program
involve the following modifications:
- ® Inclusion of atom-atom collisional processes.
® Calculation of the contribution of electronic excitation levels to the plasma internal
energy and specific heat.
;.:;*_: ® Modeling of multiply ionized species.

¢ Calculation of the plasma energy loss rates by radiative emission from excited levels.
(This is needed in the plasma energy balance equation; it also allows the
interpretation of experimental spectroscopic data for better plasma diagnostics).

3.6. Inelastic Collisional Rate Constants
(D. Konopka and J. Lawless)

"y PR ) -

The calculation of the ionization/recombination kinetics discussed in the previous section
requires as input values for inelastic electron-atom collision cross-sections. While some
experimental values are available, many more are needed. Much theoretical work has been done in
the last twenty years directed at estimating such cross-sections. We have applied two of these
theories in estimating cross-sections meeded for our research. The theory of Mansbach and Keck®,
which resulted from classical Monie-Carlo trajectory calculations of electron-atom collisions,
applies to thermal electrons whose temperature is much lower than an iomization potential. Over

& ." “v .‘l ‘.l R !

i)
8t e
W
%

; its range of wvalidity, the predictions of this theory have been found to agree well with

- experiment. The Bethe-Born apptoximation’ is one of the oldest quantum-mechanical theories to -~
:_ estimate inelastic electron-atom collision cross-sections. It is valid at very high electron impact .‘_';l
:" energies and, therefore, complements the theory of Mansbach and Keck. Future work will look
:f into other theories for estimating electron-atom collision cross-sections which bridge the gap f:j:1
: s

between the two theories already implemented.
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R 3.7. Radiative Rate Constants :
& (V. Subramanian and J. Lawless)
& A major uncertainty in the modeling of MPD thrusters is how the cold gas initially iomizes
Z:* when it enters the flow channel. Two possibilities are radiative beat transfer and photo-
:,: ionization. This can be modeled if radiative rate constants for the important tramsitions can be
= found. Rate constants are needed for both bound-bound and bound-free tramsitions. Experimental
< values for these rates exist for a large number of transitions. Furthermore, some sophisticated
7:',:_' quantum-mechanical calculations for these rates exist in the literature. We have incorporated such
;3:'_2 available values into our compuler program. We have utilized a quantum mechanical theory,
based on the quantum defect theory of Burgess and Seaton® as modified by Dy and coworkers ™,
to estimate values of rates that were mot available in the literature.
s 4. Personnel
- ® John L. Lawless: Principal Investigator
e e Edward Richley: Graduate Student
::;:f e Brian Sauk: Graduate Student
® Viswanath Subramanian: Graduate Student
. ® Daniel Cox: Undergraduate Student
k- S. Interactions
Spoken papers were delivered at:
.o ® NASA MPD Thruster Review Meeting at JPL, May 26, 1983.
e MPD Review Meeting at R & D Associates, September 27, 1983.
o o AFOSR/AFRPL Conlractors Review Meeting at Lancaster, March 14,1984.
Zi;'-j In addition to the above meetings, informal discussions were held (1) with M. Martinez-
';f:;': Sanchez in Boston during Seplember, 1983, and (2) with F. Mead and R. J. Cassady at AFRPL
e in March, 1984.
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) No.81-0683 ey
L‘ >
- 2. D.Q. King, K.E. Clark, and RG. Jahn, "Effect of Choked Flow on Terminal ',-,'.:::j
5 Characteristics of MPD Thrusters,” AIAA Paper No.81-0686 ]
.
. 3. D. R. Bates, A. E. Kingston, and R. W. P. McWhirter, "Recombination between )
Electrons and Atomic loms,” Proc. Roy. Soc., Vol. A267, (1962), p. 297. S
g S R
4. P. Mansbach and J. Keck, "Monte-Carlo Trajectory Calculations of Atomic Excitation y
and Ionization by Thermal Electrons,” Phys. Rev., Vol. 181, (1969), p. 275.
5 S. H. S. W. Massey, E. H. S. Burhop, and H. B. Gilbody, Electronic and /lonic ]
Impact Phenomena, 2nd Edition, 1974. —iid
R
6. A. Burgess and M. J. Seaton, "A General Formula for the Calculation of Atomic e
Photo-ionization Cross-Sections,” Monthly Notes of the Royal Astronomical j.'f-::
Society, Vol. 120,(1960), p. 121. i
7. H-B. Dy and H. van Regemorter, *‘Pboto-ionisation from Low or High Excited ,...4
States,” J. Phys. B: Atom. Molec. Phys., Vol. 12,(1979), p. L71S. e
o
2 8. H. van Regemorter, H-B Dy, and M. Prud’homme, "Radial Transition Integrals o
N Involving Low or High Effective Quantum Numbers in the Coulomb Approximation,” EARR
- J. Phys. B: Atom. Molec. Phys., Vel. 12, (1979), p. 1053. UL
A bl;‘:
] ot
-
: ::-','_4
:' ‘::.:4
i U
o -
X
2 s
‘: 3
’ i
]
3 S
2 v
»
0] A,
“‘f,“.‘l,;_."‘ ‘\"s‘-;";"\." - --.:.._'. .. : Oy ..::_‘- _‘ N : ;:.... . ‘.‘._‘. ..: .:. :‘.‘-_‘. ----- : .\‘ .. -:. . ‘-...‘-_\:-_.:-..'::.\:;::':‘




Jz - i

PROPELLANT - j f,=JrBp ' i
/ (BLOWING) :_:_5'-J

-~ _ -

¢

Y=l Be - =

) (PUMPING) 7]
/ o

MAGNETICFIELD™ g, CURRENT o
STREAMLINES =

PROPELLANT -
' ' ) 23

| ANODE -

PIG. : A typical configuration for s MPD Thruster
This shows how 8 transverse magnetic field can interact with curreat to accelerste the flow

11

IL-.'

