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Executive Summary

This research focuses on the understanding of the plasma dynamics in the near-node and near-
cathode region of arcjets with an emphasis on the development of an extensive database for the
validation of arcjet models. During the fist year of this research period, the arc-cathode
interaction was investigated by in-situ spectroscopic imaging and by axial emission
spectroscopy, providing measurements of cathode current density, cathode temperature, and
near-cathode plasma properties. In addition, during this grant period, we have extended the use
of laser-induced fluorescence (LIF) to make measurements of plasma properties within the
expanding region of the nozzle and have accumulated an extended data base that includes, in
addition to the use of pure hydrogen propellant, mixtures of hydrogen and nitrogen to simulate
hydrazine decomposition products. In the final year, a new laser-based diagnostic, Doppler-Free
Absorption Spectroscopy (DFAS) was developed and applied to measure the exit plane electron
number density in a hydrogen arcjet, one of the last properties needed to provide closure to the
vast data set that we have generated for low power hydrogen arcjet. As a spin-off to this grant,
the LIF diagnostics that was developed for arcjet through this program was extended to the study
xenon plasmas, and implemented to measure both neutral and ionized xenon velocities at the exit
of a Hall thruster. This contributed to a comprehensive study of the near-exit region of our Hall
discharge device. To compliment the LIF diagnostics on our Hall thrusters, we have made
extensive measurements of the transient and time-average plasma properties using conventional
electrostatic probes.




SUMMARY OF ACCOMPLISHMENTS/NEW FINDINGS

Our accomplishments during this grant period include: (i) the direct measurement of electrode
temperatures in low and high power arcjet thrusters; (ii) the development and application of
impact pressure and mass flux probes to the study of the structure of the anode region and plume
of low power arcjets (iii) a laser-induced fluorescence and emission studies of the near-electrode
flowfield region of arcjet thrusters, including the collection of data on mixtures of hydrogen and
nitrogen to simulate hydrazine decomposition products; (iv) the application of a relatively new
laser-based diagnostic, Doppler-Free Absorption Spectroscopy (DFAS) to measure the exit plane
electron number density; (v) a thermodynamic analysis of arcjet flowfields, (vi) extensive laser-
induced fluorescence and electrostatic probe studies of a Hall thruster, in particular, the
measurements of both neutral and ionized xenon velocities, and (vii) the measurements of the
transient and time-average Hall plasma properties, including a characterization of the turbulent
plasma behavior within the acceleration channel.

The following paragraphs briefly summarize the findings in these individual areas. They
reference Ph.D. dissertations and publications (some included as Appendices), which provide a
detailed description of the findings of these studies.

(1) Electrode Temperature Measurements

During this grant period, we have made the first reported measurements of operating cathode
temperatures and cathode current distribution in arcjet thrusters. These measurements were
motivated by the need to better understand arc-electrode interactions, which, in many cases, is
the main determinate of arcjet lifetime. Measurements such as these may also provide the
needed boundary conditions on current density for use in numerical arcjet simulations. A non-
intrusive in-situ measurement technique based on the spectral imaging of the cathode during
arcjet operation is described in Ref. 12 and Appendix A. The measured peak cathode
temperatures in a high power (~20kW) hydrogen arcjet range from 3900-4000K, and are at or
near the melting point of tungsten. A model based on field-enhanced thermionic emission is
used to determine the current density distribution and electric field strength at the cathode
surface. The peak values at nominal operating conditions are 5 x 10" A/m’ and 5 x 10° V/m
respectively. For space-charge limited electron conduction near the cathode, these values
indicate that the plasma conductivity is approximately two orders of magnitude (factor of 100)
times that determined from a local thermodynamic calculation at the cathode temperature. This
indicates that the plasma near the cathode is overdense with respect to Saha equilibrium. In
accordance with previous models of arc contraction, these measured results indicate that the arc
attachment at the cathode is strongly two-dimensional, and any detailed analysis of the arc
contraction in the cathode region must include two-dimensional heat conduction.

(i1) Impact pressure and Mass Flux Measurements

We have investigated the structure of the near exit plane (anode region) of low power hydrogen
arcjet thrusters through spatially-resolved probe-based measurements of impact pressure and
mass flux. These measurements were motivated by the need to add closure to wide database that
has been established on these types of arcjets at the low (1-1.5 kW) operating conditions with




hydrogen as a propellant. Details of these measurements can be found in Refs. 9 and 14, and
also in a preprint included here as Appendix B.

Comparisons of the measured mass flux and impact pressures are made to direct simulation
Monte Carlo models for the non-ignited flow, and continuum magnetohydrodynamic models for
the arc-ignited flow conditions. The cold-flow impact probes were found to be able to resolve
major flow features and were in general agreement with the model predictions. Arc-heated flow
impact pressures were also found to be in agreement with model predictions, and it is also
noteworthy that thrust densities, derived directly from the impact pressure studies, were in
excellent agreement with the more involved measurements of thrust taken from an inverted
pendulum thrust stand. Using velocity and temperature data obtained from laser-induced
fluorescence measurements, the local density, pressure, and thrust profiles were derived from the
measured mass flux profiles across the exit plane. This indirect measure of thrust was also found
to be in agreement with that determined by thrust-stand deflection and by the impact pressure
studies.

(ii1) Emission and LIF Diagnostics of the Internal Arcjet Flowfield

An extensive study has been performed of the axial and radial emission from a low and moderate
power hydrogen arcjet. The axial emission measurements were motivated by the desire to have a
second, independent measurement of the near-cathode electron density for comparison to that
estimated from the cathode current density distribution. The exit-plane radial emission
measurements were motivated by the need for electron temperature and electron number
densities, which, at the time of these experiments, were only available from Langmuir probe
studies performed on similar arcjets operating with mixtures of hydrogen and nitrogen. Details
of the emission measurements (axial and radial) can be found in Refs. 3,5, and 6, and in copies of
papers included here as Appendixes C and D.

In the axial studies, a numerical simulation of the one-dimensional radiation transport is used to
predict the axial spectral emission. The complete visible spectrum is modeled, taking into
account the thermal emission from the cathode, and plasma emission through bound-bound, free-
free, and free-bound electronic transitions involving atomic hydrogen. A collisional-radiative
model prediction of the excited electronic state densities in atomic hydrogen is used to generate
the needed state conditions for the radiation transport simulation. The simulation indicates that
the shape of the distant wings of the Stark-broadened Balmer-o transition is a suitable diagnostic
for electron number density in the near cathode (within 1 mm) region of the high-density plasma
within the constrictor. Electron densities extracted from experimental measurements of the axial
emission are found to be in the range of 10” and 10* m>, are only moderately sensitive to
specific power, and are in favorable agreement with magnetohydrodynamic simulations of the
arcjet flow.

In the radial emission studies, high-resolution spectral lineshapes associated with the Balmer-o.
transition are recorded along a line-of-sight chord passing through the exit plane. An Abel
transformation (assuming axis-symmetry) is used to determine the spectral emission lineshapes
at varying radial positions. The profiles are approximated to be Voigt in shape, with the
collision-broadened Lorentzian component deconvolved from the Doppler-broadened Gaussian
component. The former allows a measure of the radial variation in the exit plane electron
number density while the later provides a measure of the translational temperature. The




translational temperature is found to be in good agreement with Stark-corrected laser-induced
fluorescence measurements of temperature. The electron number densities are in the 10"-10"
cm” range, consistent (within experimental uncertainty) with model predictions. The absolute
emission from excited states is also recorded, providing a measure of the absolute excited
(electronic) state concentrations. A comparison is made to the excited state populations
predicted using the collisional-radiative model developed, with the electron temperature taken as
a fitting parameter. This exercise permitted a direct non-intrusive but indirect estimate of the exit
plane electron temperature, which was found to be typically 1eV. This temperature is much
higher than the translational temperature (peaking at approximately 0.25 eV), indicating a
departure from thermal equilibrium. This is not surprising, as it is believed that a significant
fraction of the Ohmic dissipation is taking place in the low density expanding region of the
nozzle, where the collisional energy transfer between the electrons and hydrogen atoms and
molecules is less efficient.

