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Abstract. The induced contamination from two hydrazine-propelled thrusters is studied in
the high-vacuum plume test facility for chemical thrusters at DLR Goéttingen, STG-CT. A
number of representative material samples are exposed to the freely expanding pulsed thruster
plume for subsequent in-depth analysis at JPL. The plume gas is monitored in-situ with a
mass spectrometer and quartz crystal microbalances, while non-gaseous ejecta are recorded
with a high-speed camera setup. With the detailed chemical analysis ongoing we report on the
measurements obtained during the campaign and immediate post-test observations.

1. Introduction

Landings onto ‘airless’ bodies generate ephemeral ‘atmospheres’ composed primarily of
propulsion byproducts and surface materials above landing sites for at least the duration of
powered landing. These spacecraft-induced environments could have contamination impacts to
mission science and engineering objectives. The German Aerospace Center (DLR) and NASA
Jet Propulsion Laboratory (JPL) have conducted a test program to characterize monopropellant
plume induced contamination. These measurements derived from this joint test program are
being used for the development of plume-induced contamination models in support of the
proposed Europa Lander mission [1, 2]. Two hydrazine-propelled monopropellant thrusters were
studied in the high-vacuum plume test facility for chemical thrusters at DLR Géttingen, STG-
CT [3], for plume-surface interactions and induced contamination effects. Select representative
material samples were exposed to the freely expanding pulsed thruster plumes for subsequent
in-depth analytical chemistry analysis at JPL. The plume gas was monitored in-situ with a mass
spectrometer and quartz crystal microbalances (QCMs), while non-gaseous ejecta were recorded
with high-speed imaging. While the detailed chemical analysis of exposed witness samples is
ongoing, we report on the measurements obtained during the test campaign and immediate
post-test observations. The JPL/DLR plume induced contamination test program described
here is critical to the development of the next generation of plume contamination models in
support of technology development maturation for the proposed Europa Lander, and for other
future space exploration lander missions.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1
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2. Methods

2.1. Thrusters and Fuel

Two monopropellant hydrazine thrusters from different manufacturers were used in this activity.
Though naturally different in design details, both follow a conventional construction, in which
the liquid hydrazine (NoHy) fuel is injected into a (pre-heated) catalyst bed, where it decomposes
into a mixture of mostly hydrogen, nitrogen and ammonia with a net energy release. The mixture
of reaction products then expands through a convergent-divergent nozzle, thereby converting the
gas enthalpy in the nozzle reservoir into kinetic energy, producing thrust.

Table 1: Theoretical performance (nominal conditions) and history of tested thrusters.

Thruster A Thruster B

Nominal thrust 5N 18N
Nominal mass flow rate 1.9¢g/s 7.8g/s
XNHs 0.184 0.271
XNy 0.303 0.288
Cumulative impulse 7371 Ns 112931 Ns
Total valve cycles 13 500 99034

The two thruster specimen, here referred to as Thruster A and Thruster B, differ in nominal
mass flow rate and (theoretical) species mole fraction, y;, at the nozzle exit, which is relevant for
the assessment of their contamination potential, cf. table 1. We do not have information on their
detailed operating history, but the cumulative impulse and the total valve cycles are known for
each specimen and suggest they have previously been operated primarily in short pulses. While
Thruster A is practically new, with 1% and 7% into its specification for cumulative impulse and
valve cycles, respectively, Thruster B has served as a qualification unit, experiencing about 80%
of the specified valve cycles at 20% specified cumulative impulse.

Table 2: Fuel composition (high-purity grade hydrazine).

MIL-PRF-26536F  this batch

Hydrazine > 99% 99.71 %
Water <1% 0.27%
Ammonia <0.3% 0.02%
Particulate <1lmg/l  0.4mg/l
Chloride <5ppm < 0.1ppm
Aniline <30ppm < 0.1ppm
Iron <4ppm < 0.1ppm
Nonvolatile residue < 10 ppm 4 ppm
Carbon dioxide < 30 ppm 6 ppm
UDMH/MMH/TPA < 50 ppm 1 ppm

Reaction control thrusters for space applications typically demand at least monopropellant
grade hydrazine according to MIL-PRF-26536, which tolerates up to 0.5% of aniline impurities.
The primary impurity is water. The batch from which the fuel tanks for this experimental
activity were filled even exceeds the specifications for high-purity grade, as table 2 shows.
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Figure 1: DLR high-vacuum plume test facility STG-CT (photo credit: DLR).

