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. Abstract

LSED plasmaaccel eratorstypically operate by storing energy in acapacitor bank and then discharging this energy
through a gas. The current in such discharges will ionize the gas and produce a strong magnetic field, which
interacts with the flowing current to accelerate the plasma through the L orentz body force. For the present work, two
plasma accel erator types employing this general scheme are of interest: the gas-fed pulsed plasmathruster (PPT) * and
the quasi-steady magnetoplasmadynamic (MPD) accelerator. 2

The gas-fed pulsed plasma accelerator is generally understood as a completely transient device discharging in
~1-10 pus. When the capacitor bank is discharged through the gas, a current sheet forms at the breech of the thruster
and propagates forward under aj x B body force, entraining and accelerating propellant it encounters. This process
is sometimes referred to in literature as ‘snowplowing’ the propellant or accelerating the gas in a detonation-mode
because the current sheet representation approximates that of a strong detonation shockwave propagating through the
gas. For these devices, acceleration of theinitial current sheet ceases when either the current sheet reaches the end of
the device and is g ected or when the current in the circuit reverses, striking a new ‘ crowbar’ discharge at the breech
and depriving the initial sheet of additional acceleration. In general, PPTs typically claim thrust efficiencies (ratio of
jet kinetic energy to input electrical energy) registering in the teens or lower.

In the quasi-steady MPD accelerator, the pulse is lengthened to ~1 ms or longer and maintained at an approxi-
mately constant level during discharge through the use of a pulse-forming network (PFN) of capacitors. After aninitial
transient discharge, which is typically short relative to the overall discharge period, the plasma assumes a relatively
steady-state configuration, known as ‘ quasi-steady’ MPD operation. ? In this state, ionized gas flows through a station-
ary current channel in amanner that is sometimes referred to as defl agration-mode operation owing to the similarities
to deflagration waves in gases. The plasma experiences el ectromagnetic accel eration as the plasma flows through the
current channel towards the exit of the device. Quasi-steady MPD thrusters claim efficiencies up to 50% for certain
propellants.*

There has been significant and sustained research over severa decades on both gas-fed PPTs and quasi-steady
MPD thrusters, however there have been pulsed thrusters that do not appear to exactly fit either classification, in-
stead possessing a mixture of operational qualities characteristic of both thruster variants. The Coaxial High ENerGy
(CHENG) thruster by Cheng, et al.> operated on the short 10 ys timescal es characteristic of PPTs, but claimed the high
thrust densities, high efficiencies, and low electrode erosion rates that are more consistent with the MPD/deflagration
mode of plasma acceleration. Gas-fed PPT research by Ziemer, et al.36 identified two separate regimes of perfor-
mance in those thrusters. The regime at higher mass bits (termed Mode | in that work) possessed relatively constant
thrust efficiency as a function of mass hit, while the second regime at very low mass bits (termed Mode I1) exhibited
anincrease in efficiency with decreasing mass hit.
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Work by Poehimann et al.” and by Sitaraman and Raja® sought to understand the performance of the CHENG
thruster and the Mode I/Mode |1 performancein PPTs by modeling the accel eration using the Hugoniot Relation, with
the detonation and deflagration modes of plasma accel eration representing two distinct sets of solutionsto the relevant
conservation laws. In these works, it was proposed that the values of the various controllable parameters determined
whether the accelerator would operate in detonation or deflagration mode.

Our hypothesized view of the acceleration process in the CHENG thruster and in PPTs experiencing a transition
fromModel to Modell isinspired by observationsof the transition from the PPT mode of operation to the quasi-steady
MPD mode. Specifically, the quasi-steady MPD was discovered by driving a PPT to extended pulse lengths. Above
a certain pulse length threshold the transient plasma current sheet transitions into a stable plasma acceleration mode
that ‘replicates in every observable detail steady flow self-field magnetoplasmadynamic acceleration.’ ° In the present
work, instead of treating the accelerator asif it were only operating in a single mode during a pulse, we consider the
initial stage of the dischargein all cases as acurrent sheet forming at the breach of the accel erator and moving towards
the exit as a detonation wave. If the current sheet reaches the exit of the accelerator before the dischargeis completed,
the view of the accel eration mode transitions to the deflagration mode-type found in quasi-steady MPD thrusters.

In previous work° we presented a modeling framework that first captured the time-evolution of the current sheet
(detonation) mode of the thruster and then transitioned into the quasi-steady MPD (deflagration) mode of plasma
acceleration. In the present work, variations of the controllable parameters — specifically the pulsed circuit properties,
the amount of mass injected into the thruster, and the relative timing between theinitial gasinjection and the initiation
of the plasma current sheet — will be used to explore the thruster performance. A range of parameters are explored
to demonstrate that standard gas-fed pulsed plasma accelerators, the CHENG thruster, and the quasi-steady MPD
accelerator are variations of the same device, with the overall acceleration of the plasma depending upon the behavior
of the plasmadischarge during initial transient phase and the relative lengths of the detonation and deflagration modes
of operation.

References

1J. Marshall, “Performance of a Hydromagnetic Plasma Gun,” Phys. Fluids, Vol. 3, No. 1, 134-135 (1960).

2R.L. Burton, K_.E. Clark, and R.G. Jahn, “Measured performance of a multimegawatt MPD thruster,” J. Spacecraft Rockets, Vol. 20, No. 3,
299-304 (1983).

3JK. Ziemer, “Performance scaling of gas-fed pulsed plasmathrusters” Ph.D. Dissertation 3016-T, Mechanical and Aerospace Engineering,
Princeton Univ., Princeton, NJ (2001).

4E.Y. Choueiri and JK. Ziemer, “Quasi-steady magnetoplasmadynamic thruster performance database,” J. Propuls. Power, Vol. 17, No. 5,
967-976 (2001).

5D.Y. Cheng, “Plasma deflagration and the properties of a coaxial plasma deflagration gun,” Nucl. Fusion, Vol. 10, 305-317 (1970).

6JK. Ziemer and E.Y. Choueiri, “Scaling laws for electromagnetic pulsed plasma thrusters; Plasma Sources Sci. Technol., Vol. 10, No. 3,
395-405 (2001).

“F.R. Poehlmann, M.A. Cappelli, and G.B. Reiker, “Current distribution measurements inside an electromagnetic plasma gun operated in
gas-puff mode,” Phys. Plasmas, Vol. 17, 123508 (2010).

8H. Sitaraman and L.L. Ragja, “Magneto-hydrodynamics simulation study of deflagration mode in co-axial plasma accelerators” Phys.
Plasmas, Vol. 21, 012104 (2014).

9K.E. Clark and R.G. Jahn, “Quasi-steady plasma acceleration,” AIAA J., Vol. 8, No. 2, 216220 (1970).

10K A. Polzin and C.M. Greve, “Acceleration Modes and Transitions in Pulsed Plasma Accelerators,” 2018 AIAA SciTech Forum, Jan. 8-11,
2018.

20f 2

American Institute of Aeronautics and Astronautics




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