These emission-based measurements of electron density prompted a re-analysis of previous LIF
based measurements of translational temperature. A detailed description of this reanalysis is
provided in Ref.2 and a copy of the publication is attached as Appendix E. The re-analysis
better accounts for electron Stark broadening made possible by the recent publication of
improved Stark width theories. The electron Stark contributions to the total laser-induced
spectral linewidth is now understood to be greater than originally anticipated, and the
translational temperatures at the exit plane are in good agreement with those based on emission,
and also now in agreement with MHD model predictions.

We have extended the use of laser-induced fluorescence of the Balmer-a transition in hydrogen
to study the internal nozzle flow characteristics of a 1 kW arcjet thruster operating on either
hydrogen and simulated hydrazine propellants. Unlike that of a pure hydrogen flow, the complex
gas mixture associated with a simulated hydrazine propellant better resembles the actual
propellants employed in practice, and poses a greater challenge to simulations which must
capture the viscous behavior of the flow at extreme temperatures. These studies are described in
detail in Refs. 1,3,7,13, and 20. Reprints of two published papers are included as Appendices F
and G.

In these complex high temperature chemically-reacting flows, it is a challenge in itself to
adequately calculate the transport coefficients such as the thermal conductivity and viscosity.
The focus of this study has been to make measurements of axial velocities, translational
temperature, and electron number densities along the centerline of the arcjet nozzle. As with the
previous exit-plane studies, axial velocities are measured using the detected Doppler-shift in the
Ho fluorescence excitation. Detailed line-shape analysis including both Doppler and Stark
broadening allowed us to extract both the translational temperature and electron number
densities.

A major finding is that the axial velocity distribution along centerline within the nozzle is
quite different for the pure hydrogen flow in comparison to that of the simulated hydrazine flow.
Furthermore, an interesting finding is that the fluid along the nozzle centerline is undergoing a
rapid deceleration in both cases (hydrogen and simulated hydrazine), however, the deceleration
seems to be more pronounced with hydrogen. This is explained in part by the vastly different
viscosities of hydrogen and simulated hydrazine mixtures. Simulated hydrazine, with a much
higher mixture viscosity, is expected to greatly delay the development of the sonic point in the




vicinity of the throat. It is found that the location of the sonic point is some 2-4 mm further
downstream in comparison to the pure hydrogen case. Furthermore, the increased viscosity in
the nozzle is likely to more rapidly transport axial momentum to larger radial locations,
consistent with the more rapid deceleration of the flow between z = -8 and z = -4 mm. It is
noteworthy that our measurements made in pure hydrogen are in excellent agreement with MHD
arcjet model predictions. As of yet, no comparison has been made between our measurements in
simulated hydrazine flows and the model. Such a comparison will be a stringent test of the
simulation's capability to confidently model the transport properties of the flow.

(iv) Sub-Doppler Laser Absorption Measurements of Electron Density

The measured electron number densities from our LIF and emission studies were obtained from a
deconvolution of the Ho lineshapes, which are often dominated by Doppler broadening. This
masking of the Stark broadening component, in particular near the line core, sets an upper limit
to the accuracy of the measured electron densities (of about an order of magnitude). While
previous emission measurements attempted to overcome these limitations by studying the shape
of the distant linewings, those measurements suffered from an inadequate theory for the shape of
these distant linewings, especially at the relatively low plasma densities expected near the exit
plane. In order to overcome some of these limitations, we have applied a laser-based Doppler-
free Absorption Spectroscopy (DFAS) method, which, like LIF, provides a measurement of the
Hao lineshape, however, without the dominating affect associated with Doppler broadening.
Details of these studies can be obtained from Ref. 19, included here as Appendix H.

In DFAS an intense laser is used to saturate an electronic transition of a particular species of
interest, in this case, the Ha transition in atomic hydrogen. If the laser is incident onto a purely
heterogeneously-broadened (Doppler-broadened) class of absorbers, then the laser photons, of
frequency are only absorbed by that velocity class of absorbers that have a velocity such that in
their moving reference frame, the photon energy equals the energy associated with the electronic
transition. If the laser is tuned to the unshifted line-center of the transition, then only absorbers
having a laboratory frame velocity of v = 0 will interact with this laser beam. As a result, a
saturating laser beam creates a "hole" in the otherwise Maxwellian population of v = 0 absorbers,
greatly depleting the electronic ground state density of these v=0 absorbers, and increasing the
excited electronic state density to levels that are above their undisturbed values. This "hole" in
the velocity distribution of absorbers is known as the "Bennett" hole. The saturating laser
modifies the absorption coefficient of the medium by the creation of this Bennett hole. A second
"probe" laser can be used to study the extent of the creation of a Bennett hole. If a second
counter-propagating laser of equal wavelength is directed into the medium, then only absorbers
with v = 0 can potentially interact with both laser photons. As a result, the probe beam will
experience a reduced attenuation due to the Bennett hole in the v = 0 population produced by the
saturating laser. On the other hand, for an absorber moving with v # 0, neither the saturating or
probe beam interact with the absorber, and both pass through the medium unattenuated. In
practice, the absorbers in a Doppler broadened medium experience homogeneous broadening
mechanisms such as natural broadening and both impact and quasi-steady collision broadening,
and the spectral absorption characteristics of the probe beam will reflect these additional
broadening mechanisms. The intense (now non-saturating) beam produces a Bennett hole that
gives rise to a spectral absorption coefficient that has a Voigt profile. In the homogeneously-




broadened case, the counter-propagating probe beam of equal wavelength to the weak pump
beam can interact with non-zero velocity absorbers, however, the wavelength dependence of the
interaction will always follow the homogeneously broadened lineshape. As a result, the spectral
absorption of the probe beam in the weak pump limit is expected to track the homogeneous
broadened component in the spectral absorption lineshape, which for the H, transition in atomic
hydrogen at conditions near the arcjet exit plane, is primarily a result of collisional interactions
with the electrons and ions, i.e., Stark broadening.

Using the calculated Stark broadening rates of Stehle and Feautrier (J. Phys. B 17, 1477 (1984))
the DFAS linewidths can be reduced to electron number density. The measured electron number
densities are found to be in remarkable agreement with those predicted by the model simulations.
The measurements are also in agreement with the previous electron number densities measured
using LIF and emission, although the DFAS based methods are more accurate. The direct
consequence of this agreement is that there is further confidence in the Doppler widths that were
extracted from the LIF deconvolution spectra. These Doppler widths provided the measurements
of the translation temperature in the arcjet flowfield.

(v) Thermodynamic Analysis of Arcjet Flowfield

The accumulated database of flow properties associated with these low power hydrogen arcjets
have permitted us to examine the thermodynamic limitations of such devices, when viewed as a
simple thermodynamic system comprising of a gas undergoing an irreversible expansion. This
analysis is described in detail in Ref. 11, and reproduced in this report as Appendix I. In this
analysis, we have identified performance limitations based on a second-law perspective, and
have used the overall balances to show that in certain limiting cases, the arcjet can be viewed as a
simple Carnot engine, the efficiency of which scales as the ratio of the anode temperature to peak
arc temperature.

(vi) LIF Diagnostics of Hall Thrusters

As a new development in this AFOSR sponsored research, we have diverted our attention to the
study of closed-drift plasma accelerators, or so-called Hall thrusters. These devices are gaining
popularity as sources that provide higher specific impulses (1500s range) at remarkably high
thrust efficiencies (50%). During the past two years, we have designed, fabricated, and tested a
series of Hall thrusters (see for example, Ref. 16). More recently, we have developed and
applied a laser-induced fluorescence diagnostic for velocities (both neutral and ionized xenon)
and temperature. These efforts are described in detail in Refs. 4,8,10, and 15. Copies of two
archived publications are included here as Appendices J and K.