2.2. Test facility STG-CT

The high-vacuum plume test facility for chemical thrusters at DLR Gottingen, STG-CT [3],
is unique in that it can pump plume gas from reaction control thrusters at the same rate as
it is ejected, thus maintaining a background pressure of less than 10~° mbar throughout the
thruster operation. The permanently low background pressure permits a free plume expansion,
as it would be observed in the vacuum of space, which is a necessary requirement for studying
thruster plume induced contamination in a terrestrial setup.

STG-CT’s test section is cylindrical, with a diameter of 1.6 m und length 5.05 m. It is shown
in figure 1, enclosed by its 3.5 m-diameter stainless-steel vacuum vessel. The test section walls
are made entirely of oxygen-free copper and may be cooled to 4.2 K, using liquid helium as a
cooling agent. The test section thus acts as a cryo-pump with 30 m? surface area, whose ultimate
pressure is determined by the vapor pressure of the least condensible plume constituent. In the
case of hydrazine thrusters this is hydrogen, whose vapor pressure exceeds 107 mbar at wall
temperatures > 4.7 K. The cryo-pump is capable of handling the power from reaction control
thrusters up to about the 20N class, when they are operated in pulses of a few hundred milli-
seconds and low duty cycle.

2.8. Instrumentation and setup

The test setup for contamination experiments with both thrusters was almost identical: A
thruster test rig contains the required piping, valves, heaters, temperature and pressure sensors
to safely operate and monitor the actual thruster unit. It was installed about 1.3 m from the
entrance of the test section, facing the other end, with the nozzle axis aligned with the test
section axis.

A customized Hiden Analytical HAL PIC 101 quadrupole mass spectrometer with cross-
beam electron impact ion source is used to monitor the gas composition on the plume centerline
during thruster operation. The sensor head, shrouded and equipped with a skimmer, is placed
just over 3m downstream from the nozzle exit, with the aperture on the plume axis. Sacrificing
accuracy for speed, the mass spectrometer is run in RGA mode, resolving only integer values of
mass-to-charge ratio in the range m/z < 45 amu.

Four QCM Research Mk18 cryo-cooled quartz crystal microbalances (CQCM’s) are installed.
They passively cool in the cryogenic environment of STG-CT. QCM1 is located about 20 cm
below the mass spectrometer aperture, facing the thruster. QCM3 and QCM4 sit next to the



ISMSE 15 / ICPMSE 13 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1287 (2023) 012037 doi:10.1088/1757-899X/1287/1/012037

Table 3: Material samples exposed to the thruster plume in high-vacuum.

ID Name Specification

A Aerogel LD Si, 15 mg/cm?

B Aerogel HD Si, 25 mg/cm?

C  Ice Simulant Salt block (NaCl)

D Kapton® Black Kapton®

E  Aluminum 6082

F  Copper CWO008A (OFHC)

G Fused Silica Corning 7980

H  Gold mirror protected (SiOg, TiO3)

J  Thermal Blanket Aluminum-coated polyimide

K  StaMet StaMet (Si/Al-alloy) coated black Kapton®
L Spectralon® spectroscopy target, 250 nm to 2000 nm
M Infragold® spectroscopy target, 0.7 pm to 20 pm

test section wall at 28° off the plume axis and 1.6 m away from the exit plane. QCM2 is mounted
onto a remote-controlled movable fixture. During plume exposure, it is located 3.4 m from the
nozzle exit plane and 4° off the plume axis. In a second phase of the experiment, in which the
QCMs are heated to room temperature for thermogravimetric analysis (TGA), QCM2 moves
close to the mass spectrometer (MS) to identify the chemical composition of the desorbing gas.

The nozzle exit plane is monitored with a Phantom v1210 high-speed camera to detect
potential non-gaseous ejecta. The camera, equipped with a tele-lens, is mounted on top of
the STG-CT vacuum vessel, about 2m from the nozzle exit, looking down onto the thruster at
an angle of about 55°. A high-power LED with a diffusive cover plate, installed right below the
nozzle and facing the camera, serves as a background light source for shadowgraph imaging at
up to 12000 frames per second.