-"i-'j."‘."'r.'j-‘:'-?."_'-' '.:‘.'T':::"" N
. 0
}
i
ol

in 8 self-fiedd MPD thruster.

IR AN

. AR R R g N A L T C et
0T AR A AN N A N AL S P PN A A - P ¢ RN P A ARy ~ ~ »
POME R IR RIS L*J._A‘HJ.A.{L .A.'::..&J. 4;.':. Lo :._'."'L" :‘ ':' "\"\-‘..:'.'-'\:“':\:'I .;-':".:".. WSRO '-"’J
R Va b as . n' el W 2w PolC I T Y N P




— —

L
)

TSNANS
-'. ‘.

-

-.';-.
".-".»-_.- A
RIS T 3o

D Ed YA 2" SLa arag. o 2P A P A PP er—
ATt ST A T B i e e A A S ol Lo it o g o e e e e o

Analytical Flow Modeling

Technical Approach

- Pl . AT A b e LT L e mT——

o
| |
|
I
P : I prdp
g prdp
B2, B'/24+dB*/2p,

FIG. 22 The quasi-one-dimensional flow mode! approach is shown
Despite the simplicity of the quasi-one-dimensional approach, its implications
thrusters bave not yet been fully explored:
® The limits that Back-EMF places on current flow are not fully understood

® The limits that the anode sheath places on current flow are not fully understood
® The effects of ares change are not known

® The effects of changing propellant species are not understood

for MPD
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: Analytical Flow Modeling -
Expected Results :
= Onsel may be caused by a large Onset may be caused by an attempt to draw Z';:;l;
b " back-EMF blocking the current excessive current through the anode sheath :'_i?..;'
. N |
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N
FIG. 3: The back-EMF mechanism for onset is illustrated
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Ionization/Recombination Kinetics:
Technical Approach

Collisional Jonization
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FIG. 4. Ab atomic energy level diagram showing the issues
involved in ionization/recombination kinetics

For argon under MPD operating conditions,
® It is not known how seriously radiative emission slows ionization rates. :::Ej
P

® It is not known how strongly radiative emission enbances recombination rates.
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® It i pot known whether the incoming cold gas is imitially fonized by radistive or
collisional processes.
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Ionization/Recombination Kinetics:

Expected Results

Anode radiates to space
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FIG. 5: Radistion is an unknown factor in the anode heat balance
® In steady-state operation, anode cooling must balance anode heating.
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¢ This heat balance places important limits on the power density of MPD thrusters

- ® Ap expected result of this work is (o delermine the importance of plasms radiation
p compared to electron and ion heating.
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Ionintion/Recombination Kinetics.

Expected Resujts
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Ionization/Recombination Kinetics:

e

Expected Results
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lonization comsumes energy Recombination rates govern frozen flow losses
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FIG. 7: lonization and recombination rates affect thruster efficiency

Depending on iomization rates, therms) emergy may go imto:
o transiationa] emergy, leading 1o greater pressurc and thrust

';- o lonization emergy. leading to higher frozen flow losses

-

o Depending oo recombination rates, the best of formation of jons in the exhaust plume may
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go iato:
o frozen flow losses, reducing efficiency
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® secombination hesting. raising thrust and efficiency

Y ¢
»
.,..'.. .
o .“‘

»
"‘i"

o Kisetic modeling will determine which of these bappen. T
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Anode Sheath and Erosion o
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FIG. 8: Possidle ion trajectories for the Kuriki-Onishi erosion mecbanism are shown
Kuriki and Onishi postulate that jons crested in the high voltage part of the anode sheath
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could travel, strike an electrode, and sputter it. Normally the ion would strike the catbode. It it
could however undergo & charge exchange collision and strike the anode.: Important questions are: \E
® Under what conditions are such ions created and bow mauny are created? 20y
© Can this mechanism be avoided by Bol operaling 80 mear onset or injocting mass near

the apode?
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Boundary Layer and Erosion:

Technical Approach
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Heat flux to walls

FIG. & The affect of viscous and thermal boundary layers on wall

conditions in MPD thrusters is shown

The supersonic, two-tempersture, mom-equilibrium viscous and thermal bouadary layer o

MPD thrusters has not yot been asalyzed
® It is strongly iomized, walite MHD snergy cosverisr boundary layess.

® It carriss cwrreat and suffers ehmic hesting, wnlike plasma boundary layers ia resatry

problems.
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Boundary Layer and Erosion:

Expected Results

. Fast ions generated in the anode sheath e
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Fast ions generated in the boundary layer

A

Heat flux from boundary layer @\ : .
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FIG. 10: Some erosion mechanisms associsted with the boundary layer are shown.
Boundary layer amalysis will help resolve the imporiance of the competing mechanisms of 5

erosion:
o Evaporation, csused by hest transfer with hot atoms snd ions in boundary layer .'_:-_'::f

® Sputtering. caused by fast jons gemerated thermally in the boundary layer

o
Aed

SO

omwhi.uwbylmmmuhmma-m

ST FUIRIEY B e
PR TN N
LAY

Ratata’e’ s

\\' .- e Y
PRSI :.l\.\\\lslxsw.-.\!\ T N T, \_-.

-~t‘. ls.'.‘~‘ e ? {
NN R O S i 2 o R N R o s




ﬁWﬂ’j‘!

SR ..n L L

-

rd

ot

]

s o I
I It SIS,

Q

: | o) C
H, M 0 —
: |

X L

— D
N““

¥

5

..A

S

1

3

Xi .

4

X

K