In our Hall thruster studies, we have measured the neutral xenon species temperature and
velocity using LIF excitation of the 6s[3/2],°-6p[3/2], electronic transition. Over the past two
years, we have developed an understanding of the 6s[3/2],°-6p[3/2], LIF transition lineshape,

which is centered at approximately 823 nm, and have only recently demonstrated this to be a
powerful diagnostic approach for Hall thrusters. Recently, we have extended this LIF diagnostic

to measure the velocities of singly-ionized xenon by exciting the 5d4D7, - 6p#P, transition

centered at 605 nm. Measurements of both neutral xenon and ionized xenon velocities within the
acceleration zone of the Hall thruster are of specific interest in the understanding of the charge-




exchange phenomenon, a performance-limiting characteristic. This past year, we have mapped
out the neutral and ionized xenon axial velocity component at several axial and radial locations
near the exit of our Hall thruster. To compliment these measurements, we have used electrostatic
probes (emissive, floating potential) to measure the spatial distribution in the space potential.

An important finding from these studies is that both the neutral and singly-ionized xenon
accelerate to their full velocities over a spatial region located outside of the discharge channel. It
is found that the neutral xenon velocity also increases dramatically outside the thruster, between
the exit plane and cathode plane. This increase is attributed to charge exchange collisions
between neutral and ionized xenon. The apparent fall in neutral xenon velocities beyond the
cathode plane (20 mm from exit plane) is attributed to the large amount of slow-moving neutral
xenon injected into the flow from the cathode discharge.

Consistent with these findings is that the plasma potential drop ("acceleration zone") also lies
outside of the thruster, as measured using hot emissive probes. At a discharge voltage of about
90 V, we find that only approximately 10% of the voltage drop lies inside of the thruster channel.
In this thruster, we also find that the ionization zone (location of the peak in electron
temperature) lies within the discharge channel and is therefore separated from the acceleration
region, more typical of a "thruster with anode layer” - TAL type Hall discharge.

While these measurements offer a first glimpse at the structure of the plasma in the near-
electrode region, future measurements will focus on extending the operating envelop of our
Stanford-built thrusters to more closely resemble that of typical Stationary Plasma Thrusters
(SPT).

(vii) Transient Characteristics of Hall Thrusters

In recent work, we have also studied the turbulent structure in these devices, which is believed to
play an important role in the cross-field electron transport. Low-impedance, negatively biased
(relative to the plasma potential) probes are used to collect the ion-saturation current, and to
provide a temporal map of the local fluctuations in the plasma density. Details of these studies
are presented in Refs. 17 and 18. A copy of Ref. 18 is included as Appendix L.

The measurements confirm the existence of low-frequency coherent azimuthal disturbances near
the exit plane of our hall thrusters, as well as more stochastic disturbances within the acceleration
channel. The properties of these waves depend on the precise location within the thruster, and on
the discharge operating conditions, i.e., where in the current-voltage operating window. The
average azimuthal wave speed at the exit plane is measured and compared to the E x B drift
velocity, and found to be 20-40% that of the E x B drift speed, consistent with the findings of
others in similar devices. In the studies reported so far, measurements of the local field
fluctuations were not made to a sufficient accuracy to allow for an accurate determination of the
effective Hall parameter (or Bohm diffusion coefficient). However, preliminary findings suggest
that the anomalous transport associated with this low frequency azimuthal disturbance cannot for
the overall conductivity of the plasma. This result warrants further studies of this anomalous
transport effect in this family of co-axial plasma thrusters.
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Appendix A

Plasma and Cathode Emission from a High Power Hydrogen Arcjet

D.H. Berns?, P.V. Stormt, W.A. Hargus, Jr.t, M.A. Cappelli®
Department of Mechanical Engineering
Stanford University
Stanford, California

K.A.McFall™, R.A.Spores™
Propulsion Directorate
OL-AC Phillips Laboratory
Edwards Air Force Base, California

Abstract

An experimental study of the measurement of cathode temperature, current distribution, and near-
cathode electron number density in a high power hydrogen arcjet is presented. This study is motivated by
the desire to better understand arc-electrode interactions in arcjet thrusters, which in many cases, is the
main determinate of arcjet lifetime. Measurements such as these may also provide the needed boundary
conditions for numerical arcjet simulations, presently under development. We describe in this paper the
application of a non-intrusive in-situ measurement technique for on-axis, spectral imaging of the electrode
region of arcjets, and the application of this technique to the measurement of the cathode and anode
temperatures, cathode spot size, and current distribution in a 30kW hydrogen arcjet thruster. A relatively
large field of view (twice the throat diameter) and high spatial resolution (9 um) are achieved. We find
that the maximum cathode temperatures are at or near the melting point of tungsten. We also find that
field-enhancement of the thermionic emission process is necessary in order to account for the overall current
balance at the cathode. The electric fields extracted are reasonable, given the relatively low plasma
conductivity that is estimated on the basis of an LTE and space-charge limited current flow. The current
density profiles are sensitive to mass flow rate and arcjet power. In addition to the cathode imaging
studies, we have employed axial plasma emission spectroscopy to measure the near-cathode electron
number density. The properties estimated from these measurements are used as limits in a model for the
cathode current contraction zone.

L. Introduction Previous studies of arc attachment in

The performance of arc discharges as arcjet ~ prototype arcjets designed for space propulsion
thrusters for satellite propulsion depends on  have focused primarily on the anode region [1-4].

several key factors, of which electrode erosion and
arc-electrode interaction are important. The
present use of arcjets for satellite propulsion has
expanded the operating realm of these devices and
has increased the desire for further understanding
of the electrode erosion processes and plasma-
electrode interaction. In arcjet thrusters, the
measurement of electrode temperatures and the
study of arc attachment is often difficult due to the
fact that these electrode surfaces are seemingly
inaccessible, and that the plasma arc itself is a
likely source of optical interference.
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In these studies, it was learned that the arc anode-
attachment can either be diffuse (when the
attachment is downstream of the nozzle throat in a
low pressure region), or constricted (when the
attachment is upstream of the nozzle throat in the
high pressure region). Imaging of an exposed
cathode in a flowing low pressure plasma has been
reported [5]. Although these measurements were
not performed on an argjet, they provided valuable
information on arcjet erosion mechanisms, when
combined with a model of the near-cathode
plasma and conduction within the electrode.

Recently Hoskins et al. applied an optical
imaging strategy to measure the anode temperature
distribution in regeneratively-cooled arcjets [6].
Although quantitative temperature data is
difficult to extract because of the re-radiation of
cathode and plasma emission from the observed
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anode surfaces, the results were qualitatively
useful in understanding the performance
improvements that can be gained by regenerative-
cooling. We have previously reported
measurements of cathode temperature and current
density distribution in low power hydrogen arcjet
thrusters [7]. We showed that field-enhanced
thermionic emission was necessary to account for
the discharge currents used. Field strengths in
excess of 108 V/m were inferred from these past
measurements. Cathode properties have been
measured in high current discharges [8], however,
as far as we know, no previous direct measurements
of cathode properties in high power arcjets have
been reported.

Axial and radial spectroscopic plasma
emission measurements have been presented
previously for both low and medium power arcjets
[9-12]. It was shown that the Stark broadened
emission in the distant spectral linewings of the
Hg transition originates from the hottest, near-
cathode regions of these arcjets. From these
measurements various parameters were calculated
including cathode temperature and electron number
densities within the arcjet.