2.4. Material samples

In addition to instrumentation for the in-situ characterization of the thruster plume effluents,
the test setup comprises a number of relevant material samples distributed throughout the test
section. An overview of the materials is presented in table 3. With the exception of the two
spectroscopy targets (L, M) the samples are affixed to a total of 20 aluminium trays. Each tray
comprises a selection of six flat material samples (D ...K) with an exposed surface of 22 mm
diameter, and three block materials (A ...C) with an exposed surface of 40 mm x 20 mm and
30mm depth. The silica aerogel blocks (manufactured by the analytical chemistry group at
JPL) are to capture potential fast solid particles in the plume, while the salt block, prepared by
the JPL Ocean Worlds Lab, is believed to be a realistic simulant for the Europan ice surface.
The sample trays are mounted along the side walls of the test section and to the support of the
mass spectrometer, covering an angular range from 3° to 123° off the plume axis.

The spectroscopy targets are grouped in pairs (L and M), located 1.5 m from the nozzle exit
at 30° off the plume axis, and 3m from the nozzle exit at 6° off the axis. They are oriented
perpendicular to the thruster streamlines, as are the sample trays.

All material samples were packed and sealed immediately after recovering them from the
vacuum chamber after the test. They were then shipped to JPL for detailed inspection of
potential plume induced damage and analysis of contamination induced change in surface
properties. The analysis is ongoing at the time of writing this paper.
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3. Results

For the plume contamination experiments in this activity we operated the thrusters in single
pulses with commanded on-times ¢2 = 1s for Thruster A and t2, = 0.4s for thruster B, with
random duration pauses between 1 min and 25 min. In effect, this implies a variation of catalyst
bed temperatures from about 425K (first pulse in each experiment) to about 650 K. The total
number of pulses fired during one experiment was 40 for Thruster A, and 17 for Thruster B.

Both thrusters were operated with the nominal feed-line pressure.

3.1. Plume species

While monopropellant hydrazine thrusters appear to be conceptually simple, the detailed
chemical processes of catalytic and thermal hydrazine decomposition are actually rather complex
[4] and continue to be a subject of research [5]. Engineering textbooks often simplify the
decomposition to a two-step scheme of exothermic decomposition of gaseous hydrazine to
ammonia and nitrogen, and endothermic decomposition of ammonia to nitrogen and hydrogen:

3NyH, — 4NH3+N; +335kJ, (1)
ANH; — 2Ny+6H, —184kJ, (2)

which may be linked through a parameter x € [0, 1], the degree of ammonia decomposition:

The degree of ammonia decomposition is determined by the thruster design and its operating
conditions.
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Figure 2: Median mass spectra for Thruster A over all nominal pulses, along with best fits
of candidate species [6]. Vertical black lines indicate the variation. Qualitative change of mass
spectra with each pulse is shown in the bottom image.

Figure 2 shows the median mass spectrum over all nominal pulses. The top graph shows
measured intensities (gray outlines), overlayed in color are scaled reference spectra from the
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NIST database [6] for the major species, NH3 and No. The vertical black lines indicate variations
from pulse to pulse. Identification of the major species leaves little room for interpretation, even
the minute water content (at m/z = 18amu) is picked up. The peak at m/z = 29 amu is not
part of the reference spectra, and its origin remains subject to speculation. Its intensity appears
to gradually increase with the number of pulses fired, as the bottom graph suggests. Observe,
that the scanned mass range extends from 3 amu to 39 amu. The lower limit is chosen to avoid
overloading the detector with the strong hydrogen signal at 2amu, which is indirectly picked
up by the peak at m/z = 3amu. The bottom graph also shows the adverse impact of a cold
thruster structure (pulses 1, 2, 21 and 22 — there was a longer break after pulse 20).
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Figure 3: Median mass spectra for Thruster B for pulses 5 to 12, along with best fits of
candidate species [6]. Vertical black lines indicate the variation. Qualitative change of mass
spectra with each pulse is shown in the bottom image.

The mass spectra measured during operation of Thruster B were expected to be similar to
those of Thruster A, perhaps with different proportions of the ammonia and nitrogen peaks.
Figure 3 clearly shows a different situation. Pulse to pulse repeatability (bottom) is poor,
and thus species identification over a median spectrum, as was done for Thruster A, does not
yield meaningful results. The allocation of species from the NIST database is suggestive only.
There is, however, a very prominent population of peaks m/z = 29 amu. . .32 amu, which in this
context must be interpreted as fragments of pure hydrazine. Both, the erratic spectra and the
presence of hydrazine in the plume, suggest a problem in the catalyst bed.

The peak identified as argon is real, however. A pneumatically actuated latch valve inside
the cryogenic test section exhibited a cold leak during the cool-down phase in preparation for
the experiment, and it was decided to keep it open by pressurizing it from an argon gas bottle.
Argon would not liquify in the cold environment, is not a native plume constituent and is thus
easy to spot in the spectrum.
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3.2. Catalyst bed ejecta

It is known that monopropellant hydrazine thruster catalyst beds degrade and fragment
depending on the operating conditions and employed duty cycles [7]. Voiding and catalyst
bed mass loss may occur as a thruster reaches the end of its life [8]. Mass loss can only occur
via ejection through the nozzle.

Small particles, compatible with typical mesh sizes of the catalyst bed retainer sieves, were
observed when running Thruster A with inert cold gas to check for leaks and proper valve
operation during preparation of the test setup. However, no further particulates were observed
with the high-speed shadowgraph setup during hot firing.

During operation of Thruster B showers of particulates were repeatedly, but not regularly,
observed during hot firing. The vast majority of the particulates appeared during the first 50 ms
of a pulse. Limited by the image resolution, the particle diameter could be determined only to be
< 500 pum. The greatest particle speed observed was 150 m/s, much slower than the speed of the
gas at the nozzle exit. All ejected particles were observed within 8° from the nozzle centerline.

Some pulses were monitored with light sources illuminating the vicinity of the nozzle exit
from the top, as opposed to using the LED backlight of the shadowgraph setup. From the stray
light observed in these images, there appears to be a spray or condensate ejected from thruster
B, starting from about 50 ms into the pulse until just the thruster valve closes.

3.83. Mass deposition on Quartz Crystal Microbalances

Of the four CQCMs installed in the test section, QCM1 and QCM4 failed during the cooldown
of the test section. Among the remaining reliable ones fortunately was QCM?2, which is later
used for TGA-MS. QCM3, attached to the side of the test section next to QCM4, produced
sensible results during the test with Thruster A, but also failed in the Thruster B tests.
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(a) Mass deposition on QCM2. (b) Mass deposition on QCM3.

Figure 4: Mass deposit recorded by QCM2 and QCMS3 during firing of Thruster A.

Figure 4 shows the recorded adsorbed mass (blue curves) for QCM2 and QCM3, along
with the temperature of the adsorbing surface (red curve). The temperature for QCM?2 is
not controlled, but stays between 149 K and 150 K throughout the experiment. One can clearly
identify the pulses in the mass trace. and it appears that material is deposited onto the sensor
and then evaporates off the surface.

We coarsely aggregate these measurements by dividing the net mass change on the QCMs
over the test day by the total thruster on time (Npuise X ton). For the tests with Thruster A we
thus obtain effective deposition rates of ¢qcnme = 1.96 x 1072 pug/(cm?s) at TQCMQ = 1496 K,
and ¢qems = 0.254 pug/(cm?s) at Tooms = 120.0K.
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The previously noted pathologic performance of Thruster B is manifested also in the
measurements of the only remaining operational QCM. As can be seen in figure 5, the recorded
deposits onto QCM2 are permanent at that surface temperature, and the adsorbed mass per
pulse is substantially greater. The effective deposition rate here is ¢pqceme = 33.06 pug/ (cm?s) at
Toome = 148.8K.