In this paper, we present the results of
spectroscopic emission studies implemented to
image cathode temperatures and to measure the
near-cathode plasma densities. The purpose of the
work presented herein was to better understand the
near-electrode regions of arcjets, and the
differences that may exist between the arc-physics
in low and high power arcjets. In addition, these
measurements can provide the cathode current
density and cathode temperature boundary
conditions often imposed in detailed arcjet models.
The imaging strategy described here is flexible and
can be used with any size of arcjet or arcjet-type of
device. This method allows the measurement of
the anode throat temperature which has not been
done with axial emission measurements. The
anode throat size can also be inferred from the
images. This allows a monitoring technique for
throat closure, which can be an operating
limitation in the smaller geometry, higher specific
power arcjets of the present.

II. Experimental Setup
Arcjet and Vacuum Facility

An overview of the experimental setups for
the axial cathode imaging and the axial plasma
emission studies are shown in Fig. 1 and a

schematic of the high power arcjet thruster
investigated is shown in Fig. 2. The arcjet was
operated in a 2.5 m diameter steel vacuum chamber
maintained at a typical background pressure of 80
mtorr during thruster operation by mechanical
roughing pumps backing 11,000 1/s blowers. The
arcjet was designed and built at Phillips lab and
was previously tested using ammonia as a
propellant [13]. The arcjet nozzle had a designed
throat diameter of 2.54 mm with an 19 degree half
angle divergence section leading to an exit
diameter of 25.4 mm (100 area ratio). The arcjet
cathode was machined from a 3/8" diameter
thoriated tungsten rod with a conical tip at a 30
degree half angle. The cathode was set back
approximately 4.5 mm from contact with the
anode/nozzle constrictor.

Cathode and Anode Imaging

In order to directly study the cathode and
anode throat region of the arcjet, a high-resolution
(12 pm per pixel - 384 x 578 pixel area) CCD camera
coupled to a long distance microscope was used to
view the internal surfaces of the arcjet during
operation (see Fig. 1a). Optical access to the arcjet
was acquired through a 1.5" diameter window
downstream of the exit plane in the vacuum
facility side flange. The end-on view of the arcjet
provided optical access to the cathode tip and a
portion of the diverging side of the anode/nozzle.
The CCD camera and the long distance microscope
were the major components of this cathode/anode
imaging system. The long distance microscope is a
Questar Corporation, Model DR1 magnifying
device. The device has a focal range of 36" to 96"
with magnification of 17x (at 36") and 7x (at 96").
The advantage of this device for this application
was its large field width, 10mm (at 36") and 23mm
(at 96"). With other lenses and attachments the
magnification could be increased. @ The CCD
camera used is a Model # TE/CCD-576/UV,
temperature controlled device manufactured by
Princeton Instruments Inc. The camera has 14 bit
A/D conversion, exposure times of 5ms-23 hours, a
readout rate with 100kHz capability, and a
shutter time of 5-6ms. Based on our previous
studies of cathode emission in low power arcjets [7],
we found that for wavelengths greater than 700
nm, the intensity of axial emission is dominated by
thermal emission from the cathode, and there is
little or no interference from the luminous plasma.
Therefore, a 700nm, 10 nm bandwidth, and an
810nm, 10 nm bandwidth interference filter were
chosen such that the cathode emission could be




isolated from the hydrogen lines and the continuum
emission due to free electrons in the plasma.

Light emitted from the arcjet was collected by
the long distance microscope through a series of
redirecting mirrors. The long distance microscope
was adjusted such that the focal plane was at the
cathode surface of the arcjet. The light exiting the
long distance microscope was then focused onto the
photo-sensitive array in the CCD camera. For a
given arcjet operating level, the appropriate
exposure time (controlled by the camera shutter
speed) was chosen such that the array was not
saturated but a significant signal was obtained.
The image was converted to a set of digital signals
(one value for each pixel of the array) within the
detector/controlier and the signals were then
stored on a P.C. for post-processing. Images were
acquired for several specific power levels (input
power/propellant flow rate). Intensity calibration
was performed with a tungsten filament lamp,
placed at the position of the arcjet, the
temperature of which was determined by a single
color Minolta Cyclops 152 optical pyrometer,
accounting for the temperature-dependent spectral
emissivity [14].

Separate images were taken of the cathode
region with both filters for several different arcjet
operating conditions. This data was used to
calculate all of the cathode properties presented in
this paper. At each operating level, the cathode
shutter speed was adjusted so that the radiation
emitting from the cathode tip could be captured
without saturating the CCD array. The images
capture the cathode tip, the anode throat, and
between radii of 0.3 mm to 2.3 mm of the diverging
section of the anode, depending on the orientation
of the camera.

Axial Plasma Emission Studies

The axial plasma emission was measured and
analyzed in a manner similar to previous studies
performed on 1-kW and 5-kW arcjets [9,10]. The
experimental setup is shown in Fig. 1b. A 400 mm
focal length achromat lens was used to collect light
axially from the arcjet throat and bring it to a focus
on a 50 pm diameter spatial filter. The image at
the spatial filter was then focused, using an 100
mm focal length achromat lens, onto the entrance
slit of an Acton Research Corp. (model SpectraPro
500) 0.5 m monochromator containing a 2400 gr/mm
grating. The entrance and exit slits of the
monochromator were each set to 5 um, yielding a

spectral resolution of 0.004 nm. A Hamamatsu R928
photomultiplier tube was wused as the
photodetector. Phase-sensitive detection was
performed for background noise rejection using a
Stanford Research Systems SR850 digital lock-in
amplifier. The reference signal was provided by a
mechanical beam chopper placed near the
intermediate focus at the spatial filter and set at a
chopping rate of 1 kHz. The digitized output of
the lock-in amplifier was transferred to a personal
computer for spectral analysis. To minimize the
light collection volume from the arcjet plume and
hence reduce the possibility of collecting molecular
hydrogen emission, an aperture stop of 11 mm
diameter was placed in front of the collection lens,
providing a collection optics f/# of approximately
150. The image magnification at the spatial filter
was approximately 0.3 which provided a resulting
spatial resolution at the arcjet constrictor of
approximately 160 pm. As with the cathode
imaging experiments, intensity calibration was
performed using an 18 A tungsten filament lamp
placed at the location of the arcjet, and the
temperature of the lamp was determined by
optical pyrometry.

Axial emission scans of the hydrogen Balmer-
alpha (Hq) line were taken at four different
operating conditions and several radial positions
across the constrictor diameter. Three of the
operating conditions were at a mass flow rate of
123.5 mg/s, the same flow rate used in part of the
cathode imaging study, while the fourth condition
was at a lower flow rate (82.0 mg/s). The scans
were performed in a period of 2 minutes and data
was sampled at 8 Hz, resulting in 960 data points
per scan. The recorded lineshapes were analyzed
to determine electron number density in the arc
region near the cathode as explained in the results
section below. In addition to the Hg scans, the
axial emission over the complete visible spectrum
(400-700 nm) was collected, in 5 minute scans, on the
arcjet centerline at three different operating
conditions in an attempt to determine the cathode
temperature from the spectral distribution of the
cathode emission.

I11. Results

Spectral axial plasma emission scans of the
arcjet are shown in Fig. 3 for the wavelength range
between 400 nm and 700 nm. Previous axial plasma
emission measurements performed on a medium-
power hydrogen arcjet [10] revealed that the
hydrogen Balmer-series line emission dominates




most of the visible spectrum. However, unlike
these prior studies, we find here that the
continuum emission between the Hq and Hp
spectral lines was greater than that which can be
accounted for by cathode emission and free-free or
free-bound transitions alone, and speculate that
the source of this emission may be electronically
excited molecular hydrogen. It is evident from Fig.
3 that in the spectral region beyond the Hg line,
the continuum emission intensity falls
dramatically. Beyond approximately 700nm, the
cathode thermal emission is assumed to dominate
in the emission. As a result, we selected 700 nm
and 810 nm as candidate wavelengths for electrode
imaging. Although longer wavelengths may
further reduce the contributions from interfering
emission, wavelengths beyond 810 nm were not
selected due to the loss of sensitivity in the CCD
camera. Also, at 3900 K the peak of the back-body
emission is located at 743 nm, therefore, going
farther into the infrared would reduce the signal
from the cathode emission.