The absolute value of the deposition rates obtained for each thruster depend on the
temperature of the adsorbing surface, Tgcwm, and the chemical composition x; of the gas, but
also on the location of the sensor with respect to the thruster and the mass flow rate rig,, from
the thruster. A more meaningful (non-dimensional) value ¢qcm is obtained by scaling the mass
flux to the sensor, pgcm, with the mean mass flux at a distance 7 to the nozzle exit plane:

2

dqem (0, Tqom, Xi) = ——dQem- (4)
Mthr

In Eq. (4), 0 is the angle off the plume axis.

3.4. Thermogravimetric analysis
In a second phase of each test run, after the plume exposure phase, the cryogenic vacuum
conditions were maintained and the QCM crystals heated at a rate of no more than 2 K/min.
This produced two distinct peaks of evaporation rate for QCM3: 16.06 ng/(cm?s) at 143.63 K
and 26.81 ng/(cm?s) at 169.2 K.

QCM2 was moved next to the exit aperture of the mass spectrometer to identify the
desorbing species. As the initial temperature of QCM2 was quite high, only a single desorption
was observed in each of the test runs. The results of the desorption analysis from QCM?2
are summarized in figure 6. The maximum evaporation rate in the Thruster A experiment
was found to be 3.13ng/(cm?s) at 167.5K. The desorbing species was found to be mainly
water, but hydrazine was also detected in an order of magnitude lower concentration. In
the Thruster B experiment, the maximum desorption rate was much higher (as expected from
the deposition during plume exposure) and occurred at higher temperature (844 ng/(cm?s) at
198.3 K). Here, too, we detect a mixture of hydrazine and water, but hydrazine now is about an
order of magnitude more abundant, as anticipated from the analysis of the plume mass spectra,
cf. figure 3.

One would expect the traces recorded with the mass spectrum to follow the general trend
of the evaporation rate curve. The most plausible explanation for the broad second “peak” in
figure 6a or the continued increase of the NoHy concentration in figure 6b is, that the housing
of the QCM slowly warmed up, too, as the quartz was heated. Any gas adsorbed to the front
face would thus be desorbing and contributing the the mass spectrometer signal, but not be
registered by the QCM.
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Figure 6: Temperature dependent desorption from QCM2 (top), and mass spectral analysis of
desorbing gas (bottom).

Figure 7: Copper samples after exposure, along with angular position off the plume axis.

3.5. Post-test observations
When recovering the samples after the test with Thruster B, a number of noteworthy
observations were possible even without analytical equipment. For one, the copper cryo-pump
has attained a greenish tint in a band delimited by angles ~ 25° to ~ 45° off the nozzle centerline.
The discoloration is symmetric about the nozzle axis, with no discernible difference in intensity
between the top and bottom half of the test section walls.

The copper material samples in that angular range also clearly show features of interaction
with what appears to be a liquid substance forming droplets of varying sizes and surface density
(figure 7) . The color here is different though, appearing to be more of a dark brown.

4. Discussion
Previous investigation of thruster life (in the spirit of [8]) have focussed primarily on reliability
and propulsive performance. As was already pointed out by Williams et al. [9], thruster
propulsive performance is not necessarily a good indicator of its contamination potential.

We conclude from our study with certainly two extreme cases of new and aged thrusters, that

evap. rate / ng/(cm?s)

intensity / a.u.
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the contamination potential from monopropellant thrusters depends strongly on the the thruster
operation history. The deterioration of the catalyst bed is known to be directly dependent on the
duty cycle [7], and thus directly (particulates) and indirectly (gas species composition) affects
the contamination potential.

For missions equipped with sensitive instruments to detect signs of life, it will be important
to know that even for new thrusters residual hydrazine in the plume must be reckoned with.
This became apparent only during TGA-MS, as the quadrupole mass spectrometer employed
here is not sensitive enough at the required recording speed to detect minute quantities during
the thruster pulse. Further data on potential deterioration of surfaces will be available once the
chemical analysis is completed.

Future investigations into thruster plume contamination [10] will benefit from experience
gained in this activity and improvements derived therefrom. Especially the usefulness of the
QCM data can be improved by making better use of the cryo-pump as a heat sink, and thermally
strapping the QCMs to the test section walls to capture more plume gas and to yield cleaner
TGA-MS results. Designers of spacecraft will benefit from QCM data recorded in the thruster
back-flow, i.e. at angles > 90° off the plume centerline.
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