In addition to direct observation of the
cathode, the field of view of the long distance
microscope also provided for imaging of a large
fraction of the anode in the region of the nozzle
throat. Thermal emission from the anode surface
very near the throat is expected to be only weakly
affected by re-radiation of plasma and cathode
emission from other regions of the anode.

The cathode images were obtained during arc
operation by acquiring the continuous radiation
emitted from the high temperature cathode tip
and the throat region of the anode. From these
images, the cathode radial temperature
distribution could be measured. The cathode
temperature was calculated from comparison of the
cathode tip local radiation, again for various
arcjet operation levels, with calibrated data
obtained from a tungsten arc lamp. Given the
temperature distribution, other properties were
determined such as the current density distribution
along the cathode, the cathode spot size, and the
electric field in front of the cathode. The cathode
spot diameters were inferred from the current
density profiles. Due to the Gaussian shape of the
current density profile, measurement of the
halfwidth of the profile (position of greatest
slope) provides a good estimate for the cathode
spot diameter. The spot diameters calculated with
this method range from 0.5 to 0.75 mm.

From the calibration procedure, the CCD
signal was converted to graybody intensity
(W/m3/Sr):
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Here, I, , is the Planck distribution, relating

M

the wavelength (1) dependent intensity of an ideal
blackbody to the object temperature, T. The
constants k, k, and ¢, refer to Planck's constant,
Boltzmann's constant, and the speed of light in
vacuum, respectively. We believe the largest
source of error to be in the selection of the spectral
emissivity, €, at the wavelength of interest. The
spectral emissivity of tungsten at or above the
melting point has not been previously measured.
For the calculations described here, we have used a
value of 0.4 [14].

Fig. 4 is a typical intensity image acquired by
viewing the arcjet electrode region during
operation. The left and right figures are the same
image but with different intensity threshold
settings to illustrate all of the features of the
electrode region. The figures show the entire
throat of the arcjet, the portion of the cathode
visible through the throat, and a portion of the
diverging section of the anode. The left figure
shows the varying levels of intensity across the
cathode, with a label tagged to the center of the
cathode. The right figure identifies the throat
region. The two sides of the throat along the cross-
section are labeled "A" and "B" for reference. It is
clear from these images that the cathode was
misaligned in this arcjet. This misalignment causes
asymmetric temperature and current density
profiles. The bright spots on the diverging section
of the anode are believed to be previously melted
droplets of tungsten (the origin of which is unclear)
that have resolidified. The most remarkable
finding from this study is that the identification of
the cathode and throat are quite clear, along with
features such as these droplets, despite the fact
that we are observing these internal surfaces
through an intense arc that is probably heated to
temperatures above 15,000K. The cathode
temperature profile is taken along a vertical cross-
section through the image, denoted by the dashed
line. All of the profiles presented in this paper are
taken from this same orientation. The top of the
figure is referenced as the negative position side in
the temperature and current density profiles.




Fig. 5 shows the measured temperature
profiles obtained from images of the electrode
region of the arcjet for three different operating
conditions. The profiles are cross-sections through
the nozzle. The centerline (r=0) is a local center,
determined by choosing the location of the peak
temperature, and does not necessarily correspond to
the exact geometric center of the cathode tip or the
constrictor. This choice of r=0 is the method used
for all figures. The uncertainties in temperature
have been estimated to be, approximately * 220 K
near the cathode (from centerline out to a radius of
about 0.3 mm) and * 180 K in the anode regions
(beyond radius of 0.3 mm). These uncertainties are
based on an expected error in the calibration
constant of 10%, an error in emissivity of 20.05, and
an error in the signal due to dark noise in the
camera.

For operation on hydrogen at a current of 154 A
and a flow rate of 123.5 mg/s the cathode peak
temperature is 3911 K, the anode temperature
ranges from 2700 K on one side of the throat to
about 2450 K 3.2 mm away from the throat (axial
distance). It can be seen that there is no discernible
temperature step at the cathode throat. This
implies that the cathode and anode temperatures
at this radial point are nearly the same. The
temperature decreases as you go out from the throat
for a short distance, then increases several hundred
degrees, and finally decreases again. The increase
coincides with the hot spot on the images, which
as previously discussed, appears to be a
resolidified droplet of tungsten. The temperature
of this droplet appears to be higher than its
surroundings. These anode temperature values are
probable upper limits to the temperatures since
reflections from the interior surface of the nozzle
are not taken into account in the calculation of
relative intensity at a given radial location. This
correction requires knowledge of the angular and
temperature dependence of the spectral emissivity.

For the same flowrate, 123.5 mg/s, increasing
the current to 210 A causes the temperature profile
to widen and increases the temperature values
along both the cathode and the anode. The
cathode peak temperature is nearly the same at
3965 K. As will be shown by the current density
profiles, increasing the current at the same
flowrate causes the cathode spot to widen (from
0.64 mm to 0.73 mm) and therefore broadens the
temperature profiles. All of the temperature
values increase due to the increased energy density
at the cathode surface caused by the increased
current.

For nearly the same current, 146 A, increasing
the mass flow rate causes the temperature profile
to narrow and decreases the temperature values
along both the cathode and the anode. The
cathode peak temperature is again nearly the
same at 3954 K. As will be shown by the current
density profiles, increasing the flowrate for a fixed
current causes the cathode spot to narrow (from 0.64
mm to 0.58 mm) and thereby narrows the
temperature profile. All of the temperature values
decrease because the energy density in the flow, or
the specific power, decreases. An interesting but
perhaps not significant finding is that at nearly
comparable currents (154A and 146A), increasing
the mass flow rate from 123.5 mg/s to 179 mg/s
increased the center cathode temperature slightly
(while decreasing the spot size). Increasing the
mass flow rate appears to constrict the arc,
requiring a higher centerline arc temperature to
provide the higher electron emission necessary to
conduct the same amount of total current through
less of an area.

Fig. 6 shows the calculated current density
profiles for the temperature profiles shown in Fig.
5. In Fig. 7, we display three current density
profiles for the same arcjet operating conditions:
(i) the current density for a purely thermionic
emitting cathode and a work function equal to that
of pure tungsten; (ii) the current density for a field-
enhanced (Schottky-enhanced) thermionic
cathode using the work function of pure tungsten
and a finite (and relatively high value) for the
electric field at the surface, and (ili) a curve
illustrating that the profile generated in the
field-enhanced case could also be obtained using
pure thermionic emission if the work function were
lowered.

The results of previous studies [15] have
suggested that the cathodes in these types of
devices emit electrons based on the principle of
field-enhanced thermionic emission, where the
electric field at the cathode surface acts to reduce
the potential barrier at the surface for electron
emission. The field-enhanced thermionic emission
current density is derived from the equation [16,17]:
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where T¢ is the local cathode temperature, ¢,, is
the work function of the cathode (4.5 V for pure
tungsten [18]), Es is the electric field strength at
the surface of the cathode, and A is a constant




equal to 1.202 x 106 A/m2/K2. Purely thermionic
emission is governed by the same equation with
Eg=0. Previous experiments showed that the
thorium in the cathode migrates out of the cathode
tip and after short operation times the cathode tip
is left with virtually no detectable thorium [15].
This cathode had been run extensively, therefore,
it was expected that the cathode tip was pure
tungsten.

Based on the measured temperature
distributions it is possible o calculate the current
density at each radial location where there is a
temperature value. The integral of current density
times the differential area gives the total enclosed
current. In this calculation, the electric field is
changed iteratively until the total enclosed current
matches the measured current of the argjet.

For the arcjet operating conditions of 123.5
mg/s and 154 A, it was necessary to use an electric
field of 5.45x108 V/m in order to reproduce the
total enclosed current (see Fig. 7). In the absence of
field-enhanced emission, a pure tungsten cathode
with the measured temperature distribution would
emit a total current of 8.85 A, far below the actual
measured current. Note that the measured total
current density of 154 A could be obtained with pure
thermionic emission if the work function were
lowered to 3.61 V.

A comparison of the current density profiles in
Fig. 6 illustrates the dependence of cathode arc
attachment on current and flowrate. For arcjet
operating conditions of 123.5 mg/s of hydrogen and
154 A, the peak current density is 4x108 A/m2. The
uncertainty in current density at the centerline is
estimated to be approximately 1x108 A/m?2 This
uncertainty is based on an expected error in the
work function of + 0.1 V and the expected error in
temperature of + 220 K. For the same flow rate,
increasing the current to 210 A, causes the current
density profile to widen and the values at all
radial positions to increase, with a peak of 5.1x108
A/m2. The calculated electric field of 5.77x10%
V/m is nearly the same as for the 154 A case. As
discussed within the context of the measured
temperature, the cathode spot diameter increases.
It is expected that this coincides with a broadening
of the arc column diameter with increased current.

For nearly the same current (146A), increasing
the mass flow rate causes the current density
profile to become more narrow, while increasing
the peak value to 5x108 A/m2. This is consistent
with the interpretation of the temperature
profiles, i.e., for a narrower profile the peak must
increase in order to have the same total current

(area under the profile). The narrower profile
corresponds to a smaller diameter cathode spot.
This is attributed to a narrower arc column. For the
same current, when the flowrate is increased there
is an increase in the convective heat transfer from
the arc causing the arc to constrict to smaller
diameters and causing a corresponding increase in
the arc temperature, a necessary response so that
there is an increase in the electrical conductivity.

Previous studies of the axial emission from 1-
kW and 5-kW arcjets have demonstrated that the
arc electron number densities in the near-cathode
region can be determined from an analysis of the
atomic hydrogen Hg line [9,10]. This is
accomplished by fitting a Lorentzian line to the
linewings only, since the line center is strongly
affected by radiative transfer in the nozzle
expansion region and in the plasma plume [9]. The
FWHM of the best fit Lorentzian is a direct
measure of the electron number density in the arc by
the Stark broadening mechanism. The conditions
within the arc, as determined by models of low
power arcjets [19], indicate that Stark broadening
is the only significant broadening mechanism in
the arc region.

Typical scans of the Hg line as a function of
radial position at one operating condition (123.5
mg/s and 20 kW) are given in Fig. 8. The dip near
the linecenter is due to reabsorption by the cooler,
less dense plasma in the nozzle expansion region
and in the plasma plume. This dip was predicted
by a radiation model for a 1-kW arcjet and was
previously seen in the axial emission of 1-kW and
5-kW arcjets [9,10]. The far wings of the lineshape
are determined by charged-particle collisional
broadening of the line emission in the hot arc
region near the cathode. By fitting a Lorentzian
lineshape to the far wings of the line, the electron
number density was determined from the
linewidth, using dynamic-ion Monte-Carlo
simulations of the Stark broadening of Hg [20].
The calculated electron number densities are shown
as a function of arcjet power and radial position in
Figs. 9 and 10. These results indicate that the arc
electron number density increases slightly with
arcjet power at a constant propellant flow rate.
This result was previously observed in a 5-kW
arcjet [10] and is consistent with the increase in the
arc current with increasing arcjet power. The
higher current must be supported by greater current
densities in the arc, which requires a greater
plasma conductivity, hence, a greater electron
number density.




The large uncertainties displayed in Fig. 9 are
primarily a result of the sensitivity of the best fit
Lorentzian linewidth to the amount of the
linewings used in the fitting procedure. This
uncertainty constitutes the limiting factor in
accurately determining the arc electron number
density from the linewings. On the one hand, to
ensure that the fit is performed only to the part of
the line originating near the cathode, it would be
desirable to fit only the very far wings. This will
reduce the systematic errdr associated with the
radiation transfer near line center. On the other
hand, since the noise is larger in the wings of the
line, performing a line fit to only the far wings
results in a very large statistical error in the
determination of the linewidth. As a consequence
the measured near-cathode electron number density
has considerable uncertainty. The error bars were
intentionally omitted from Fig. 10 to avoid
cluttering the figure; however, the uncertainties
were similar to those given in Fig. 9.

The complete visible spectrum of the axial
emission is shown in Fig. 3 for three operating
conditions. The region of the spectrum away from
the Balmer series lines constitutes background
graybody emission from the cathode surface and
plasma emission from sources other than atomic
hydrogen, which includes continuum radiation
from the electrons and molecular hydrogen
emission. An attempt was made to determined the
peak cathode temperature from the region of the
spectrum between the Hy and Hp lines; however
the measured intensities were much greater than
that which would be produced by thermal emission
from the cathode at a reasonable temperature.
This indicates that the background emission in this
region of the spectrum is dominated by either
continuum electron emission (bremsstrahlung
radiation) or molecular hydrogen emission.

IV. Discussion

The measured peak cathode temperatures
range from 3900-4000K (£220K). These
temperatures are above the melting point of
tungsten, suggesting that there may be a highly
non-equilibrium process associated with
evaporation of tungsten from the surface. The
electric fields calculated for the operating
conditions in the above cases are on the order of
5.0x108 V/m (+ 1.0x108 V/m). These electric fields
are on the same order of magnitude as values
previously reported [7,10,15,21]. It should be noted

that fields in excess of approximately 107 V/m
start to distort the potential barrier for electron
emission at the electrode to the extent that
electron tunneling through the barrier becomes
significant [22]. This tunneling phenomenon,
commonly referred to as field emission, becomes
important when the thickness of the barrier
approaches the wavelength of the free electrons in
the tungsten electrode. In essence, the mechanism
for current transfer from cathodes in these arcjets
may be more complicated then previously thought
[15,21], and a mechanism based simply on field-
enhanced thermionic emission may be a
simplification of the actual case.

In order to understand the physical
significance of such high field strengths inferred
from the analysis, we have undertaken a simple
analysis based on the assumption of space-charge
limited electron current flow. Very near the
cathode, we would expect that the plasma conducts
the thermionically emitted electron current
according to the space-charge limited value:

Je = O5E; (3)

where G¢s represents the electrical conductivity of
the plasma adjacent to the cathode surface. If we
assume a value of G¢g =0.01 mho/m, which is very
near that of an atmospheric pressure plasma in
local thermodynamic equilibrium at a temperature
of 4000 K [23] (typical of the peak temperatures
measured), then the required field needed to
conduct an emitted electron current of 150 A near
the central cathode region is greater than 5x1010
V/m. The measured fields of 108 V/m suggest that
the plasma conductivity is approximately 100
times that of the equilibrium conductivity.
Therefore, the plasma in front of the cathode is
expected to be overdense with electrons and ions as
compared to Saha equilibrium.

The measured electron density distributions in
Fig. 10. indicate that the arc column in the vicinity
of the most luminous (highest temperature) region
is nearly the diameter of the throat, i.e. 2.5 mm, as
inferred from the FWHM of the electron number
density profiles. This suggests that the arc
contracts at the cathode surface since the diameter
of the arc root attachment at the cathode surface,
as previously discussed, is approximately 1 mm.
This contraction is necessary since the plasma
conductivity near the cathode is expected to drop
dramatically (the cathode is maintained at a
temperature that is considerably lower than the
arc). The contraction of an arc at a cathode surface
has been modeled previously by Felderman and




McDermott [24] within the framework of a quasi-
one-dimensional model for heat conduction from
the arc plasma to the cathode. In that study, they
introduce the so-called concentration layer
thickness, L¢, which defines the distance near the
cathode over which the arc contracts. If we assume
that the thermal conductivity of the plasma is
unchanging over this distance, then an expression
for the concentration layer thickness is given in
Ref. 24 as:

1/2
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where § is the current contraction parameter [24]:
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Here, J¢ and J,;. are the average current densities
at the cathode surface and in the distant arc
respectively; o.and 0, are the plasma electrical
conductivities at the cathode surface and in the
distant arc, ky,c is the thermal conductivity of the
arc, and Ty, is the average arc temperature. Using
a value of T, = 12,000K (which is consistent with
what is calculated using the measured electron
number densities and a pressure which is close to
the pressure upstream of the cathode, assuming full
ionization), J.= 3.0x108 A/m? (approximately the
average of the measured current density in Fig. 6),
Jarc = 4.8x107 A/m? (calculated from the typical
operating current of 150 A and the arc diameter
estimated from Fig. 10 of 2 mm), Garc = 4 x 103
mho/m at the arc temperature [23], 6. = 2 mho/m
(from the measured current density and electric
field at the cathode), and an arc conductivity ke
=5.5 W/m/K [23], we arrive at: £=280 and Lo=5.7

mm.

It appears therefore that within the
framework of the quasi-1D model, the arc in the
constrictor contracts to the diameter of the cathode
spot over a distance greater than the sum of the
setback distance of the cathode from the constrictor
and the constrictor length. The result of this
simple analysis and the expectation of a strong
radial conduction loss near or within the constrictor
indicates that in an arcjet thruster the arc
attachment and contraction at the cathode is a
strongly two-dimensional phenomenon, and any
analysis of the cathode region must be based on a
two-dimensional analysis of heat conduction.

V. Summary

We have presented an experimental study of
the measurement of cathode temperature, current
distribution, and near-cathode electron number
density in a high power hydrogen arcjet. The
cathode temperature and current distribution
measurements are based on a non-intrusive, in-situ
technique for on-axis spectral imaging of the
electrode region. A relatively large field of view
(twice the throat diameter) and high spatial
resolution (9 um) are achieved. We find that the
maximum cathode temperatures are in the range of
3800-4000K. We also find that field-enhancement
of the thermionic emission process is necessary in
order to account for the overall current balance at
the cathode. The electric fields extracted are
typically 5x108 V/m, a reasonable magnitude given
the relatively low plasma conductivity that is
estimated on the basis of LTE and space-charge
limited current flow. The maximum current
densities are typically 4x108 A/m? to 5x108 A/m?
and the profiles are found to be sensitive to mass
flow rate and arcjet power. As expected, the
current density profiles constrict in size when the
mass flow rate is increased for a constant current
and expand in size as the current is increased for a
constant mass flowrate. In addition to the cathode
imaging studies we have employed axial plasma
emission spectroscopy to measure the near-cathode
electron number density and its variation with
radial position. The properties estimated from
these measurements are used as limits in a quasi 1-
D model for the cathode current contraction zone. It
is deduced that the contraction of the arc at the
cathode is a strongly two-dimensional phenomenon
and models describing cathode attachment in
arcjets must account for two-dimensional effects.
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Figure 1a. Experimental setup for the cathiode imaging study.
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Figure 1b. Experimental setup for the axial emission study.
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Appendix B

The structure of an expanding hydrogen arcjet plasma
William A. Hargus. Jr. and Mark A. Cappelli*
Thermosciences Division
Mechanical Engineering Department
Stanford University
Stanford, CA 94305

Abstract

The structure of an expanding low-power hydrogen arcjet plasma is investigated
through probe-based measurements of impact pressure and mass flux. Comparisons are
made to direct simulation Monte Carlo models (DSMC) of the non-ignited flow (cold
flow) and continuum magnetohydrodynamic (MHD) models of the arc-heated flow.
While general agreement with previous spectroscopic data and DSMC calculations are
obtained, the cold flow impact pressures are shown to exhibit features that may be due
to probe-flow interactions and rarefied gas effects. The ability to identify shocks in the
plume, predicted by the DSMC model and previously observed by Raman
spectroscopy, shows that the cold flow probes were capable of resolving major flow
features. The impact pressure measurements of arc-heated flow also agree quite well
with the results calculated from the MHD model, and it is demonstrated that integrated
thrust densities derived from impact pressure measurements are in agreement with
direct measurements of thrust using an inverted pendulum thrust stand. Cold flow mass
flux measurements appear to agree well with the DSMC model in the core portion of
the flow. Using velocity and temperature data obtained from previous laser induced
fluorescence measurements; density, pressure, and thrust profiles were derived from the
measured mass flux profiles. The density profile indicates that the dissociation fraction
at the exit plane was within the uncertainty of the only direct spectroscopic molecular

hydrogen density measurements available in the literature.
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L. INTRODUCTION

The rapid expansion of an arc-heated plasma is the principle mechanism which generates thrust in
an arcjet propulsion device. Due to their high specific impulse and moderate thrust levels. arcjet
thrusters are playing an increasingly important role in satellite propulsion. Existing and planned
applications of arcjet thrusters include stationkeeping and on-orbit maneuvering. Low power
hydrazine arcjets are now in use on the TelStar IV class of communications satellites and the first
space test of a high power arcjet will be launched in 1998 under the Air Force ESEX program 1.2,
Arcjet technology is steadily maturing as an understanding of the physics governing their operation
increases. Efforts that combine both experimental and theoretical studies are necessary to build reliable
models of arcjet performance which can serve as design tools for the next generation thrusters. The
research presented here is motivated by the need to measure arcjet flow properties that can be used to
verify the predictions of simulations based on both continuum-magnetohydrodynamic (MHD)3 and
Direct Simulation Monte Carlo (DSMC)#4 models of the non-equilibrium arcjet flow. In this paper, we
discuss the results of impact pressure and mass flux measurements in the plume of a low power
hydrogen arcjet thruster as well as direct measurements of thrust for both cold and arc-heated flow
conditions. These results complement the many non-intrusive spectroscopic studies that have been
performed on low power hydrogen arcjet plumes>-!l, including measurements of velocityd-7,
translational temperature®-9, rotational temperature!0-11, molecular!®-11 and atomic hydrogen number
density?, and electron temperature®. With some of the results of these previous studies. it is possible to
calculate density and static pressure distributions using the measured mass flux distributions presented

here.

There have been only a few reported studies that have used pressure and mass flux probes to
understand the properties of these electrothermal thruster plumes. Van Camp et al.!? reported on
impact pressure and mass flux measurements taken in the plume of several 30 kW class hydrogen
arcjets. A more recent study by Penko et al.13, examined the plume of a nitrogen resistojet with an
impact pressure probe for verification of direct simulation Monte Carlo (DSMC) and Navier Stokes
continuum models. To our knowledge, no mass flux measurements have been published on low power
arcjets. In this study, we add to the large body of measurements taken on these low-power arcjets
operating with hydrogen as a propellant and make direct comparisons to both particle and continuum

simulations.
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II. EXPERIMENTS
A. Thruster and Test Facility

The thruster and Stanford arcjet facility have been discussed in detail elsewhere in theliterature3-
8.10 and therefore are only briefly described here. The arcjet thrust used here is a 1 kW class thruster
designed and constructed by the NASA Lewis Research Center!4. Thrusters of this particular design
have been used as testbeds for investigating the performance of arcjets on a variety of propellants. and
thus offer an excellent apportunity for a detailed comparison to model predictions. In our studies
reported on here the thruster is operated at a nominal power of 1.42 kW (154V, 9.22 A) and a mass
flow of 13.7 mg/s of hydrogen. This operating condition is within experimental uncertainty of the
laser and emission studies reported previously>-7-9-10. The nozzle has a 0.64 mm throat diameter with
a 20° expansion half angle and an area ratio of 225. The arcjet is mounted on a two-axis translational
system within a 0.6 meter diameter, 1.1 meter long vacuum tank. The vacuum facility was evacuated
by two Roots blowers backed by mechanical roughing pumps for a combined pumping speed of 2,500
I/s. In order to align the probe to the conical flow during flow angle and mass flux measurements, the
probe was mounted on an rotational translation stage. This configuration allowed the probe to be
placed fully perpendicular to the flow during measurements. The arcjet mass flow rate for all tests was
controlled by a Unit Instruments hydrogen calibrated mass flow controller with a full scale flow rate of
10 standard liters per minute. Thrust measurements were performed in a larger vacuum chamber
consisting of a non-magnetic stainless steel tank approximately 1 m in diameter and 1.5 m in length.
This facility is pumped by a 425 I/s mechanical pump. Typical background pressures within the

facility during thrust measurements were approximately 70 Pa.

B. Experimental Set Up

Fig. | schematically illustrates the mounting of the arcjet and mass flux or impact pressure probe
within the vacuum chamber. A series of impact pressure measurements were performed by mounting
the probe on an additional linear stage with motion orthogonal to the X-Y axes. Impact pressures
were then measured using a 0-13,000 Pa capacitance manometer. For flow angle and mass flux
measurements, angular motion of the probe was provided by placing the probe on a rotational
translation stage. For mass flux measurements, the time rate of pressure rise within an initially
evacuated 185 liter dump tank was measured with the use of a 0 - 1300 Pa capacitance manometer. All
three translation stages and the pressure sensor were computer controlled and monitored. The result

was a near automation of the data acquisition process and a uniformity in test procedure.

Fig. 2 provides a detailed schematic of the probe tips used for impact pressure measurements. The
cold flow probe (top probe in Fig.2) was approximately 22 mm in length and 6.4 mm in diameter with
a half angle of 9.5°. The probe tip was machined from brass and soldered onto a stainless steel body.

The probe tip used for arc heated impact pressure measurements was constructed from copper and was




approximately 29 mm long and 16 mm in diameter with a half angle of 18.5°. The larger size of this
probe is necessary to accommodate a water jacket that surrounds the 3.18 mm diameter inner copper
tubing (not shown) that connected the probe to the capacitance manometer. Water cooling is necessary
for the probe to survive in the plume environment during arc heated flow. This probe tip was attached
to a copper collar-body assembly with the necessary coolant connections. For all impact pressure

probes, the opening at the tip was 0.51 mm in diameter.

Mass flux measurements were made with the probe tip shown in Fig. 3. This probe design is
similar to that used by Witte!5 to make mass flux and impact pressure studies in the plume of an argon
magnetohydrodynamic thruster. A design consisting of a sharp leading edge and expanding entrance
region enabled the probe to swallow the bow shock. The probe tip was approximately 25 mm in length
and 13 mm in diameter. The probe had an outer half angle of 20° and an inner expansion angle of 14°.
In order to be machined with the sharpest possible and most uniform opening of 0.80 mm. it was
necessary to have a lip of 0.40 mm. The probe tip used for cold flow measurements was machined
from brass and soldered onto a 6.4 mm diameter stainless steel tubing that formed the body of the
probe. The probe tip used for arc heated measurements was machined from high conductivity, oxygen
free copper and was identical to the one used for the cold flow measurements. However in this case,
the probe body included a water jacket between copper tubes with diameters of 6.4 and 12.7 mm.

The thrust stand used in this study has been discussed extensively in the literature!6-17. It is an
inverted pendulum type thrust stand built by the Jet Propulsion Laboratory according to the design of
Haag!6. Thrust is determined from the pendulum displacement measured by a linear voltage
differential transducer. Calibration is provided in-situ by loading the stand with four 5 g weights
between arcjet tests. Thermal drift during arcjet operation is minimized by water cooling surfaces
exposed to the thruster plume and the portion of the stand that supports the thruster. For each thrust
measurement presented, the thruster was operated for a period of 10-15 minutes to stabilize the thruster
operation and to allow the thrust stand to reach thermal equilibrium. After equilibrium is reached. five
measurements of the thrust stand displacement were made, interspersed with induced oscillations to
minimize stiction of the thrust stand components. After a number of measurements, power to the
thruster was terminated and the zero drift and linearity changes due to thermal effects were
characterized by a final calibration. All error estimates given for the thrust measurements include
uncertainties associated with zero drifts and departures from linearity in the response of the thrust

stand.

III. CALCULATIONS

A. Impact Pressure Measurements

A bow shock will form in front of the impact pressure probe. The pressure measured by the

impact pressure probe is the stagnation pressure downstream of the normal shock. In comparing the




measured impact pressure (the stagnation pressure after the normal shock) to model predictions, the
predicted flow properties are used to calculate the shock strength, or expected pressure rise across the

normal shock. For continuum flow, the normal shock strength is given by!8:

N -1(y-1)
27M'—(y—1)] ’
B\ (r+D) 1)
P - s yi(r-1)
ox (y+1)M
2+(y-1)M°

»

where M is the freestream Mach number, y is the ratio of specific heat, P, is the stagnation pressure

after the shock, and P,, is the stagnation pressure before the normal shock. This relation is only valid

for normal shocks.

B. Mass Flux Measurements

In order to correctly interpret the measure the mass flux data near the arcjet exit plane. 2 number
of conditions must be satisfied!5:18. First, the probe must be able to swallow the shock. This constrains
the probe tip geometry. It must be sufficiently sharp and requires a diverging interior so that the shock
is captured in the probe interior. It is further necessary to carefully align the probe to the flow direction
to capture the normal component of the mass flux. For this test, a series of mass flux measurements
were taken at angles varying between *35° in 5° increments. Mass flux measurements were found to
be much more sensitive to probe orientation than were similar impact pressure measurements. The
dump tank volume must be sufficiently large so that during the sampling period the tank pressure
remains below the static pressure of the flow. Finally, the temperature of the gas in the dump tank
must be known. By retaining approximately 120 cm of line between the dump tank and the probe tip
during cold flow measurements and water cooling during arc heated measurements, it was assumed

that the gas with in the dump tank was at, or near, room temperature.

The local mass flux was calculated by determining the mass flow into the dump tank by use of the

ideal gas law, differentiated in time:

R 7
A dP )

where 1, is the mass flow rate collected by the probe, Ay, is the probe area, dP/dr is the rate of

pressure rise within the dump tank, V is the volume of the dump tank, T is the temperature of the

hydrogen within the dump tank, and R is the gas constant for molecular hydrogen.




C. Thrust Measurements

From the measured thrust and mass flow, mean propellant exit velocity, specific impulse, and

thrust efficiency were computed using!®:

T,
v=— 3)
n
L,
. ® = (4)
. mg
2P
=< 5
TV )

Here, v is the mean exit velocity, 71 is the mass flow rate, T, is the measured thrust, I, is the
specific impulse, g is the earth's gravitational constant, 77 is the thrust eficiency, and P, is the

electrical power dissipated by the arcjet thruster.
IV. RESULTS AND ANALYSIS

A. Cold Flow

The first measurement of impact pressure consisted of a survey of a vertical plane located 0.5 mm
from the thruster exit plane. All cold flow tests were performed at a mass flow rate of 13.7 mg/s and
background pressure of 40 Pa. Fig.4 shows the impact pressure contour for this condition. The contour
is a somewhat symmetric peak with an annular wing structure. It is believed that the annular structure
is the result of a barrel shock in the over expanded nozzle flow. The lack of overall symmetry may be

due to a number of small irregularities visible in the lower left quadrant of the nozzle.

Fig.5 shows the impact pressure profile detemined from the DSMC calculations of Boyd et ap.1!
using Eq.1 for this nozzle with similar flow conditions. Also shown are measurements taken from a
horizontal sweep of the probe through the geometric center of the nozzle. In comparison to the
measured impact